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Thermo-sensitive tracers for geothermics

 Main process:

4 Temperature driven chemical reaction (Hydrolysis) with the reservoir brine.

Target parameter:
v’ Temperature and its distribution (cooling fraction).
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Tracer test in reservoir to quantify thermal drawdown 3

T (°C) 120 °C 90 °C 50 °C
T (time) 2 weeks 2 weeks 2 weeks

Conservative tracer

Reactive tracer

Flux Concentration
Flux Concentration
Flux Concentration

e
-

Time Time Time

Recovery of Conservative tracer — Recovery of Reactive tracer
= Temperature in the Reservoir
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Development of thermo-sensitive tracers (Esters)

Introducing a group enabling the use of
hydrolysis as temperature sensitive reaction

|

Nottebohm M, Licha T, Sauter M (2012): Tracer design for tracking thermal fronts in geothermal reservoirs. Geothermics 43: 37-44.
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Current state on thermo-sensitive tracers

,Kinetic gap” between hydrolyzable esters and thermodecay of classical
tracers

Half-life
hours days weeks months years
Ester hydrolysis Thermodecay
- Carboxylic acid esters - Classical tracers (Amino G)
o o] - = EE - +4
R,/H\c”jz - m)J\DH * wo”" 1 KI n etl C ga p 503“ h
- Nottebohm et al. (2012) o
- Maier et al. (2015) - Rose and Clausen (2014)

104°F (40°C) 176°F (80°C) 302°F (150°C) 662°F (350°C)
Temperature
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Approach to fill the ,,Kinetic Gap*: Amides

Introducing a group enabling the use of
hydrolysis as temperature sensitive reaction

|

Schaffer M, Idzik K R, Wilke M, Licha T (2016): Amides as thermo-sensitive tracers for investigating the thermal state of
geothermal reservoirs. Geothermics 64: 180-186.

=

AV
DR RU B Muinchen, 19.11.2019 ]

BOCHUM iedersichsischer Landes|

N Las betrieb fiir
Wasserwirtschaft, Kiisten- und Naturschutz




Approach: Carbamates

Varying acid part

JOL Thermosensitive properties
by hydrolysis
R\O '‘NH
i, Carbamate is not fluorescent,
i reaction product is
SO;H High aqueous solubility

el e s

N

Source: ldzik et al. (2015)

Source: Cao, V., Schaffer, M., Licha, T., 2018. The feasibility of using carbamates to track the thermal state in geothermal reservoirs.
Geothermics 72. doi:10.1016/j.geothermics.2017.12.006
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Overview on carbamate hydrolysis (T =95 °C, pOH =7)

Carbamate structure kyfnmax  Carbamate structure ky/fon max
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— Broad range of the rate constant k;,
= The structure of the acid part controls the speed of hydrolysis
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Dependence of reaction rate constant (k,) on temperature (2)

Plummer et al. 2010: E,;/In A are too close to measure thermal drawdown
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In A [1/h]
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25

* Carbamates (Cao et al. 2018)

AEsters (Nottebohm et al., 2012)
X Esters (Robinson and Tester, 1990)
X Amides (Robinson and Testers, 1990)

O Amides (Schaffer et al., 2016)

80 100 120 140 160
E, [kJ/mol]

= E,/In A of carbamates from 2.5t0 5

— Carbamates cover the range the for esters and amides
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Compound classes

Carbamates are promising thermo-sensitive tracers
Molecular structure and the temperature have a significant influence on the reaction rate.

Temperature
40°C 80°C 150°C 350°C

Carbamates hydrolysis

Thermodecay of
Classical tracers

Esters hydrolysis Amides hydrolysis

Transferability to field needed
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Flow-through experiments

Thermal gradient with different
Injection methods

v Continuous injection
\/Moving front

v’ Push-Pull

v’ Pulse injection

Defined temperature is applied
(T-target) and compared to the
temperature calculated from
the tracer breakthrough curve
(T-obtained).

(Maier et al., 2015a und b)
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 EXxperimental setup

Florescence
Spectrometer

T

'..::.-""d-"'r' Emission &, nm

{

Excitation A, nm

Tracer Solute

T==5°C |

|

t Backpressure Pipe
-y

Deliuerﬁ

Pump

T=40-60°C

Heat
Circulating
Thermostat

Column 2

(C2)

Column 1

(1)

T=40-60"°C

Heat
Circulating
Thermaostat
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Flow-through experiments

12

Successful application demonstrated in lab columns for the first time

(Maier et al., 2014; Maier et al., 2015a, b)
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Maier, F., Schaffer, M., Licha, T., 2014. Ability of thermo-
sensitive tracers for precisely estimating system temperatures in
column experiments with thermal gradient. In: Proceedings of
the 39th Stanford Geothermal Workshop, Stanford, USA, SGP-
TR-202.

