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ARTICLE INFO ABSTRACT

The Soultz-sous-Foréts geothermal plant in northern Alsace (France) is under consideration for a campaign to
actively stimulate the low-permeability granitic reservoir. The operation of the enhanced geothermal system
requires the re-injection of fluid into the geothermal reservoir, which can cause a strong disequilibrium between
the fluid and the granitic rock, as well as the possible dissolution/precipitation of minerals. These mineralogical
transformations may have a significant impact on porosity, permeability and fluid pathways in the geothermal
reservoir. Various studies have reported that the hydraulic connection between the injection well and the
production well is quite poor. Therefore, chemical stimulations are necessary to increase the productivity and
injectivity of the Soultz geothermal system.

Before performing chemical stimulation in the Soultz geothermal system, a modelling approach is considered
to discuss different scenarios in terms of the choice of acid and the amount and duration of acid injection. The
approach used in this work is based on the geochemical code KIRMAT, which enables us to represent the
geothermal reservoir using single-porosity and double-porosity models. The code evaluates the changes in the
porosity and permeability of the Soultz reservoir based on the evolution of all primary and secondary minerals as
a function of time in the geothermal system.

The modelling results showed that chemical stimulation could significantly increase porosity and perme-
ability; however, for both single and double-porosity models, the improved zones are very limited and are only
present within a few meters of the reinjection well. The modelling results obtained from the sensitivity case
studies showed the significant impact of the Darcy velocity, the initial concentration of the acid used, the
duration of the injection and the initial calcite amount, especially in regard to the changes in porosity and the
mineralogical transformation of the zone around the acid-injected well. Higher concentrations of the HCI so-
lution also increase the dissolution of primary minerals and then exhibit a stronger porosity increase in the zone
around the injection well, but further, precipitation reduces the positive achievements of chemical stimulation.
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1. Introduction the regional scale (Heap et al., 2017). In the present study, what is at

stake for the geothermal exploitation, it is the poor hydraulic connec-

The Upper Rhine Graben is known for a long time for its high
geothermal gradient (Haas and Hoffmann, 1929) and the Soultz-sous-
Foréts site, located in Northern Alsace (France), was chosen 30 years
ago as a geothermal pilot research site and became an Enhanced Geo-
thermal System (EGS) demonstrator. It nowadays consists of three ac-
tive wells, called GPK2, GPK3, and GPK4, in which GPK2 and GPK4 are
re-injection wells and GPK3 the production well. These wells are drilled
down to 5000 m and are active in the granite basement rock. This deep
Paleozoic granitic basement lies at a depth of 1400 m at Soultz-sous-
Foréts, covered by a Permo-Triassic clastic formation (Aichholzer et al.,
2016), which plays an important role in the hydrothermal convection at
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tion and the low natural permeability of granite (Genter et al., 2010),
and it implies hydraulic and/or chemical stimulation to achieve a fluid
rate high enough for energy production. Currently, the Soultz-sous-
Foréts geothermal plant is under consideration for a campaign to ac-
tively stimulate the low-permeability granitic reservoir.

Acid stimulation is comprised of a so-called soft-stimulation treat-
ment, whereby some combination of acids, chelating agents and/or
retarding agents are injected or otherwise introduced into the open-
hole section of a geothermal well, with the ultimate aim of increasing
rock permeability whilst avoiding the generation of detectable seismi-
city. To allow for the operation of the enhanced geothermal system,
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(EGS) the re-injection of fluid into the geothermal reservoir is neces-
sary, which can cause a strong thermodynamic disequilibrium between
the fluid and the granitic rock within a geothermal reservoir, which
then implies possible dissolution/precipitation (Fritz et al., 2010; Ngo
et al., 2016). In the Soultz-sous-Foréts EGS, hydrothermal alterations
include the transformation of plagioclase, biotite and K-feldspar and the
precipitation of various secondary minerals. The major sealing phases
observed in the main fracture zones are quartz, calcite, and clay mi-
nerals (e.g., Ledésert et al., 1999; Bartier et al., 2008; Hébert et al.,
2010). These mineralogical transformations may have a significant
impact on the porosity, permeability and fluid pathways of the geo-
thermal reservoir. A literature review revealed that the hydraulic con-
nection between the injection well and the production well is histori-
cally quite poor (GEIE EMC, 2017). Therefore, chemical stimulations
are required in order to increase the productivity and injectivity of the
Soultz geothermal system.

Chemical stimulation is a method where a certain volume of che-
micals (or a mixture of chemicals) is injected into a geothermal re-
servoir. This method aims to improve or maintain well productivity/
injectivity without damaging the host rock by: full or partial dissolution
of minerals, mobilisation of reservoir particles in fractures and pores,
inhibition of secondary or tertiary reaction products that are sparingly
soluble, and controlling the reactivity of mineral surfaces (GEIE EMC,
2017). In the context of the Soultz geothermal reservoir, different types
of chemicals were injected and tested for their efficiency. These include
conventional acid systems such as HCl and a HCI-HF mixture, chelating
agents such as Nitrilotriacetic Acid (NTA) and retarded acid systems
such as Organic Clay Acid (OCA) and Rock Mud Acid (RMA). The
outcome of chemical stimulation depends on many factors, including
the type and concentration of injected chemicals, the injection pressure,
flow rates, the fracturing pressure of the host rock, casing damages,
mobilisation of cuttings, fines and drilling residues, and precipitation of
non-welcome secondary reaction products (Nami et al., 2008; Portier
et al., 2009).

In geothermal systems, acidizing stimulation is expected to affect
the target zone around the injection well as much as possible, and
therefore should penetrate more deeply into the formation via fracture
zones with pre-existing secondary mineralogy. At the Soultz geothermal
site, the natural fractures are very heterogeneous and irregularly loca-
lized (Ledésert et al., 1993a). This causes the different hydraulic char-
acteristics of the fractures, and hence makes an acidizing operation
challenging in regard to the effective distribution of chemicals. Before
performing chemical stimulation in the Soultz geothermal system, a
modelling approach is considered in order to discuss different scenarios
in terms of the choice of acid, and the amount and duration of acid
injection.

The approach used in this work is based on the geochemical nu-
merical code KIRMAT, which enables us to represent the geothermal
reservoir using single and double porosity models and account for a
wide range of mineralogy. The model evaluates changes in porosity and
permeability in the geothermal reservoir based on changes in the
amount of primary and secondary minerals as a function of time in the
geothermal system.

