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 PUBLIC SUMMARY 
 
The objective of Work Package 3 of MEET project is to assess the feasibility to lower the 
reinjection temperature on EGS plant in the Upper Rhine Graben from 70°C down to 
40°C. This colder reinjection would allow to valorise more energy with the same facilities. 
 
This report compiles physical and chemical measurements acquired while performing 
different on-site tests for colder reinjection. The demo-site consists in the EGS power 
plant of Soultz-sous-Forêts (France). Two colder reinjection tests were performed on this 
site: one with a small heat exchanger to study scaling precipitation down to 40°C and 
assess the behaviour of different metallurgies and the other one to test the production of 
electricity at these low temperatures with a small mobile Organic Rankine Cycle (ORC) 
unit. 
 
This report presents in a first part the geochemical measurements performed on scales 
for the first test together with a geochemical modelling to better understand the trigging 
factors of such phenomena. Then, in a second part, the results of reservoir and 
environment monitoring during the mobile ORC test are presented and discussed. 
 
 



Version: VF // Dissemination level: PU 

Document ID: D3.10 Summary of chemical and physical tests for colder 
reinjection 

H2020 Grant Agreement N° 792037 
 
 

6 
 
 

 

 EXECUTIVE SUMMARY 

1.1 DESCRIPTION OF THE DELIVERABLE CONTENT AND PURPOSE 

The objective of Work Package 3 of MEET project is to assess the feasibility to lower the 
reinjection temperature on EGS plant in the Upper Rhine Graben from 70°C down to 
40°C. This colder reinjection would allow to valorise more energy with the same facilities. 
 
This report compiles physical and chemical measurements acquired while performing 
different on-site tests for colder reinjection. The demo-site consists in the EGS power 
plant of Soultz-sous-Forêts (France). 2 colder reinjection tests were performed on this 
site: one with a small heat exchanger to study scaling precipitation down to 40°C and 
assess the behaviour of different metallurgies and the other one to test the production of 
electricity at these low temperatures with a small mobile Organic Rankine Cycle (ORC) 
unit. 
 
This report presents in a first part the geochemical measurements performed on scales 
for the first test together with a geochemical modelling to better understand the trigging 
factors of such phenomena. Then, in a second part, the results of reservoir and 
environment monitoring during the mobile ORC test are presented and discussed. 
 
Several MEET deliverables are related to this one: 

• D3.4: Characterization of scaling (Public) 

• D3.8: Fiber optic behaviour in very saline conditions (Confidential) 

• D3.9: Hydro-thermal model using VSP analysis and colder reinjection tests 
(Public) 

• D6.5: Summary of additional heat production capacities at the Soultz sous Forêts 
site (Public) 

• D6.9: Performance results analysis report from the 3 first demo-sites (Public) 

1.2 BRIEF DESCRIPTION OF THE STATE OF THE ART AND THE INNOVATION 
BREAKTHROUGHS 

The Soultz-sous-Forêts EGS power plant is one of the most famous in the world due to 
the intensive research performed there over 30 years. Based on the knowledge and 
experience gained on this site, new EGS plants were built in the Upper Rhine Graben in 
the last decades (Vidal et Genter, 2018). These plants produce very saline geothermal 
fluids (Total Dissolved Solids (TDS) of 100 g/L) at 150-170°C with similar physico-
chemical characteristics (Sanjuan et al., 2016 and Bosia, 2021), and reinject them at 
about 70°C with a current limit set at 60°C.  
This highly saline fluid induces scaling formation in the surface facilities and in the wells, 
triggered by the changes in pressure and temperature in the plant (Scheiber et al., 2012, 
Mouchot et al., 2018). Even if the trigging factors for scaling precipitation in Upper Rhine 
Graben have been discussed, only a few geochemical modeling were performed to 
attempt to numerically reproduced this phenomenon (Kirknel et al, 2019). 
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In MEET project, the feasibility of reinjecting at lower temperature, down to 40°C is 
investigated.  
On-site tests have been performed to reduce reinjection temperature down to 40°C. A 
first test on 10% of the flow rate to investigate scaling phenomenon in a small heat 
exchanger and a second test where all the flow rate was derived into a small mobile ORC 
(called “Mini-ORC”) provided by ENOGIA to produce electricity a low temperature.  
 
