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Soultz-sous-Foréts EGS site

Impact of colder reinjection on surface facilities
Impact of colder reinjection on the reservoir
Conclusion and perspectives
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Introduction ”

* Let’s start by a question...

With a fixed well configuration (one
doublet for instance), how would you
enhance energy production?

* Write your ideas in the chat
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Introduction

Thermal power capacity from a geothermal plant

¥ oo
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By stimulating the well .» By extracting more calories
(reinjecting at colder temperature)
MEET demo-site MEET demo-site
Chemical stimulation in Colder reinjection
United Down Deep Geothermal Project Soultz-sous-foréts (SsF) EGS power plant

(Cornwall, UK) (Upper Rhine Graben, France)
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Soultz-sous-Foréts demo-site presentation
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Upper Rhine Graben e

URG belongs to West-european rift system

Well known thermal anomalies with thermal gradient up to
100°C/km

Development of Enhanced Geothermal Systems technology
on the Soultz-sous-Foréts project, deep in the granitic
basement (5km depth)

New plants developped base on this knowledge, targeting
shallower depths (fractured sediment / basement interface)
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Initial objective to find 200°C @ 2 km

depth and create a reservoir by

hydrofrack (hot dry rock)

BUT

* Only 140°C @ 2000m (convection in the
deepest sediments and top basement)

e Granite naturally altered and fractured

e Circulation of a natural brine with high
salinity

THEN

e The concept switch gradually to the

enhancement of initial permeability by

stimulating technics (hydraulically and

then chemically) -> EGS

GPK1 .. .

SE| .




Natural brine

Salinity ~100g/L, pH ~ 5.0

Na-Ca-Cl brines, with important concentrations of K
* Homogeneous in URG

Gas-Liquid Ratio 1 Nm3/m?3 mostly CO2
High Li concentration ~170 mg/L
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SsF development
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Current situation

L5 3 DEEP WELLS AT SOULTZ
e ad SCHEMATIC VIEW

e 9 5/8" Liner

Géothermie
Soultz
True vertical
Camented 36° Drill
deplio (off ground) GEOLOGY
1 o coingzm | I§| N B . Pechalbrenn wodrour
r e l oo \
1712 0l 3 Pechelbronn inférieur
— L 29" Covley —} - 310 Couche
| 13 3/8 Casing Comentad 24* Drill 38 sonev}
/ \ Arsites
3 | Bottom pump chamber 510 m i A l-“!
] [ ' W<l Casing shoe 543m 10" Casing shos 574 2

~a Comented 12 1/4° Drill
13 3/8° Caving

! '
1000 | | = Camantea v o
[
— ——
| {
Granite st 1416 m _ L —
[ — sl Casing shoe 1431 m Al < 13 3/8" Casing shos 14T m
| | I 1 1 1
f |
2000 | |
g Semented loss z0ne 1 ) !
B 210 m . = Loss zone \
— | B 1214 0nn =]
| ~ 95/ Casing
| ~g & 1/2° Orill
1 3 | ¢

Top stis reservoir
11995-1996 operations)

- Tl’!‘ll-vlm-:
| = coveimisasom

=
-4000 | |
< Filler
| | X | A Top coment 41704190 m
I i ’J f - CovedsodTT
| L Ve 7 Maat packers

| f §- Cosing shoo ot 4060

<eu.n

| 2 Mool packers
- ‘ |~ 12 1/4& Drill to 4592 m
X Casing shoe at 4587 m \

~af % V/Z Drill 5057 m S gzoaisiim

- WeDninsenm

s |
EEIG Heat Mining

Lengths values in red are logging {Schlumberger) measured.
Al lengths values are off rig floor i.e. 9.2 m off ground.

0.
-1000 .
200, o
-3000

GPK1

13600 mi
4000 .