2. Materials and methods
2.1. The numerical reactive transport model

2.1.1. Governing equations of reactive mass transport

The hydrochemical model developed in this study is based on the
numerical code KIRMAT (Kinetic Reaction and Mass Transport)
(Gérard, 1996), which combines geochemical reactions and 1D mass
transport equations. The mass balance equation of reactive transport in
a one-dimensional porous medium is written as (Lichtner, 1988; Gérard
et al., 1998):
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where Eq. (1) refers to N aqueous primary species and Eq. (2) refers to
M primary species of reacting minerals. In these equations, W; denotes
the generalized (or total) concentrations (in moles per water mass or
volume) of primary species, ¢ denotes the porosity of the porous
medium, ¢, and «; denote the volume fraction and the stoichiometric
reaction coefficients, respectively, of the ™ mineral with molar volume
VL, v represents the reaction rates of the irreversible reaction of mi-
nerals and fluids equivalent to the rate of precipitation or dissolution of
reacting minerals r per unit of the rock and fluid system (by convention,
v; is positive for precipitation and negative for dissolution reactions), D
denotes the hydrodynamic dispersion coefficient, and U denotes the
Darcy velocity. x is the space variable and t is the time. In Eq. (3), the
generalized concentration ¥, is defined according to the expression:

N
W= Cj+ ), a;iC;, withC; = Koy ' [ | (ryCpi
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where C; refers to the concentration of the j™ primary species, and the
sum runs over all aqueous secondary species with concentration C;
related to the concentrations of the primary species through the mass
action equation. The quantity oj; denotes the molar stoichiometric
coefficient of species j in secondary species i, y is the activity coefficient
of the aqueous species, and K; denotes the equilibrium constant. Using
Egs. (1) and (2), one obtains a system of (N + M) coupled nonlinear
partial differential equations.
In the case of a double-porosity medium, divided between the ma-
trix and a fractured medium, the mass balance equations of reactive
transport are written as: in a fractured medium:
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in the matrix, where it is assumed that no flow and no mass transport
take place,
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where ‘ij and W7 are the dissolved global concentrations of primary
species j in fractured medium and matrix, respectively (mol.L™%); ¢/
and ¢™ are the porosity of fractured medium and matrix, respectively
(L3.L™3); D is the effective hydrodynamic dispersion coefficient (LT ™)
in fractures; Dy is the diffusion coefficient (L2.TY) in matrix; U is the
Darcy velocity (L.T); cp{ and <p;," are the sink terms corresponding to
the geochemical fluxes in fractured medium and matrix, respectively
(mole.L~3.T™); a is the surface contact between fractured medium and
matrix (L2); e is the volume contact between fractured medium and
matrix (L%).

KIRMAT aims to contribute to the understanding of water-rock in-
teractions in different frameworks as groundwater salinization (Lucas
et al., 2010; M'Nassri et al., 2019), weathering processes (Lucas et al.,
2017; Ackerer et al., 2018) or hydrothermal alteration (Ngo et al.,
2016). It can also be used to simulate clay minerals evolution under
specific environmental conditions, such as the storage of nuclear waste
(Montes et al., 2005a; 2005b; Marty et al., 2009, 2010, 2006; Ngo et al.,
2014).

2.1.2. Water-rock interactions
In KIRMAT, interactions between water and rock involve dissolution
and precipitation. In our study, only mineral dissolution is modelled by
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irreversible kinetics, while precipitation is modelled at equilibrium.
Kinetic rock dissolution rate ry (in mole per water mass) is quantified by
(Gérard, 1996):

n1\n2

where kg, denotes the dissolution rate constant (mol. m~2 year’l) of
the reactive mineral r, S,°% stands for the reactive surface area of mi-
neral r (m%kgyao™), #+ denotes the proton activity where n depends
on the pH of the solution, n; and n, are exponents depending on the pH
of the solution, Q; is the ion activity product of reactive mineral r and K,
denotes the thermodynamic equilibrium constant of the hydrolysis re-
action of mineral r at a given temperature and pressure.

The KIRMAT code can describe the feedback effect of the chemical
and mineralogical evolution of porosity and permeability at any node of
the mesh due to dissolution and precipitation reactions. In Eq. (7) the
intrinsic permeability k (m?) is updated after each time step as follows
(Gérard, 1996):

k= C() [¢C—1( ¢3 ) ]2
1-¢)*s? )

where Cy, ¢, C and S denote an experimental constant, the porosity of
the porous medium, the cementation factor, and the grid cell surface in
contact with the adjacent cell (m?), respectively.

In Eq. (8) the relationship of the effective diffusion coefficient (Dg;¢r)
to the porosity is expressed as:

Dgig = D¢ ®

where Dy is the diffusion coefficient of the solute in free water, ¢ is the
porosity, and C the cementation factor.

In Eq. (9) the porosity at the time increment n is determined as
follows:

Cold reinjected fluid

Geothermal reservoir
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Fig. 1. Conceptual schema of the stimulated Soultz geo-
thermal system: (a) Cross-section of the Soultz EGS system
(Alsace, France), GPK2 is the production well, while GPK3 and
GPK4 are the re-injection wells; (b) conceptual model with the
re-injection well (= 65 °C) and the production well (=200 °C);
(¢) model domain used in KIRMAT simulations.

(65°C)

o= 1— SAx(1 — ¢*~1) + Bv?
- SAX (C)]

where ¢" and $"~! are the porosities at the time increments n and n-1,
respectively; Ax is the cell length (m) and Bv" is the absolute volume
balance of all minerals at time increment n (m®).

2.2. Acid stimulation of the geothermal reservoir

2.2.1. Conceptual system

The acid stimulation method is applied to geothermal reservoirs for
a few decades. This approach is generally expensive and complicated,
and its success depends on many factors. Gathering knowledge about
the well that is chosen for acid stimulation is the first task that should
be thoroughly performed. The next step is to select a suitable chemical
and/or a mixture of chemicals. When applying the acid stimulation, the
acid solution can be injected stepwise into the geothermal reservoir
using different steps, known as pre-, main- and post-flush. Each step
needs to be designed and balanced carefully against the rest to achieve
its own objective (GEIE EMC, 2017).

The GPK-4 well actually has a very poor connection with other wells
in the Soultz system. According to the feasibility study completed re-
cently by the GEIE Exploitation Miniére de la Chaleur (GEIE EMC,
2017), the GPK-4 injection well is considered to be the most appro-
priate well for acid stimulation based on the evaluation of the technical
and economic feasibility. Therefore, in the current modelling work, we
assumed that well GKP-4 would be chosen for acid stimulation. Acid
stimulation of well GPK-4 is expected to improve its connection with
other wells, as well as improving the overall hydraulic regime of the
Soultz system.