Detailed characterization of scaling has been performed at this very low temperature for 
the first time (MEET Deliverable D3.5 and Ledesert et al, 2021). In the current deliverable, 
a detailed geochemical modelling of scale precipitation at different temperature steps 
(from reservoir temperature down to 40°C) is presented. It helps deciphering 
thermodynamic effect for kinetic effects inducing or preventing certain scale precipitation. 
It also highlights the lack of kinetic data for specific species in operational condition. 
 
In parallel with the mini-ORC test, the monitoring network of Soultz power plant has been 
enhanced in order to better identify any impact of colder reinjection on the reservoir and 
the environment. Among the sensor deployed, a fiber optic has been installed in an 
observation well. Many attempts have been performed these last years to use optic fiber 
to record temperature and acoustic measurements in deep wells (Hurtig et al., 1997, 
Mateeva et al., 2014) and this tool is progressively implemented in the panel of monitoring 
tools for the geothermal industry. In MEET, in addition to temperature and acoustic 
measurements, innovative treatment of the optic signal has been developed to derive a 
distributed pressure profile.  
 

1.3 CORRECTIVE ACTION (IF RELEVANT) 

This deliverable was initially due for end of April 2021. However, due to COVID-19 
situation, Mobile ORC delays in Work-Package 6 and Soultz plant shut-down between 
September 2020 and February 2021, many relevant data to produce this deliverable were 
delayed. It is finally submitted by end of September 2021.  

1.4 IPR ISSUES (IF RELEVANT) 

N/A 
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 DELIVERABLE REPORT 

2.1 SOULTZ-SOUS-FORETS SITE PRESENTATION 

The Soultz-sous-Forêts power plant is located at around 50 km north of Strasbourg 
(France) in the Upper Rhine Graben (URG) which is known as a great potential for the 
exploitation of geothermal energy at high temperature. Indeed, the geothermal gradient 
in continental crust is about 30°C/km, but around the Soultz sous-Forêts (SsF) power 
plant, it can reach up to 100°C/km in the sedimentary layers (Figure 1). 

 

 
 

Figure 1: Temperature distribution at 2000 m TVD in the Upper Rhine Graben (modified after 
Baillieux et al., 2013 based on Agemar et al., 2012 and Pribnow and Schellschmidt, 2000). 

The geothermal project began in 1984 and first drilling began in 1987 (Gerard et al., 
2006). The initial goal was to use the heat in the deep crystalline rocks to produce 
electricity by fracturing the granite to create an artificial reservoir as an HDR (Hot Dry 
Rock) project. For this, a first phase of drilling and observation was done until 2007 to 
study the crystalline rock and the feasibility of future operations. In total 9 wells have been 
drilled or deepened in this period (Figure 2):  
- GPK-1, the first well is now plugged 
- GPK-2, GPK-3, GPK-4 are currently used in the plant exploitation 
- EPS-1, 4550, 4616, 4601, OPS4 are available to install sensors for observation 

purpose. 
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Hydraulic and chemical stimulations were done to increase the permeability and the 
connections between the reservoir and the wells. It has been shown that permeability 
creation or enhancement is largely limited to weak natural fractures, which are elements 
of hydrothermally altered, cataclastic shear zones that intersect the borehole (Evans et 
al, 2005). A geothermal fluid is naturally circulating through these fractures which is a 
100 g/l NaCl type brine (Sanjuan et al., 2016). The concept thus gradually switched from 
HDR to Enhanced Geothermal System (EGS). 
 
The site gradually shifted from research to industrial facility. The initial power plant from 
2008 was refurbished in 2015 and the industrial electricity production began in June 2016. 
The owner of the Soultz plant is the EEIG Heat Mining (or “GEIE Exploitation Minière de 
la Chaleur”), while the geothermal plant operation and maintenance is performed by ES-
Géothermie.  
Currently, the geothermal site exploits around 30 L/s of geothermal fluid. The brine is 
produced at 150°C from the production well GPK-2 and conveyed after filtration to three 
heat exchangers supplying heat to a 1.7 MW ORC (Organic Rankine Cycle) unit. This 
electricity production unit is the only heat user of this geothermal plant, and uses the 
ambient air as a heat sink, through an Air-Cooled Condenser. The ambient air 
temperature variations throughout the day and the year impact the geothermal brine 
reinjection temperature, ranging from 60°C to 80°C. The geothermal brine is reinjected 
into two different wells, GPK-3 and GPK-4. 
 