[) 500 m
PK2 GPK3 PK4

B IuG» S04 m) (ML 5102 m) ;uE 5261 m)

The true vertical depth are shown below the sea level.
The measured lengths (ML) are expressed off ground.
| N-S CROSS SECTION

2600 - A Soultz-sous-
- =
1m‘,'K:wmhausen /// /\\J}\\\
1800 - / 7 7\ \ -
1600 «
1400 -
1200 -
1000 -
500+
600+
400+ v

3500 4000 4500 5000 5500 6000 6500

HORIZONTAL PLAN VIEW

el GLAF - el document : MerCS 1 6.dst - Mse & jour 181272005

Geothermal Winter
school 2021

3 wells @ 5 km depth (GPK2 — 3 —4)
* Max temperature: 200°C @ 5 km

WH Production Temperature: 150°C
* Reinjection temperature: 65 —-70 °C
* Flow rate: 30 kg/s

Power generation with ORC: 1.7 MWe

VALORIZATION
ACTUEL  MEET
— s

102 GWh/y

Additional thermal
energy extracted
78 GWh/v thanks to MEET

Thermal energy
extracted
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Geothermal loop

Secondary loop
Energy valorization

* Heat generation only (Rittershoffen)

] «  Power generation only (SsF) <4=m
* Combinaison of heat and power

vvvvv

generation (Landau)

. Injection pump
(B
s

Inj.
filter

Production
pump

Production well

Reinjection well
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Heat exchangers Separator
(preheaters and evaporator)

Production filters

Geothermal loop

Production well (GPK2) with line shaft pump
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Power production e

TURBINE

ELECTRIC POWER

ALTERNATOR

HEAT SOURCE

EVAPORATOR

RIGENERATOR

COOLING MEDIA
(AIR OR WATER)

CONDENSER

Source:
Turboden PUMP

Use of an ORC « Organic Rankine Cycle »
Binary fluid (BF) : isobutane

 4-5: Preheat and vaporization of BF in the
evaporator using geothermal heat

« 5 — 6: BF vapor rotates the turbine, which is directly
coupled to the electric generator

6 — 7: Exhaust vapor flows through the regenerator,
where it heats the organic liquid (2 — 3)

« 77— 8— 1:BF is condensed in the condenser and
cooled by the cooling circuit

« 1 — 2: BF is then pumped into the regenerator and
evaporator



TURBINE

ELECTRIC POWER
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Turbine Generator Regenerator



TURBINE

ELECTRIC POWER
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Industrial heat, ECOGI

Heal exchangers Heat transport loop Kneading
machine

Water/water
heat exchangers

Starch dryers

Water/air
heat exchangers

Injection well Production well Steam generators

Geothermal Wintel_g o
school 2021 =

2 wells

Operating
Wellhead Temperature

Transport loop

Thermal power by the
refinery

2500-3000 m

8 000 h/year
170°C
15 km

24 MW

Providing high temperature heat to the industry, example of Roquette bio-refinery

» Maximizing energy use
» Operating nearly 24h/d 365d/y
» No energy loss compared to electricity conversion

» Secure the industrial’s local presence
» Transform local resources (crops) locally


roquette_HD_long.mp4

Industrial heat, ECOGI

[

Koenigsbruck

Kauffenheim




Electricity and heat

Electricity and heat in serie
Landau (URG)

: "
Forder- &8
pumpe , 11.000m Haushalte

offentliche Gebiude
Industrie

+ 2000 m
122 °C $ OO0 m

Electricty and heat in parallel
Unterhaching (Bavaria)

school 2021

"= O
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Electricity and heat ey 2021

Luftkondensatoren

Nahwarmenetz ZES

85(-100) °C
60 °C

Sauerlach (Bavaria)
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Challenges in exploitation — %

Environment
Technology

Corrosion & scaling
Well integrity

Visual impact
Natural radioactivity Pumps

Noise

Easting (km)

Reservoir | =~
Microsismicity

Thermal breakthrough
Enhance well production
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What could be the negative impacts of
colder reinjection for the exploitation %
(surface and reservoir)?

* Write your ideas in the chat
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2"% quizz

What could be the negative impacts of
colder reinjection for the exploitation %g
(surface and reservoir)?