Knowledge about the reservoir petrology and fracture filling mi-
neralogy is crucial for selecting a chemical. Additionally, other factors
include which minerals need to be dissolved and if a composition of
native brine and injection setup should be used also need to be con-
sidered to coordinate the best efficiency of the injected products and
avoid unwelcome secondary reactions (GEIE EMC, 2017). The results
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obtained for previous acid stimulations in the Soultz system have shown
that with a HCI solution, the carbonate minerals present in the deep
reservoirs of wells GPK-2, GPK-3 and GPK-4 could be successfully re-
moved by injecting an acid solution with a concentration up to 0.45 %
(Nami et al., 2008; Portier et al., 2009). Therefore, for this modelling
work, the simple and inexpensive acid HCl will be tested. This simple
acid was chosen, since it has a fast and strong dissolution effect and
reacts with minerals quickly when it comes into contact with the
system. Otherwise, it is also expected that a simple stimulation fluid can
keep the environmental footprint of the stimulation operation as low as
possible.

Fig. 1 represents a conceptual system of the Soultz geothermal re-
servoir, where the thermal cycle of the fluid occurs between 200 °C and
65 °C in the geothermal loop (André et al., 2006; Fritz et al., 2010). The
system consists of a 6 m thick layer initially saturated by water at 65 °C.
The temperature value of 65 °C in the geothermal reservoir near the
injection well was considered to be a constant value during the sti-
mulation process. The injected acid solution is assumed to be heated up
to 65 °C and allowed to penetrate in the near field around the stimu-
lation well. This simple approach of the transition between the stimu-
lated acid solution and the Soultz geothermal reservoir used as the
boundary condition will simplify the calculated chemical speciation.
The conduction of heat in the system is not considered herein.

For the current work, the computation time was quite long, meaning
that depending on the modelling case, it may take several months to
accomplish one numerical simulation. We further acknowledge that the
cell size may also have an impact on the modelling output when using
the geochemical modelling code as reported in several modelling stu-
dies (Marty et al., 2009; Ngo et al., 2014). In the current work, we
therefore attempted to evaluate the effects of cell size on the modelling
results with different sizes as 0.1 m, 0.2 m, 0.5 m and 1 m, together with
different lengths of the system, including 6 m, 10 m and 20 m. The
different outputs were more or less different but not significantly, so
they are not presented, and a cell size of 1 m and a length of 6 m were
chosen as the default values because of the reasonably clear results and
the computation time.

In the present work, special attention was paid to evaluate the im-
pact of the injection conditions and the reservoir conditions on the
evolution of the reservoir after the acid stimulation. There are two
reasons that inspire us to focus on these issues. First, as discussed
previously, the appropriateness of the injection conditions generally
plays a critical role in the stimulation results. Second, depending on the
geothermal reservoir properties, the capacity of the acid solution to
penetrate into the geothermal reservoir and the interaction between the
acid solution and different minerals in the reservoir must be different.

2.2.2. Modelling approach

In the framework of the single porosity model, a reference case was
used for the input data presented in Tables 1-5. These data were col-
lected from a literature review. Additionally, HCI concentration was 0.2
% (pH = 0.74), and injection duration was 2 days with a Darcy velocity
of 1 m.h~’. Three sensitivity cases were tested. It is important to
highlight that the input data are the same for all three cases except for
the tested sensitivity parameters. The numerical calculations performed
in this way are able to distinguish the effects of the tested parameters on
the evolution tendency of the system.

For the modelling tests using the double porosity model, the matrix
and fracture fractions are presented separately by their own miner-
alogical compositions and physical properties such as porosity and
permeability. Two modelling cases are conducted and the only differ-
ence between them is the parameter representing the ratio of surface
contact to volume contact between the matrix and fracture zones
(parameter % in Egs. (4) and (5)). The comments and discussion of the
modelling results are mainly based on two criteria, porosity and per-
meability.
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Table 1

Main mineralogical compositions, corresponding volume fractions and the es-
timated reactive surface areas of the Soultz granite considered in the current
modelling work. The volume fraction values were taken from those in Jacquot
(2000) and based on the assumption that the fresh granite contains 90 % of the
volume fraction and the rest is vein alteration.

Minerals® Structural formula Volume Reactive
fraction (%)  surface area
(m*
kg™ 'Hz0)
Quartz SiO, 25.87 308.30
K-Feldspar KAISizOg 22.63 7457.55
Albite NaAlSizOg 36.25 8262.75
Anorthite Ca(Al,Siy)0g 2.00 124.21
K-Muscovite  KAl»(AlSi3)O,0(OH), 2.82 631.77
Annite KFe3(AlSiz)0;0(0OH), 2.82 740.82
Phlogopite KMg3(AlSiz)010(0OH), 2.82 622.69
Calcite CaCOj3 0.46 112.19
Mg-Illite Ko.85Mg0.25Al5 35513 4010(0OH)» 0.87 6375.75
Fe-Illite Ko.ssFeo.25Al5 35513 4010(OH) 2 0.87 6687.79
Al-Illite Ko.85Al2 85Si3.15010(0H)2 0.87 6611.52
Smectite [Cag.000Nag.409Ko.024] 0.97 5484.20
[(Si3.738Al0.262]
[Al; s08Fe0.208Mg0.2141010(0H)2
Dolomite CaMg(CO3)2 0.08 20.71
Chamosite FesAl(AlSi3)010(0OH)g 0.33 13.72
Clinochlore MgsAl(AlSi3)010(0H)g 0.33 10.79
Physical properties
Porosity 5%
Permeability 1071 m?

@ Plagioclase was replaced by Albite and Anorthite; Micas by Muscovite.
Annite and Phlogopite. and Chlorite by Chamosite and Clinochlore.

Table 2
Main mineralogical composition, volume fraction and estimated reactive sur-
face area of the matrix and facture Soultz granite considered in the current
modelling work. The volume fraction values were taken from those in Jacquot
(2000).

Minerals Matrix Fracture
Volume Reactive Minerals Volume Reactive
fraction surface area fraction surface area
(%) (m® (%) (m®
kg~ 'H,0) kg~ 'H,0)
Quartz 24.2 288.40 Quartz 40.9 487.42
K-Feldspar 23.6 7777.20 K-Feldspar 13.9 4580.64
Albite 40.5 9231.49 Calcite 3.9 951.17
Anorthite 2 124.21 Mg-Illite 8.7 63757.49
Muscovite 3.13 701.22 Fe-Illite 8.7 66877.88
Annite 3.13 822.26 Al-Illite 8.7 66115.20
Phlogopite 3.13 691.15 Smectite 9.7 54841.96
Calcite 0.3 73.17 Dolomite 0.8 207.06
Chamosite 2.4 137.19
Clinochlore 2.4 107.86
Physical properties Physical properties
Porosity 10 % Porosity 1%
Permeability 1071 m? Permeability 107 % m?