  
Figure 2: Location and view of the Soultz-sous-Forêts site (source: ES). 
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2.2 COLDER REINJECTION TESTS OVERVIEW 

The objective of Work Package 3 of MEET project is to assess the feasibility to lower the 
reinjection temperature on EGS plant in the Upper Rhine Graben from 70°C down to 
40°C. This colder reinjection would allow to valorise more energy with the same facilities. 
Two colder reinjection tests were performed on the SsF site: one with a small heat 
exchanger to study scaling precipitation down to 40°C and assess the behaviour of 
different metallurgies and the other one to test the production of electricity at these low 
temperatures with a small mobile ORC unit (called Mini-ORC). 

2.2.1 Small heat exchanger test 

From February to April 2019, 10% of the flow coming from the heat exchangers of SsF 
plant has been diverted into a prototype heat exchanger before being sent back in the 
injection well. This prototype was designed with four passes of 8 to 9 tubes, using 6 
different metallurgies: 1.4539 (904L), 1.4547 (254 SMO), 1.4462 (DX 2205), 1.4410 
(SDX 2507), 2.4858 (Alloy 825) and 3.7035 (Ti Gr.2). Figure 3 presents the drawing of 
the prototype heat exchanger as well as its end plate and shows how the different alloys 
for the tubes were implemented.  

 
Figure 3: Drawings of the prototype heat exchanger (left) and of the end plate design showing the 
metallurgies used (right). 

After 3 months of operation, the heat exchanger has been dismantled. Scaling and 
corrosion analyses have been performed to assess the behaviour of the fluid in a 
temperature range from 70 to 40°C regarding different metallurgies tested. Detailed 
results of these investigation have been reported in MEET Deliverable D3.5 and 
published in Ledesert et al., 2021. 

2.2.2 Mini-ORC test 

2.2.2.1 General presentation 

The Mini-ORC has been designed and manufactured by ENOGIA in the framework of 
work package 6 of MEET project. It was delivered on SsF plant in August 2020 but could 
only start beginning of March 2021. Indeed, a production pump failure induced a stop of 
SsF plant operation between September 2020 and end of February 2021.  
The Mini-ORC was fully operating from March 13th until June 15th 2021 (see Figure 4), for 
a total operation time of 3 months. 
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Figure 4: Mini-ORC installed on the Soultz-sous-Forêts power plant. 

Preliminary results indicates that the Mini-ORC delivered a power production between 10 
and 20 kW, for a turbine designed for 40 kW max. Production is highly dependent on 
ambient temperature, the lower the ambient temperature the better the production (Figure 
5).  

 

 
Figure 5: Plot of the average power production, and ambient temperature on the Soultz-sous- Forêts 
demonstration site (these preliminary results do not show the entire testing sequence) (modified 
from Deliverable 6.9). 

2.2.2.2 Monitoring network 

Early 2020, several surface and downhole monitoring instruments were installed onsite 
or in the direct vicinity of the Soultz-sous-Forêts geothermal plant. The main goal was to 
monitor the effects on the reservoir of the reinjection of a colder geothermal brine induced 
by the installation of the ENOGIA Mini-ORC onsite. The main expected effects caused by 
this colder brine reinjection were a change in the hydrological parameters of the reservoir 
such as a change in pressure and temperature and a change in the rate of induced 
seismicity. Hence, the seismic monitoring network was densified, a series of piezometers 



Version: VF // Dissemination level: PU 

Document ID: D3.10 Summary of chemical and physical tests for colder 
reinjection 

H2020 Grant Agreement N° 792037 
 
 

12 
 
 

were installed in 3 peripheral observation wells and as well as a fiber optic in the well 
EPS-1, which is the closest to the area of reinjection.  
 
Seismic monitoring network:  
Since 2012, the micro-seismicity induced by the Soultz-sous-Forêts geothermal power 
plant has been monitored by a network of 7 permanent surface seismological stations 
(see Figure 8). 
It is composed of: 

• 6 short-period seismological sensors (1 Hz, L4C), with 3 components (see Figure 
6) 

• 1 short-period seismological sensors (1 Hz, L4C), with 1 component, 
• 1 large-band seismological sensor (120 s) with 3 components installed with an 

accelerometer (4g +/- 0.25 g), 3 components 
 

 
Figure 6: (Left) Seismometer L-4-3D (1 Hz), (Right) Centaur CTR-3S datalogger. 

The signals from the stations are digitized by Centaur CTR3-6S or CTR-3S directly in 
miniSEED format with a sampling step of 200 Hz. The signals are then transmitted by 3G 
to the ESG server where they are automatically processed, allowing to generate an alarm 
by email, SMS and vocal message in case of potentially felt induced earthquake. The 
Rittershoffen seismic network, dedicated to the seismic monitoring of the Rittershoffen 
geothermal plant was also used in this project (Figure 8).  
 