* Write your ideas in the chat

O Increase scaling issues

O Decrease production temperature

O Increase induced microseismicity

U Thermal impact on casing and cement

Reservoir

modelling
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Impact of colder reinjection in surface
facilities

Scaling issues
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Scaling phenomena in SsF

Soultz Heat Exchangers deposit
-

Scale deposition due to change in thermodynamic
conditions (pressure, temperature) A

* Precipitation of sulfates (barite & celestite)
* Precipitation of sulfides (galena)

barite/celestite |

Impact on exploitation
* Decrease of thermal exchange efficiency in heat exchangers
e Plugging of equipment

* Incorporation of naturally occurring radioactive material (NORM) PR . T <—
(210Pb and 226Ra) Scheiber et al. (2012)

Pb

Mouchot et al, 2018

Use of scaling (and corrosion) inhibitors

* No more sulfates
* |Increase of sulfides and native metals

By decreasing reinjection temperature from 70°C to
40°C, risk of

* Increase quantity of scale

* Apparition of new scale type (silica)

Silica Concentration [mg/kg)
g

—e—Amorphous Silica

—Cuartz

Si0,: 180 mg/l,

at Soultz ° 50 100 150 200 200 500 ss0

Temperature ("C}
Fournier and Rowe, 1977

s

- This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 792037
és géothermie




On site test of brine cooling
Temperature cooling down to 40°C in 3 passes

Flow rate Q= 4,1 kg/s for brine (10% of Soultz
nominal flow rate) and 21,3 kg/s for cooling

Y

= e .
'_r 2.7kgls @

i

&: ORC OUTLET

Small heat exchanger test - design

water

Duration 3 months: February — April 2019

DN100 PN16

N

SHELL AND
TUBE HEAT EXCHANGER

II

|40 —Tr
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\

e
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Design of the test heat exchanger

Ledesert et al, 2020

1.4539

1.4547 :

1.4462

* 6 metallurgies selected for HEX tubes

: Austenitic stainless steel with molybdenum (904L)

Highly alloyed austenitic stainless steel (254 SMO)

: duplex (austenitic-ferritic) stainless steel (2205)
1.4410:
3.7035:
2.4858 :

super duplex stainless steel (2507)
pure titanium (Ti grade 2)
High nickel alloy (Alloy 825)

: 1.4539
: 1.4547
1 1.4462
: 1.4410
1 2.4858
: 3.7035

00000

Ravier et al, 2019



Small heat exchanger test - run

Measured temperature along the test

Brine average inlet temperature: 64.2°C
Brine average outlet temperature: 40.8°C
Temperatures in line with calculation
Heat coefficient transfer: 27% of decrease

> Indication of scale formation

Ravier et al, 2019

—Brine inlet °C

wu
w

—Brine outlet °C

Brine température (°C)

2250

2000

1500

1250

Heat coefficient transfert (W/m2/K)

1000

1750
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Small heat exchanger test - dismantling

Observation of quantity and adhesion of
scaling in the HEX pipes

Temperature

642°C =
3.6°C

Tube material

904L

2

254 SMO
DX 2205
SDX 2507

z.

475°C+
3.8°C

40.8°C=
4.2°C

Rating of quantity of scaling (1 : low, 3 : high)

Rating of adhesion of scaling

(1 : easy toclean, 3 : hard to clean)

First qualitative results:
* TiGr2and Alloy 825 (Ni) are not recommended

* SDX 2507 (currently used) is fine until at least 47,5°C

Temperature
64.2°C = 475°C=+ 408°C+
3.6°C 3.8°C 4.2°C
= 904 L 2
g 254 SMO
5 DX 2205
8 SDX 2507 2
< Alloy 825 2 2
= Ti Gr2

* 254 SMO is an interesting option for new project

Ravier et al, 2019
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Scales analysis

Analytical methodology . :
Mineralogy & chemistry
SHEX tubes

Vi * Mostly Galena (PbS) enriched in As and Sb
Scales / \ (sometimes also Cu) + Halite (NaCl)
¥