2.3. Initial conditions

2.3.1. Mineralogical composition of the Soultz geothermal reservoir

As a potential host rock for an enhanced geothermal system, the
Soultz system is the subject of many experimental and theoretical in-
vestigations (e.g., Ledésert et al., 1993a, b, 1999, 2009, 2010; Dubois
et al., 1996, 2000; Sausse, 2002; Baldeyrou et al., 2003; Baldeyrou-
Bailly et al., 2004; Sausse et al., 2006; Bartier et al., 2008; Hébert et al.,
2010, 2011; Hébert and Ledésert, 2012), as well as modelling studies
(e.g., Komninou and Yardley, 1997; Rabemanana et al., 2003; Bachler
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Table 3
pH, Eh and chemical composition of the equilibrated solution of
the Soultz geothermal reservoir at 65 °C.

pH 5.39

Eh (mV) -171

Pcoz (atm) 4.7 x 1072
Elements Concentration

(mol kg ~'H,0)

K 8.31 x 1072
Na 1.21 x 10°

Ca 1.35 x 107!
Mg 5.14 x 1072
Si 2.20 x 1074
Al 3.92 x 1078
Fe 1.00 x 107°
Pb 1.48 x 107°
S 1.23 x 1071°
cl 1.56 x 10°

C 3.74 x 1072
Alkalinity (eq kg~ 'H,0) 1.0 x 1072

Table 4

Thermodynamic database of the primary minerals in the Soultz granite and
secondary minerals tested in the current study. The thermodynamic constants
at different temperatures were taken from the Thermoddem database (Blanc
et al., 2012).

Minerals Structural formula Molar LogK65
volume °C ()
(cm®
mol 1)
Primary minerals
Quartz Si0, 22.69 -3.30
K-Feldspar K(AlSi3)Og 108.74 -1.13
Albite NaAlSizOg 100.07 1.01
Anorthite Ca(Al,Si»)Og 100.79 18.83
K-Muscovite KAl (AlSi3)0;0(0OH), 140.81 8.26
Annite KFe3(AlSi3)010(0H), 154.32 26.28
Phlogopite KMgs5(AlSi3)010(OH), 149.66 33.66
Calcite CaCOs3 36.93 1.26
Mg-Illite Ko.85Mgo.25Al5 355i3.4010(0H), 140.25  5.67
Fe-lllite Ko.ssFeo.25Al5 35513.4010(OH) 140.53 4.34
Al-Illite Ko.85Al5 85513.15010(0H)2 139.49 6.18
Smectite [Cap.009Na0.409Ko0.024] 134.92 1.45
[(Si3.738Al0.262]1 Al 508F€0 208M80.214]
010(0OH)2
Dolomite CaMg(COs3)» 64.12 2.06
Chamosite FesAl(AlSi3)010(0H)s 215.88 37.17
Clinochlore MgsAl(AlSi3z)010(OH)s 211.47 49.33

Secondary minerals

Felll-llite Ko.ssFeo 25" Al 68i3.15010(0H)
K-Beidellite Ko.34Al5.345i3,66010(0OH)-
Ca-Saponite Cag.17Mg3Alp 345i3.66010(OH) 2
FeCa-Saponite  Cag17MgxFeAlq 345i3.66010(0H)2

140.56 5.98
134.15 0.48
138.84 23.26
139.96 21.86

Siderite FeCO5 29.38 —-0.83
Ankerite CAFe(CO3), 70.79 1.04
Anhydrite CaSO0y4 45.94 —4.88

and Kohl, 2005; André et al., 2006; Fritz et al., 2010; Ngo et al., 2016).
Various studies have reported that the mineralogy of the Soultz geo-
thermal reservoir is very heterogeneous (e.g., Genter, 1989; Hébert
et al., 2010). The heterogeneity, which depends on the location, comes
from the fact that the fractions of fresh and altered granites are vari-
able. Furthermore, there is a clear difference between the so-called
fresh granites in the Soultz reservoir. For example, fresh granite mainly
contains minerals such as K-feldspar, plagioclase, quartz, and biotite,
while altered granite is generally comprised of quartz, K-feldspar, illite,
smectite, mica, calcite, dolomite, pyrite, galena, and chlorite (e.g.,
Ledésert et al., 1999; Bartier et al., 2008; Hébert et al., 2010). A lit-
erature review reveals that the main secondary minerals in the Soultz
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reservoir are carbonates and illite/smectite. Depending on the degree of
the fluid-rock interaction, the volume fraction of these newly formed
minerals in the altered granite and vein alteration can reach approxi-
mately 50 %.

As noted previously, the GPK-4 injection well was selected to apply
the acid stimulation. The literature review shows that the fracture mi-
neralogy of this well may have similar characteristics to the fracture
zones of the upper and intermediate reservoir in terms of secondary
fracture mineralization of quartz, calcite, illite, chlorite, sulfides, barite
and haematite (Genter and Traineau, 1992; Dezayes et al., 2005). The
dataset presented in the thesis of Jacquot (Jacquot, 2000) was chosen to
describe the minerals that were initially present in the Soultz geo-
thermal reservoir. Additionally, to estimate the volume fraction of each
mineral, we assumed that the fractions of fresh and altered granites are
90 % and 10 %, respectively. Tables 1 and 2 present the composition
and corresponding volume fraction of primary minerals for the single-
porosity and double porosity models, respectively. To fit with the
Thermoddem database (Blanc et al., 2012), several groups of minerals
are represented by the most typical minerals in their group: plagioclase
was replaced by albite and anorthite end-members; K-muscovite, an-
nite, and phlogopite were used for mica; chlorite was represented by
clinochlore and chamosite end-members; and illites are represented
using three different compounds, known as Fe-illite, Mg-illite, and Al-
illite.