In the framework of this study 3 low-cost raspberry shake instruments (Figure 7) were 
installed early 2020 to densify the existing seismic monitoring network. The goal was 
double: first to test this new technology and second to increase the sensitivity of the 
network, allowing to detect lower magnitude events.  
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Figure 7: Rasperry shake instrument  

The Figure 8 shows the location of the Soultz and Rittershoffen networks and the location 
of the raspberry shake instruments installed in the framework of this project. 

 
Figure 8: Seismic monitoring network from Soultz and Rittershoffen and the 3 raspberry shake 
instruments installed in the framework of this project. 

Piezometers network: 
 
In the framework of this project, 3 piezometers were installed in peripherical observation 
wells in the close vicinity of the geothermal plant of Soultz-sous-Forêts. The main goal of 
this installation was to observe the potential changes in terms of temperature and 
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pressure into the reservoir due to the colder reinjection. Three OTT ECOLOG 800 
piezometers (see Figure 9) were installed at the end of 2019 in the observation wells 
called 4601, 4616 and 4550, located westwards and northwards of the plant (see Figure 
10). The piezometers are installed at a depth of 100 m, and can record the temperature, 
the conductivity and the water level. Data are transmitted via a 2G/3G connexion and are 
directly stored on a ESG server, visible in real time. The Figure 11 gives a picture of an 
example of an installation.  

 
Figure 9: OTT ECOLOG 800 piezometers. 

 
Figure 10: Location of the piezometers network compared to the Soultz-sous-Forêts wells. 
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Figure 11: Example of an installation on the 4616 well. 

 
Fibre optic installation: 
 
In the framework of MEET, in order to monitor the plant, FEBUS Optics is in charge for 
the deployment and exploitation of a fibre optic cable in the observation well EPS-1 
located in Soultz-sous-Forêts (Figure 10). The deployment of this cable, in end of July 
2021, has been coordinated by ES-Géothermie (Figure 12).  

  
Figure 12: Second operation of fibre optic cable deployment in the observation well of the Soultz-
sous-Forêts geothermal plant. 

The installation of this fibre optic cable in EPS-1 enabled the monitoring of various 
physical parameters using different Distributed Fibre Optic Sensing technologies. Indeed, 
Distributed Fibre optic Sensing is an innovative technology allowing to turn a fibre optic 
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cable into hundreds to thousands of sensors. This technique relies on the use of the 
backscattered light of a LASER pulse sent along the fibre. Depending on the 
backscattering mechanism, different information can be retrieved about the fibre 
neighbourhood (Hartog, 2017): 

•    Raman scattering is used for the study of the temperature variations along the 
fibre. The system associated with this process is called DTS or Distributed 
Temperature Sensing. 

•    Brillouin scattering enables the analysis of temperature and strain changes. This 
technique is depending on the environmental changes at the fibre vicinity and is 
named Distributed Strain and Temperature Sensing (DSTS). 

•    The focus on the Rayleigh scattering is associated with DAS (Distributed 
Acoustic Sensing). The phase-sensitive DAS systems rely on the use of the 
relation between the phase difference of the backscattered light between two 
portions of the fibre and the dynamic strain the fibre is subject to. Thus, this kind 
of interrogator will detect any acoustic wave with a sufficient coupling to excite the 
cable. 

 
Since the installation of the fibre optic cable in EPS-1, several acquisition campaigns have 
been achieved using the three monitoring devices described above. 

2.3 GEOCHEMICAL IMPACT ON THE FLUID 

2.3.1 Scaling observations in the heat exchangers 

Results of scaling observation in the small heat-exchanger have been deeply reported in 
MEET Deliverable D3.5 and published in Ledesert et al., 2021.  
The main conclusion is that scales are very homogeneous whatever the metallurgy and 
the temperature, from a global point of view. They are Arsenic-Antimony-rich Lead 
sulphides of galena type. Some halite (NaCl) has also been found. It is interpreted as late 
deposits taking place during operational maintenance and/or shutdown. 
Detailed chemical analyses performed by ICP-MS show a lowering of Pb and Sb contents 
while As increases, from 60°C to 50°C in all the samples. Small amounts of Si were also 
quantified, as well as Fe and Cu in the sulphide matrix. 
 