Tube cleaning

sampling High pressure Temperature grade 40°C * very little Si (no bearing mineral identified)
/// and/or blasting 100,00 4
// . . .
P Radioactivity
/// . & 10,00 A HA
In-situ - Global Mineral < ns ¢ Only2!%Ph and daughter element 2°Po
characterization characterization characterization = ue
g 1,00 A
mD
SEM oM XRF XRD § Cantss
BF 20200083000
uceP ucp External subcontractor External s_ub(ontractor é" 0,10 - oo i HEX enrance
Sample choice based on the K
scale mass(>0,5 g) i PbS
I l n PBS s
0,01 A T T T T T ) U:M HEX exit -
ICP-MS Pb Sb As Cu Cr Fe Mo Ni Ti Zn Si z_ P 40°C
& . . 20 1 BbS pps
Chemical composition (XRF) of the scales NSO O ST e
y-ray i
spectrometry ';_m PbS Weler b~
PbS Pbs
External subcontractors o PbS
Sample choice based on the 2 fe- . - - F 0] Nadl " PbS
XRF results NaCl NaCl
ICP-MS; 15 0
o Y ™ i
40 PbS PbS
0 ! Nagl Nacl P8 pbs
SEM-EDS; - il
4 T T | TR T Rk
27 10 @ @ 0 50 ®

Position [2Theta] (Cobak (Co))

X-ray diffraction spectra

Water box 1, T: 65°C

Gamma
spectro; 15

XRD; 4 Ledesert et al, 2020



Scales analysis

Variation between metallurgies
* No observable difference in scales

* Elemental variation like Al oxides, Ti oxides, free metal
particles are likely due to pollution of scales during sawing

* Only a difference of adhesion to the pipe when sampling

Evolution with temperature
e Pb decreases from 60°C to 50°C while Sb and As increase
e Scales tend to be thicker when T decreases

o) o
o8 Fluid sidei

60°C, 50pm
40um: smooth zone &
10um: rough zone

B &
¥
!

4

50°C, 80um
10um: smooth zone
70um: rough zone

40°C, 80pm .
10um: smooth zone §s
. 70um: rough zone

D: 1.4410, SDX 2507

40°C
Maximum thickness
up to 220 um

750000 160000 120000 41000
]
110000 s 39000
700000 oo P . » 150000 » X
_ . __ 100000 =3 J N * 37000
2 Y 140000 T >
S 650000 ' . = S 90000 j 35000
3
= * ¥ oo £ = 50000 33000
= 600000 - . < w .
— L . . 120000 70000 . y 31000
v
60000 . 29000
550000 110000 ¢ . *
50000 27000
500000 100000 40000 25000
1A 1B 1C 1D 2A 2B 2C 2D 3A 3B 3C 3D 1A 1B 1C 1D 2A 2B 2C 2D 3A 3B 3C 3D
*—Ph —8=5 ®—5Sh —e—As
. — —
60°C 50°C 40°C 60°C 50°C 40°C
Chemical variations of Pb, S, Sb, As (ICP-MS) depending on temperature
2018 - 2019 2018 -2019
800000 - 160000 120000 40000
L4
700000 . 140000 100000 R 35000
600000 . ® - 120000 30000
S 500000 - 100000 £ 80000 25000 &
3 S| 3
£ 400000 - 80000 @ £ 60000 s 20000 ¢
a L e a ©»
£ 300000 J 60000 « 2 40000 15000 £
200000 . - 40000 o 10000
100000 . - 20000 20000 o 5000
L
0 L4 -0 0 L4 -0
150°C 120°C 90°C  65°C  60°C  50°C  40°C 150°C 120°C 90°C 65°C 60°C 50°C  40°C
®—Pb s *-5h As

As (mg/kg)

Evolution of major elements in the scales formed from 150°C to 40°C. 2018 data is issued from

exploitation scale analysis; 2019 data correspond to MEET SHEX results

Ledesert et al, 2020
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Scales analysis - conclusion

No important change for scaling behaviour when decreasing reinjection temperature from 70 down
to 40°C

e Same mineralogy
* Thickness slightly higher but acceptable

2 metallurgies are not recommended due to scaling adhesion

(difficulties for cleaning in plant operation)
e 3.7035 : pure titanium (Ti grade 2)
e 2.4858 : High nickel alloy (Alloy 825)

Reservoir &
Environmental
monitoring 03

Monitoring
of colder
reinjection

Reservoir
sustainability

Next step : test of decreasing reinjection temperature
at full flow rate with mobile ORC to valorize the extra S
heat into electicity - modelling
* 40kWe to be produced feasibility [N
* Test will start soon Scaling

assessment

e Duration: 4 months

See talk of A. C. Mintsa (19/02/2021)
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Impact of colder reinjection on the reservoir

Production temperature
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Challenge in modeling fractured reservoir %

In reservoirs such as SsF one, flow is channeled through altered
and fractured rocks.