The study of Surma and Géraud (2003) that is based on rock sam-
ples taken in bore hole EPS1 located in the neighborhood of GPK4
showed that the porosity can vary from 0.3%-10%. In Géraud et al.
(2010), based on samples of the same zone, the lowest values of por-
osity are between 0.5 and 1 %, but can reach 15 % in the fault zone.
Villeneuve et al. (2018) also found porosities varying between 0.09 and
0.3 %. For a single-porosity model that encompasses fractured and non-
fractured zone, we consider that 5 % represent an average porosity. In a
double-porosity model, the matrix porosity is generally considered
much higher than the porosity of the fracture. Our choice of respec-
tively 10 and 1 % represent two end-members with a significant dif-
ference of order of magnitude. Concerning the permeability of the rock,
the estimations of Sausse et al. (2006) performed in GPK1 between
2849 and 3100 m depth vary from 8.6 1078 to 9.6 107° m? In ad-
dition, the later work of Vogt et al. (2012) indicates that 10*® and 104
m? are two values that frame rather well the permeability of the hy-
drosystem. For our single-porosity model we thus consider that 10 m?
can represent the average permeability in a good approximation. In the
case of a double-porosity model, the matrix permeability is generally
much lower than the fracture permeability. Our choice of respectively
10® and 10'* m? represents two end-members with a significant dif-
ference of order of magnitude.

2.3.2. Pore-water composition

Reference pore-water composition and its evolution over time have
to be estimated for the assessment of general performance. Generally,
pH is considered as a key parameter of pore-water composition because
it has important effects on the reactions in geothermal reservoirs. The
pH of the geological fluid depends on the interaction of a variety of
factors, such as the ion exchange of clay and the dissolution-pre-
cipitation reactions of trace carbonate minerals and major clay mineral
components. In this work, the THERMA code (Ngo et al., 2016) was
applied to determine the pore-water composition of the Soultz geo-
thermal reservoir at 65 °C. The chemical composition of geological fluid
in equilibrium with the geothermal reservoir at 65 °C is presented in
Table 3. The input data for the THERMA code are taken from laboratory
analyses of fluid collected from the production well head (Sanjuan
et al., 2006; Scheiber et al., 2013) and from thermodynamic modelling
(Sanjuan et al., 2006; Fritz et al., 2010; Ngo et al., 2016). The details
regarding the modelling work completed using the THERMA code can
be found in Ngo et al. (2016). The pH value of 5.39 is higher than the
value of 4.8 of the saline fluid measured in situ at the well-heads
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Table 5
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Kinetic constants of dissolution reactions of the primary minerals in the Soultz geothermal reservoir at 25 °C. The kinetic constant values at 65 °C are extrapolated

using the activated energy.

Ka kn kp, pHa PHp n, 0, E, Eq Ep
Minerals (mol m~2 year'1) (KJ mol 1)

25 °C
Quartz 1.44E-4° 1.44E-6" 1.62E-9" 4.0° 5.9° 0.50" —0.50° 99.2% 90.1° 108.4°
K-Feldspar 2.75E-3" 1.23E-5" 1.99E-14" 4.7 10.7 0.5 —-0.82 51.7 38.0 94.1
Albite 2.18E-3" 8.66E-6" 7.91E-9" 6 8 0.46 —0.57 65.0 69.8 71.0
Anorthite 9.95E + 3" 2.39E-2" 7.91E-9" 6 8° 1.41 —0.57 16.6 17.8 22.0
Muscovite 4.44E-5" 8.88E-6" 8.88E-8" 6" 8° 0.37 -0.22 22.0 22.0 22.0
Annite 4.60E-3" 8.88E-6" 8.88E-8" 6 8’ 0.53 -0.22 22.0 22.0 22.0
Phlogopite 4.44E-5" 1.25E5" 8.88E-8" 6 8° 0.37 -0.22 22.0 29.0 23.5
Calcite 1.58E+7" 4.88E+1" 4.88E+1° 5.5" 8.0° 1.00° 0° 14.5" 23.5" 23.5%
Mg-Illite 6.29E-5¢ 6.29E-8¢ 3.15E-13¢ 5.0¢ 8.8¢ 0.60° —0.60¢ 46%%¢ 14%de 67"
Fe-Illite 6.29E-5¢ 6.29E-8¢ 3.15E-13¢ 5.0¢ 8.8¢ 0.60¢ —0.60¢ 467¢ 14%de 674
Al-llite 6.29E-5¢ 6.29E-8¢ 3.15E-13¢ 5.0¢ 8.8¢ 0.60" —0.60¢ 46"9¢ 14%de 6749
Smectite 3.30E-4" 5.23E-6" 9.52E-10" 5.3" 9.4 0.34" —0.40" 23.6" 35" 58.9"
Dolomite 2.03E+4" 9.31E-1° 9.31E-10° 8.7" 11.0° 0.50" 0° 36.1" 52.2" 52.2°
Chamosite 1.58E-2° 9.97E-6¢ 6.29E-10° 6.0 9.5¢ 0.53¢ —0.44° 66.5 45° 66.5"
Clinochlore 2.44E-4" 2.18E-6" 4.35E-8" 6 8° 0.26" -0.2° 88.0" 93.41° 93.4"

65 °C

Quartz 1.64E-2 1.06E-4 2.86E-7
K-Feldspar 3.24E-2 7.54E-5 1.77E-12
Albite 4.85E-2 2.42E-4 2.34E-7
Anorthite 2.20E+4 5.59E-2 2.34E-7
Muscovite 1.27E-4 2.54E-6 2.54E-7
Annite 1.31E-2 2.54E-5 2.54E-7
Phlogopite 1.27E-4 4.99E-5 2.54E-7
Calcite 3.16E+7 1.50E+2 1.50E+2
Mg-Illite 5.65E-4 1.23E-7 7.71E-12
Fe-Illite 5.65E-4 1.23E-7 7.71E-12
Al-llite 5.65E-4 1.23E-7 7.71E-12
Smectite 1.02E-3 2.78E-5 1.58E-8
Dolomite 1.14E+5 1.12E+1 1.12E+1
Chamosite 3.77E-1 8.54E-5 1.50E-8
Clinochlore 1.63E-2 1.88E-4 3.75E-6

? These values are assessed by the authors.

b palandri and Kharaka (2004).
¢ Lowson et al. (2005).

4 Kéhler et al. (2003).

¢ Tang and Martin (2011).

f Brandt et al. (2003).

(Scheiber et al., 2013). As the brine pH observed in the study of Sanjuan
et al. (2010) did not significantly vary beyond a depth of 3600 m, we
can consider the pH value constant over a wide range of depth. The CO,
partial pressure is estimated by the equilibrium calculations reported by
Sanjuan et al. (2006).

2.4. Input data

Thermodynamic data for hydrolysis reactions at 65 °C of 15 primary
minerals and 7 potential secondary minerals are presented in Table 4.
These data are obtained from the Thermoddem database (Blanc et al.,
2012). The choice of potential secondary minerals may have significant
impacts on the dissolution of primary minerals (Gaucher and Blanc,
2006). The secondary minerals were chosen based on the literature
review studies focused on fluid-rock interactions in the context of en-
hanced geothermal systems. The accuracy of thermodynamic data has
an important impact on the output predictions (Savage et al., 2007; Zhu
and Lu, 2009; Ngo et al., 2016).