Maier, F., Schaffer, M., Licha, T., 2015a. Temperature
determination using thermo-sensitive tracers: Experimental
validation in an isothermal column heat exchanger. Geothermics
53, 533-539.

Maier, F., Schaffer, M., Licha, T., 2015b. Determination of
temperatures and cooled fractions by means of hydrolyzable
thermo-sensitive tracers. Geothermics 58, 87—-93.
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Counts [1]

Thermal gradient: push-pull 13

_ B Ter Tinean cooled fraction
2-OH-3,6-NDS 54 50 0,50
Phenol 43 40 1,01
N B 45 41 0,94
J 50 46 0,72
7 B E 52 48 0,60
[\ v
c 1 |1© © ©PPS
N [\ B g 100 — Bisecting Line < °
O —
s
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=
o
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Time >,
o
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n
* Phase 1: 5 pulses injected in 2h o
« Phase 2: Stop flow for 20 min =0 7

| | | |
 Phase 3: Reversed flow 50 100
Obtained Fraction [%]
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Compound classes: boundary conditions 14

reservoir pH: 2—7.5 (depends on reservoir temperature)

Esters Amides
A - (own data in red)
0.10 r
-7 =
0.08 - T =
w 3 AN AN
'y <006 F <
= = LIJ LU
g -4 E <
= AW X 004 [ 3 3 ;
S — h
-5 | 0.02 F !
1--- --7—
-B ! | 1 L 0.00 | 1 1 . . A
0 2 A oH 6 8 10 1.0 3.0 5.0 7.0 9.0 11.0
pH

[Kirby and Marriott, 2002 ] [Duan et al., 2010 ]

Carbamates: reaction rate constant for _ _
primary pH 0-7, secondary pH 2-9 OH™ catalyzed reaction field,

depends on pOH,
pH+pOH=pKw, pKw= f(T)
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Compound classes: boundary conditions 15

further drawback of esters:

« naturally occurring enzymes (hydrolase) catalyse the
reaction

* this speeds up reaction by factor of 10

« may/will give unreliable temperatures in natural low
temperature systems

< catalysis by natural enzymes not (yet) observed for amides and carbamates
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Organic Molecules as Sorbing Tracers for the
Characterization of Fracture Surface Areas In
Enhanced Geothermal Systems (EGS)
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Fracture Surface Area

Ao related to heat exchange area (Apeq)

lower A/V ratio higher A/V ratio
e BTN
++++++++++++++++++++++ B +I+l+ O I+I
+++++++++++ S N FLt Lt oL

B — R

A S A S S T S L 2

LR T T T S P A A I
++++++++++++++++++++++ . . PR P TR Pt A M AP N O P
same oo Stimulation FEEERETERAS

bulk S
porosity %%@E@%%@E{
L
' e

@ Increase of A . due to hydraulic reservoir stimulation
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The Concept 18

Injection of tracer mix (consevative + sorbing tracer)

@ Higher retardation after hydraulic stimulation (Increase of A;..)

Injection (tracer mix)  Abstraction (tracer separation) Injection (tracer mix)  Abstraction (tracer separation)
g 8 g No Retardation 5 e, 5 No Retardation
=l 8 sl 8
H P £ Retardation H 19N E Increased
2 [ g g [ g Retardation
8 &7 Reg R 8 8 &7 Rng R 8
I I
Ri<® _R> Sorbing tracer ' .
I (organic cation) time time time time
R; o
SO

S

NG SAREN I/é |
AT N AR T
n.ﬂ*q@&‘!,‘x..pﬁ

Before hydraulic stimulation
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Fracture Surface Area vs. Retardation 19

Area available for Sorption is proportional to A,

@ Retardation factor (R) is measure for A;_./V:

A
. frac

@ Sorption affinity K;, (fracture-surface/water partitioning coefficient)
depends on molecular structure and boundary conditions

Schaffer M, Warner W, Kutzner S, Bornick H, Worch E, Licha T (2017): Organic molecules as sorbing tracers for the
assessment of surface areas in consolidated aquifer systems. Journal of Hydrology 546: 370-379.
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State of Art: Sorbing tracers 20