Due to natural complexity of reservoirs and numerical
imitation, models are always a simplification of reality.

Depending on the question to answer, different approaches for

modeling can be undertaken:

= * For temperature decrease at production, modeling may focus on a small
number of deterministic features connecting the wells

* For microseismicity assessment, smaller fractures needs also to be taken into
account. A stockastic approach will then be more appropriate.
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From data to structural model -

PK2 GPK4 §
GPK1 £psq_ GPK3

* 3rd quizz

Thousands of fractures recorded in
granite on SsF wells, but a few of them
are permeable.

11111

1926 data

GPK4

Which data should be acquired to
determine what zones are

contributing to the well flow and what

discrete features should be included in o0
a structural model ? SR R g

Vs

UBI
2215 data

GPK4 . (5)

1000m  Desayes et al, 2010
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From data to structural model

Drilling
* Mud losses -> permeable zones (qualitative)
e Gas influx -> permeable zones (qualitative)

Logging
* Cores / images logs -> orientation, aperture of fractures
* Temperature logs -> permeable zones (qualitative)

* Flow logs -> permeable zones (quantitative)

Seismic information
e 2D/3D sismic surveys -> fault at sediment — basement interface
* Vertical seismic profiles -> intra-basement near well faults
* Microseismic monitoring -> fluid pathways
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Permeable fractures from well data interpretatiom==*"'
Example in GPK-1

160 [GPKI: Location and ranking of flowing fractures with respect to alteration grade and cooling of wellbore|

1.2
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o [ F : major flow
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Evans et al, 2005
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GPK2 structural interpretation from
microseismic data (Sausse et al, 2010)
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(Abdelfettah et al, 2020)
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Geothermal Winter
Intra basement faults from seismic information ==** |

Case of P-S reflection
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GPK1 structural interpretation
from VSP data (Place, 2007)
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SsF structural

North 455-::» South

North
West A East
Sausse et al, 2010

Derived from

Well logging data
Microseismic events analysis

VSP analysis

Geothermal Winter
school 2021

model

Yaaxis

52000, 1993000 1004000 X-axis
200 Pocid 1005000

o 1997998 1006000 S——

s . . 100000

pusa |

1500 -

Z-axi:
90085 3000
Satat 3500
4000 ~ 4000
ol 4500
5000 5000

1003000

—— b
1004000 52000

T 1006000 = =
1007000 (= = {
X-axis 1008000 1008000 2450000
Y-axis

Non permeable faults
. Microseismicity analysis
. Flow anomaly

‘ Thermal anomaly
. VSP study

- Two-micas granite top

- Basement top / Monzogranite top
- Buntsandstein top

- Muschelkalk top

- Keuper top

-Jurassic top

AV E WN =

Sedimentary faults

Rolin, 2019

Integration of information derived from 2D seismic
* Main sedimentary layers

* Faults in sediments

Short selection of intra-basement faults

* based on permeability indicators
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From structural to dynamic model =

Further simplification

* 5 faults are kept
* Representative of major flowing zones and well connections
* Connection of a fault to the boundary -> far field contribution

N S

Upper Sediments

-1000 .
Buntsandstein

Granite

FZ1800
£ 2000 FZ2120

Depth (m

-3000

FZ477

FZ4760 FZ4925

-5000
—— GPK-2 —— GPK-3 — GPK-4

Rolin, 2019



Hydrothermal modelling

Boundary and initial conditions

Comparison between temperature profiles in wells

Constant Hydraulic Head condition on and in the model
N,E,S,W bOI’derS Temperature (°C)
Surface temperature: 10°C 0 N s e
Bottom heat flux: 72 mW/m? \5\

E 3000 \
Initial temperature based on well %. S
temperature log (extrapolated to the AN
bottom of the model at 8 km) - N
Granite radiogenic heat production: 5000
3'10-6 W/m3 —Temperature log GPK-3

—Numerical temperature log
Numerical temperature log after 50 years without exploitation steady state flow

Calibration on production data

1- Hydraulic calibration (steady state): fixed flow rate, matching of well head pressure and contribution of
each well section