It is well known that kinetic data for minerals are much less avail-
able than thermodynamic data, especially for precipitation of mineral
phases. Because of this common issue in geochemical modelling works,
in the current study, the kinetic approach is used for 15 primary mi-
nerals only, and all secondary-formed minerals are precipitated at
thermodynamic equilibrium. Table 5 presents the kinetic data of the
dissolution reactions for the primary minerals at 25 °C and 65 °C. The

practical application of mineral dissolution requires us to know various
parameters for each primary mineral, such as the reaction rate constant
and reaction orders with respect to the pH of the solution. The collec-
tion of kinetic data of the dissolution processes at 65 °C for all 15 pri-
mary minerals is a big issue due to the limited data at high tempera-
tures. Therefore, the data at 65 °C presented in this section were
extrapolated from the data proposed by Palandri and Kharaka (2004)
using the kinetic data at 25 °C and activation energy terms.

In the kinetic approach of mineral dissolution, the reactive surface
area of a mineral is used, as seen in Eq. (6), given that it is a sensitive
parameter for the modelling of a geochemical system. Unfortunately,
the accuracy of the estimation for this key parameter is often ques-
tionable because some important factors are not considered, such as
surface roughness and the presence of open pores. Moreover, surface
area can change following the progression of the reaction, e.g., tem-
porarily increase if dissolution causes significant surface roughness or
decrease when grains are dissolved or become covered by secondary
minerals. Thus, the surface area becomes one of the most important
uncertainties in dissolution studies (Savage et al., 2002). In the litera-
ture, modellers may estimate the reactive surface area with the Bru-
nauer, Emmett and Teller (BET) method (Brunauer et al., 1938; e.g
Fagerlund, 1973), the edge site or the geometric surface area. In this
work, the reactive surface of 15 primary minerals was estimated from
their BET surface areas, assuming that they are proportional to the
reactive surface areas. The reactive surface areas corresponding to the
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Fig. 2. Calculated spatio-temporal evolution of (a) porosity and (b) permeability in the Soultz geothermal reservoir in the reference case. Permeability is presented

with units in logarithm.
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Fig. 3. Calculated spatio-temporal evolution of minerals that are strongly changed. Calcite and anorthite are mainly dissolved. Beidellite and siderite are mainly
precipitated. The evolution of these minerals is presented with units of moles/kgH,0.
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single and double porosity models are presented in Tables 1 and 2,
respectively.

3. Results
3.1. Single porosity model

3.1.1. Reference case

The final porosity and permeability profiles are shown in Fig. 2. In
terms of porosity, the initial porosity of the system is assumed to be
0.05, but the porosity scale shown in Fig. 2a varied from 0.045 to
0.075. This is because the stimulation resulted in temporally pre-
cipitating carbonates, which caused a temporal closing of the system.
However, the increase of porosity from its initial value of 0.05 to the
final value of approximately 0.075, occurred mainly within the zone in
direct contact with the injection well, and the porosity is open mainly in
the zone of 3 m around the injection well. There are only small changes
in porosity in the rest of the system. The change in porosity is related to
the dissolution of primary minerals and the precipitation of secondary
minerals occurring in the system. Similarly, permeability also increases
in the system from the initial value of 1.00 to 1.53 10~ '® m?, mainly in
the zone of 3 m around the injection well, similar to the porosity in-
crease. It increases less significantly in the rest of the system. The
changes in porosity and permeability strongly depend on each other,
because the evolution of permeability is also closely related to the
mineralogical transformations.

Unfortunately, the modelling indicates that acid stimulation results
in both the dissolution and precipitation of several minerals in the
system. The evolution of significantly transformed minerals is presented
in Fig. 3. The acid stimulation results are seen for dissolving minerals
such as calcite and anorthite, whereas minerals such as beidellite and
siderite are locally and temporally precipitated. The dissolution of other
minerals such as clay minerals, silicates and oxides remains low.

Calcite (Fig. 3a) is strongly influenced by the acid stimulation. The
dissolved amount of calcite varied from -3 to 4 mol kgpuso.1. The
modelling results indicate that calcite is quickly dissolved when the
acid solution fluids enter into the geothermal reservoir, especially in the
zone near the acid-injected well. The dark grey zone in Fig. 3a corre-
sponds to negative values of the dissolution, which means that calcite is
precipitated as well. However, this newly formed fraction is mostly re-
dissolved at the end of the simulation. With respect to anorthite
(Fig. 3b), this mineral is also significantly dissolved under the attack of
the acid solution (Fig. 3b), especially in the zone of approximately 3.5
m around the injection well. Its dissolution amount reached 2.5 mol
kgm20.1- Two minerals (beidellite and siderite) are also precipitated in
this system. Beidellite (Fig. 3c) is significantly precipitated in the zone
approximately 2-3 metres around the injection well. Its precipitation
amounts reach 4 mol.kgy,o ™ !. This fact can provide unexpected results
in acid stimulation because this mineral is not re-dissolved at the end of
the simulation, as calcite is. The model further indicates that siderite is
locally and temporally precipitated (Fig. 3d), however this mineral is
quickly re-dissolved.

It is worth noting that in the current study the precipitation process
of minerals is treated using the thermodynamic approach. This ap-
proach may have numerous limitations, especially when applying
quantitative geochemical modelling to a system that is very complex
and scenario-dependent, and a limitedly understood chemical en-
vironment, such as the Soultz geothermal system. The precipitation of
secondary phases may completely change the system geometry, and
hence, the transport characteristics of the Soultz geothermal reservoir.
Positive achievements of chemical stimulation can be nullified or even
worsened by the precipitation of sparingly soluble minerals (GEIE EMC,
2017).

3.1.2. Sensitivity case studies
The sensitivity results are shown in Figs. 4 and 5. For each
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sensitivity case, only the effects on porosity are shown and discussed. It
is important to note again that in all sensitivity tests, the input data are
the same as in the reference case, except for the tested sensitivity
parameter. Furthermore, refer to Fig. 2a for a comparable view with
respect to the reference case, where the evolution of porosity for the
reference case is shown.

3.1.2.1. Case 1: change of the Darcy velocity. Where the Darcy velocities
are equal to 0.1 m.h™?, 0.2 m.h~ ! and 2 m.h ™!, the porosity profiles
are presented in Fig. 4a—c, respectively. Where the Darcy velocity is 0.1
m.h ™!, meaning the injection rate is ten times lower than the reference
case (1 m h™1'), the porosity at the end of the simulation ranged from
0.04 to 0.11. Compared to the reference case, the maximum porosity is
higher, but the opened zone is only limited to 2 m of depth, meaning 1
m less than in the reference case. It is concluded that the low flow rate
injection of chemicals is not a good scenario because it limits the
penetration of the acid solution into deeper zones of the geothermal
reservoir. Low flow rates of stimulation fluids in fractures can also
result in the precipitation of secondary reaction products.