Reservoir surfaces have negative charge (quartz, clay coatings, etc.)
@ Use of cations (+)

# NDS Data
| & LiData
— NS Madel
| =i Madel

Inorganic cations 0 - .
. 0 10 20 30 40 i &0

Li*, Cs* (Dean et al., 2012; 2015) Time, hrs
“cation-exchanging tracers” [Dean et al., 2015, Geothermics]

Advantages: thermally stable, low toxicity, inexpensive

Disadvantages: limited number of ion types, analysis in trace concentrations,
irreversible fixation in clay interlayers (Cs*, K*, NH,*), no additional sorptive
Interactions possible, potential geogenic background
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Organic cations: Competition with Other lons 21

Sorption of metoprolol onto silica gel and aquifer sediment:
» Predictable within a certain concentration range
« Competing ions of same valence have similar effects

log K, (L kg")°®

4.0
without competition
R 35
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D 25
o - Na*
=+ NH,*
= Cca?
Mg?*
2.0 T T T T T T T
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

log (z- Ccompeting ion) [nmol/L]

Kutzner S, Schaffer M, Bornick H, Licha T, Worch E (2014): Sorption of
the organic cation metoprolol on silica gel from its aqueous solution

considering the competition of inorganic cations. Water Research 54:
273-283.
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y=1.78-0.13x o Na*

R2=0.91 Ca?+
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1.0 H °
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0.6
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R?=10.99 A
0.4 | T
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IOg Ccompetitive ion (anI I—'1)

Niedbala A, Schaffer M, Licha T, Nodler K,
Bornick H, Ruppert H, Worch E (2013):
Chemosphere 90(6): 1945-1951.
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Influence of Temperature 22

e No temperature-dependence for salt concentrations >0.5g/L

e Higher retardation with higher temperatures only for low salinity

10 uM Benzylamine 10 uM Metoprolol
1.2 T T T T 4.5
4 3
1 o
35}
08 r . 3}
g’ o6 g 25 |
2 L
o je
N4 i i x
0.4 1.5 F
. ——
0.2 f — - 1t [ e
05 F
0
1 1 1 1 O C 1 1 1 1 -
0 20 40 60 80 100 0 20 40 60 80 100
Temperature [°C] Temperature [°C]
1 mMNaCl —— 10 mM NaCl —— 100 mM NaCl 1 mMNaCl —— 10 mM NaCl —— 100 mM NaCl
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Effect of Molecular Structure 23

20 °C, 10 mM NaCl, 10 uM

AT

0.8

0.6

C/Cax

04 f

0.2

0 1 5 10 15 20
t/ ttracer
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* Molecular design to support
tailor and problem-oriented
tracer cocktails.
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Tracer design

Problem definition
Information needed

k4
Literature research
Overview over existing
tracers in all fields

h

Conceptual model
for new tracer type

Experience, and
Preknowledge
{e.g., Detection, h i
stability, toxicity, Required properties

ete.) of tracer molecule (and
reactions products)

k4

Selection of compound
class, base- and sub-

structures, reaction types

Y

from literature / databases |« Chemistry software
I Databases
Prediction of
3 molecule properties
Definition of potentially |, (e.g., QSAR)
suitable molecule
structures -
[
L 4
Commercial availability
of compounds and raw
materials
| Synthesis ‘ ‘ Molecule modification
Analogue tests \ /
~ lopredict the . Laboratory testing |
influence of changes |
in molecule structure
k4
‘ Field application |
A\
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Non-conservative tracer design

3 2

Thermo-sensitive compound

(o]
HBC/\fLO
Base molecule e,
o S05°

e
(OH)y, o 2-Ethylbutyryl-2-hydroxynaphthalene-6-sulfonate
‘\ NS
N
(80 )m Wi Interface-sensitive compound

Cligr
n-Hydroxynaphthalene-m-sulfonate =S5

~ (Cl)x
g
X
(CHs)y

x-Chloro-y-methylphenylnaphthalene-2-sulfonate
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Thank you

% Bundesministerium Deutsche
fir Umwelt, Naturschutz .
und Reaktorsicherheit FOFSChUﬂgSgemelnSChaft

Bundesministerium fur Umwelt (BMU, 0325417)
Deutsche Forschungsgemeinschaft (DFG, LI 1314/3-1 and 2)

Mechthild Rittmeier, Anke v. Gaza, Lothar Laake, Reiner Schulz
Peter Rose (University of Utah)
Mitchell Plummer (Idaho National Laboratory)

And of course you, the audience
for your attention and interest!
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