Rolin, 2019

2 — Thermal calibration (transient state): fixed flow rates and injection temperature, matching of production

temperature
Name Hydrau.IiF: Specific Porosity Therm.aI. Hea'F
Conductivity Storage Conductivity ~ Capacity
i [m/s] [1/m] [W/m/K] [J/m3/K]
Granite 710° 1.7510° 3% 2.5 2.910°
Faults  between10°& 10  210° 10% 2.5 2.910°

Except for FZ4760, parameters initally based on Gentier, 2010; Jung, 2013 ; Held, 2014 ; Sausse et al., 2010 and
fine tuned

hydraulic conductivity [m/s]

Temperature (°C)
Confidential scale
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Calculated temperatures compared to real temperatures
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—Flow rate GPK-2 —Flow rate GPK-3 Flow rate GPK-4

Fault parameters

FZ1800 FZ2120 Fz4770 FZ4760 FZ4925



Hydrothermal modelling - conclusion

Results
Around 5°C difference between reinjecting @ 40°C and current reinjection temperature (~65°C)
Rapid decrease and then stable behaviour -> highlights short connection and more far field contribution

Temperature (°C)

5 10 15 20 25
Time (years)

Flow rate GPK-4

Flow rate GPK-2 Flow rate GPK-3

30

S

\

5 10 15 20 25
Time (years)

——Scenario 1 70°C - GPK-2 —— Scenario 1 60°C - GPK-2
~—Scenario 1 50°C - GPK-2 —— Scenario 1 40°C - GPK-2
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Impact on the reservoir & the environment ~ s=*™

Microseismic activity

Increase monitoring
e Additionnal sensors
* |Innovative monitoring with optic fibre

b | = Soultz wells @ well equiped with optic fiber
| ¢ Soultz seismologic network @ wells equiped with piezometric sensor
M@ MEET additionnal seismologic station

0 1km  Map backgroung : IGN 25000e
Projection : Lambert 93

See talk of V. Lanticq (19/02/2021)

Geothermal Winter

Thermo-hydro-mechanical modelling
e Assessment of reservoir geomechanical behaviour
(increase of microseismicity due to colder reinjection?)

o

Time=1163 d Volume: Permeability, 11 component (m?)

x1071

x10° m

See talk of S. Mahmoodpour (18/02/2021)



Geothermal Winter
school 2021

Conclusion and perspective

At this stage of MEET project, colder reinjection How to valorize this additionnal MWth ?
(down to 40°C) seems feasible * Electricity generation (mobile ORC test)

* No major impact on scaling issues e Direct heat use

e Acceptable impact in production temperature

Heating & cooling with heat pumps
heatig floor
Recrehtion center, pools
Balneotherapy, thermalism
Pre-heating (water - air)
Hot water
District heating

Fish farrping, aquaculture
4 Mushrodm culture
' Greephouse heating by floor

At the URG scale, this could provide additionnally

+33MWth

Housing, Health,
Recreation,

g
2T
. % 3 Greenhouse heating by air
B Current thermal power B Additionnal thermal Power (40°C) 2 : S  fre-heating (water — air)
< e . Drying of wood, fish, agricultural products
A5.0 2 : ° | ——] Canneries
A40.0 . y Pre-heating (water — air)
. 5 Frost protection
35.0 ! : B Wool washing, dyeing
30.0 E E _ Drying industrial products
= 25.0 ® X I Electricity generation with binary cycle
= - s . N cooling by absorption
= 20.0 z . . . i Cchemicals extraction
15.0 Z ' ' | e Water distillation
10.0 2 : : : N Metals recovery
: . : D Electricity generation with steam
5.0 - : . - B Evaporation of concentrates
0.0 ‘ ' - WS Pulp paper
3 : g i i i
QQ‘ QQ" Q‘° 0% Q((' : : : ' Negative cold production (ammonia absorption systems)
"y . ¢ ¢ A\ 10°C 0"C 150'C
& & & & & s e || e
\)‘,Q ‘_\,_\J(\ & N 6‘\\) énergie sse énergie oyenne énergie aute énergie
£ N
N <
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- This work was performed in the framework of the H2020 MEET EU project which has received funding from
the European Union’s Horizon 2020 research and innovation programme under grant agreement No 792037