When the Darcy velocity is 0.2 m.h ™, the modelling analysis results
indicate that the porosity varied from 0.045 to 0.075, and the open
zone is limited to 3 m. The porosity in the rest of the system, meaning
from 3 m to 6 m away from the injection well, is not clearly open. The
modelling results are quite similar to the ones in the reference case.
When the Darcy velocity of the acid solution is 2 m.h ™7, the porosity at
the end of the simulation is in the range of 0.045 to 0.075, and the
porosity is open up to 3 m around the injection well. It is found that the
modelling results are again quite similar to those of the reference case.

3.1.2.2. Case 2: increase of the injection duration by a factor 2. The
evolution of porosity at the end of the simulation is presented in Fig. 5a:
the maximum porosity is 0.11, compared to 0.075 in the reference case.
The simulated impact zone in this case is limited to 3 m, which is
similar to the reference case.

3.1.2.3. Case 3: increase of the acid concentration. For this case, the
corresponding results with respect to the final porosity profile are
shown in Fig. 5b. The evolution of porosity is quite different from that
of the reference case. The results indicate that when the pH of the tested
acid solution is 0, the porosity in the impacted zone of the system opens
significantly and can reach 0.35, compared to 0.075 in the reference
case. Unfortunately, from 2 to 6 m away from the injection well, the
porosity decreases drastically. This can be explained by the fact that the
higher concentration of the acid solution induced a stronger dissolution
of minerals such as calcite and anorthite in the zone in direct contact
with the injection well but also by the stronger precipitation of
secondary minerals such as beidellite in the rest of the system. One
may conclude that when applying a highly concentrated HCI solution,
these non-desirable secondary reactions are strongly produced. This
reduced the positive achievements of chemical stimulation.

3.1.2.4. Case 4: increase of the initial amount of calcite in the
reservoir. Fig. 5¢ shows the final porosity profile when the initially
presented calcite amount is 2 %, compared to 0.46 % in the reference
case. Note that the other input parameters are the same as in the
reference case. It can be seen in Fig. 5c that the simulated porosity
varies from 0.04 to 0.11, which means that the maximum porosity is
slightly higher than in the reference case in the zone in direct contact
with the injection well; but, in the rest of the system, the porosity is
unfortunately closed slightly more strongly than in the reference case.
Once again, the impacted zone is always limited to 3 m around the
injection well. In this case, the higher initial amount of calcite induces a
significantly higher amount of dissolution processes, which, in turn,
induces the higher porosity.
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Fig. 4. Calculated spatio-temporal evolution of porosity in the Soultz geothermal reservoir when the Darcy velocity is changed. (a) a Darcy velocity of 0.1 m/h; (b) a

Darcy velocity of 0.2 m/h and (c) a Darcy velocity of 2 m/h.

3.2. Double porosity model

Fig. 6 shows the porosity profiles of the Soultz geothermal reservoir
after 30 days of acid stimulation. Note again that in this model, we use
different input data in terms of the mineralogical composition and the
physical properties of the system. Similar to different cases of the single
porosity model presented in detail in previous sections, the simulated
porosity in the geothermal reservoir is divided into two zones. As ex-
pected, the zone in contact with the injection well is more significantly
opened than in the previous case, where the model used assumes that
the system is homogeneous. For this model, the maximum porosity
reaches values of 0.16 and 0.14 when the ratio of surface contact and
volume contact between the fracture and matrix zones are 1000 and
10,000, respectively. It is not expected that in both cases of the double

porosity model, the porosity of the rest of the system is very low. This
also means that the stronger opening in the zone in direct contact also
induces the stronger decrease of porosity in the rest of the system.

4. Discussion
4.1. Single porosity model

The modelling of the acid stimulation in different scenarios reveals
that the evolution of porosity and permeability of the Soultz geothermal
reservoir in direct contact with the injection well are significantly in-
fluenced by the Darcy velocities and the initial conditions of the acid
solutions used. The modelling analysis results indicate that miner-
alogical transformations of minerals within the system controlled the
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Fig. 5. Calculated spatio-temporal evolution of porosity in the Soultz geothermal reservoir under different scenarios. (a) increase of the injection duration by a factor
of 2; (b) increase of the acid concentration, pH = 0 nd (c) increase of the calcite quantity that is initially present in the reservoir.

evolution of the geothermal reservoir during the acid stimulation.
These transformations are mainly related to the dissolution of minerals
such as calcite and anorthite and to the precipitation of secondary
formed minerals such as beidellite. The zone in direct contact with the
injected acid solution is mostly open. The porosity increases from the
initial value of 0.05 to a value of 0.35, similar to the modelling case
where the volume of the injected acid solution increased two-fold.
However, the impacted zone is always limited to a few metres around
the injected acid stimulation.

It is recognized that the dissolution of primary minerals is governed
by numerous factors that can have direct impacts on the dissolution of
minerals. For example, in the case of calcite, its dissolution rate is
controlled by many parameters, including the dissolution constant, the

10

reactive surface area, the pH of the aqueous solution, and the tem-
perature. In the current study, only a few scenarios are reported in
detail. We can learn various lessons from these tests. The strong reac-
tion rate of the interaction between the HCl solution and calcite induces
an intense mineralogical transformation and therefore an important
increase of porosity in the zone close to the acid injection well.
However, this in turn limits the diffusion of the acid solution towards
deeper zones of the system. The porosity decrease in the rest of the
system is, therefore, a secondary effect that is not expected at all.

We can therefore acknowledge the key role of the Darcy velocity of
the acid stimulation on the evolution of the geothermal reservoir at the
end of the simulation. Unfortunately, the acid stimulation also induced
temporal and local closing of the system because of the strong
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Fig. 6. Calculated spatio-temporal evolution of porosity in the Soultz geothermal reservoir when using the double porosity model. The ratio of surface contact and
volume contact between fractured and matrix zones are (a) 1000 and (b) 10,000.

precipitation of secondary minerals. It is clear that a strong acid such as
HC], in combination with a low flow rate, produces not only many re-
action products near the acid injected well in a short time but also
causes these products to accumulate due to poor hydraulic conditions.
In addition, precipitation of less soluble minerals will occur in the rest
of the system. For future attempts at acid stimulation, on one hand, the
accumulation of reaction products needs to be avoided, but on the other
hand, a certain contact time for mineral dissolution is required for
optimal efficiency.

4.2. Double porosity model

The use of the double porosity model shows a clear difference in the
evolution of the porosity at the end of the simulation. The analysis of
the porosity profile confirms the higher increase of porosity in the zone
in direct contact with the injected acid solution.

In this modelling study, the initial volumes of calcite present in the
geothermal reservoir are 0.3 % and 3.9 % for the matrix and fracture,
respectively. The initial quantity in the fracture is in the range of those
reported in the literature for the Soultz geothermal reservoir (e.g.,
Ledésert et al., 2009, 2010; Hébert et al., 2010). The literature review
also shows that the mineralogical composition of the Soultz geothermal
reservoir is very heterogeneous and there is a large range of carbonate
present in the reservoir. It is found that the carbonate’s quantity in the
fractures strongly depends on the interaction between the brine solu-
tion and the geothermal reservoir. Unfortunately, the precise determi-
nation of the mineralogical composition of the geothermal reservoir is a
great challenge. Therefore, the amount of calcite used in the present
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study was selected to be in the range found from the literature review
(e.g., Ledésert et al., 2009, 2010; Hébert et al., 2010).

Furthermore, the initial porosity of the system is potentially im-
portant for the modelling outputs. However, with the very limited
availability of data, we have to assume that the porosity values in the
matrix and fractures zones are 10 % and 1 %, respectively, in a sim-
plified conceptual system. We acknowledge that these values are
questionable compared to the variability of the Soultz geothermal re-
servoir. Nevertheless, the modelling results suggest that the accuracy in
the determination of the input data for the Soultz geothermal reservoir
and the real conditions of the system may control the modelling results
of the evolution of the geothermal reservoir after acid stimulation. The
experimental determination of the initial conditions related to the
Soultz geothermal reservoir is still very limited, but this is expected to
improve the quality of the modelling work, especially in the framework
of the enhanced geothermal system.

4.3. The choice of acid solution

HCI acid is strong, effective, inexpensive, temperature stable, and its
reaction rate increases with temperature. However, this acid may have
several negative aspects in terms of the reactions. In the context of the
Soultz geothermal system, it can be found from this modelling work
that unwelcome secondary reactions are produced. This can happen
when highly concentrated HCI is used or if low flow rate conditions are
applied to the acid stimulation. The precipitation of secondary formed
minerals can reduce the positive achievements of chemical stimulation.

In the last several years, public interest and discussion concerning
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the environmental impacts of chemical treatment in deep-seated for-
mations has grown. This leads to an increasing amount of demand for
mining and water authorities to use environmentally friendly and bio-
degradable chemicals. In addition, the demand for highly sophisticated
chemical mixtures that are able to target different types of minerals is
continuously attributed to the management of geothermal systems.
Recently, environmentally friendly and biodegradable acids and che-
lating agents are increasingly used for acidizing operations, especially
in the areas where wells are shallow or close to water protection areas
(GEIE EMC, 2017). However, this is not the case for the Soultz geo-
thermal system. The new formulations of chemical mixtures are very
effective, combining acids and chelating agents, or even chemical sys-
tems at a moderate pH that do not contain acids. Their ability to dis-
solve various minerals such as sulfates, sulfides, clay minerals and
carbonates make them unique and thus, they are appropriate for un-
conventional reservoir acidizing. Their successful applications in the
Upper Rhine Graben have already been shown (Lummer et al., 2015,
Baujard et al., 2017).

The literature review shows that acid stimulation usually affects the
near-field region around the well. In the Soultz geothermal reservoir, it
is considered to reach a maximum diameter of 6 m around the well.
Since chemical stimulations often apply to a small volume compared to
hydraulic stimulations, they would not affect reservoir volumes as
much as hydraulic stimulation. The positive achievement for the near-
field region around the well obtained from the acid stimulation is then
considered as a “door-opener” that prepares slightly permeable fracture
zones for further hydraulic stimulation. The GPK-4 injection well has
not been put into full operation yet due to its low injectivity. Therefore,
the successful application of acid stimulation in this injection well could
result in an increase of power plant economics and would further lower
the potential for induced seismicity related to brine circulation.

5. Conclusions

The modelling of acid stimulation in the Soultz geothermal reservoir
was conducted by using the KIRMAT code. The acid stimulation of the
Soultz-sous-Foréts system was built with the assumption that the GKP-4
injection well and a simple acid such as HCI were chosen for the coming
stimulation campaign. The calculation was simulated by two types of
models: the single porosity and double porosity models.

In the single porosity model, the simulated results for the reference
case explored an increase in porosity, resulting from a strong dissolu-
tion of the primary minerals such as calcite and anorthite in the zone
around the acid-injected well. However, there is also a precipitation of
secondary minerals such as beidellite, which leads to a porosity de-
crease in the rest of the system. It is concluded that the evolution of
porosity and permeability in the Soultz system is mainly impacted by
the dissolution of primary minerals, especially for a strong transfor-
mation of calcite and anorthite and for the formation of second mi-
nerals such as beidellite. The modelling results obtained from the sen-
sitivity study cases show the significant impacts of the Darcy velocity,
the initial concentration of the used acid, the duration of the injection
and the initially presented calcite amount, and especially, the changes
in porosity and the mineralogical transformation in the zone around the
acid-injected well. The higher concentration of the HCI solution also
increased the dissolution of the primary minerals and subsequently
produced a stronger increase of the porosity in the zone around the
injection well. It was further found that when applying a highly con-
centrated HCI solution, unwelcome secondary reactions are strongly
produced. This unexpected precipitation reduces the positive achieve-
ments of chemical stimulation. Additionally, the quick reaction be-
tween the HCl solution and the primary minerals in the system limit the
transport of the acid solution into further zones of the system, and this
resulted in a very narrowly impacted zone around the acid-injected
well.

The use of the double porosity model indicates a significant
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difference in the evolution of porosity in the system. The strong opening
of the porosity is also mainly related to the dissolution of calcite and the
formation of secondary minerals. The comparison of the modelling re-
sults by the single porosity and double porosity models confirm that the
impacted zone is limited to a few metres around the acid-injected well.

Numerous factors were found to have impacts on the modelling
outputs of the acid stimulation. The accuracy of the predicted results is
likely related to possessing accurate knowledge about the conditions of
the Soultz geothermal reservoir. Even though various experimental and
modelling works have been carried out, the determination in situ of the
reservoir is still very limited due to various challenges. In the future,
more knowledge of the geothermal reservoir is needed to improve the
accuracy of the modelling output.
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