SEM observations highlighted two different structures, and likely growth episodes, of 
scales: a smooth, compact and thin structure attached to the metal, and a thicker (in 
general) and younger porous layer. A few samples do not show this structure as they 
occur naturally as a powder (in entrance and water boxes) or since they lost their structure 
during sampling due to necessary scratching of tubes on which they adhered strongly 
(2205 and TiGr2). 
 



Version: VF // Dissemination level: PU 

Document ID: D3.10 Summary of chemical and physical tests for colder 
reinjection 

H2020 Grant Agreement N° 792037 
 
 

17 
 
 

 
Figure 13. Left: PbS scales deposited in tubes from the test heat exchanger, Right: Microscopic 
photo of (Pb,As,Sb)S scale found at SsF plant (Ledésert et al., 2021). 

In addition to these observations in the framework of MEET project, scales in the range 
between 150°C and 65°C have been sampled in June 2018 before cleaning operation in 
the ORC evaporator and preheaters after nearly 1 year of operation. Chemical 
composition of these scales has been determined using ICP MS method. At production 
temperature, the amount of scales is very low and they are mostly composed of 
carbonates. When the temperature decreases inside the heat exchangers, the global 
amount of scales increases and metal sulphides becomes dominant at temperature lower 
than 100°C (see Table 1). It is important to note that sulphate inhibitor is used in the SsF 
plant since 2016, which impacts both scale composition in SsF heat exchangers and 
MEET test heat exchanger. Without this inhibitor, scales known at low temperature are 
mostly composed of Barium sulphate with a minor amount of sulphides (Haas-Nüesch et 
al., 2018). 
 
Table 1: Mass composition of scales formed in the heat exchangers at the geothermal plant and in 
the test heat exchangers in percentage (from Kunan et al., 2021). 

Temperature 

[°C] 
S Pb Sr Ba Sb As Fe Si Cu Total Exchanger 

150 2.9% 2.0% 2.9% 0.9% 0.1% 0.5% 1.7% 3.8% 0.4% 15.3% ORC Inlet Evaporator 

120 10.4% 13.0% 0.7% 0.6% 1.1% 4.2% 4.0% 6.2% 15.1% 55.3% ORC Outlet Evaporator 

120 11.8% 26.5% 0.7% 1.9% 3.3% 6.6% 7.5% 8.0% 16.6% 82.9% ORC Inlet Preheater 

90 11.2% 36.1% 0.9% 3.6% 3.1% 5.2% 8.0% 16.9% 5.1% 90.1% ORC Preheater 

65 13.1% 46.3% 0.5% 2.2% 6.3% 7.3% 4.6% 8.4% 4.5% 93.2% ORC Outlet Preheater 

60 13.1% 74.6% 0.0% 0.0% 6.4% 3.2% 0.1% 1.4% 0.4% 99.2% MEET Test HEX 

50 14.4% 66.5% 0.0% 0.0% 11.4% 4.3% 0.6% 1.0% 0.4% 98.6% MEET Test HEX 

40 16.7% 64.2% 0.0% 0.0% 10.9% 4.5% 0.5% 1.6% 0.4% 98.8% MEET Test HEX 

 

2.3.2 Geochemical modeling 

Detailed geochemical modeling conducted in the framework of MEET WP3 is presented 
in Kunan et al., 2021 (submitted to journal Geosciences) and available in Appendix 1. 
 
The modelling of the geochemical fluids has been done through the software, PhreeqC 
which is designed to perform numerous aqueous geochemical calculations. It implements 
several types of aqueous models depending on the database used. An intensive work 
has been conducted on geochemical databases to identify which one would be best 
suited regarding elements and minerals observed in the fluid and in the scales. Overall, 
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the Thermoddem database was selected for the modelling of the formation of scales in 
the geothermal fluids and Pitzer database is recommended for modelling of the dissolved 
gas in the fluid. It has been ensured that these databases are appropriate in the 
temperature range of observation as well as valid in regards of ionic strength of the fluid. 
 
Four modeling have been performed: 2 thermodynamic modeling and 2 kinetic modeling.  
The first thermodynamic modeling was run to identify possible mineral precipitation and 
without elemental restriction. It showed that principal mineral to precipitate should be 
silicates with a minor amount of barium surface at all temperature. However, this 
composition is far from the observations made. It is suspected that silicate precipitation 
takes too long to be observed in scale deposited in the heat exchangers. Additionally, 
sulfates are currently inhibited by the use of dedicated treatment. 
The second thermodynamic modeling is performed without sulfate and silicates to better 
reproduce observed scales composition. For each step of temperature, the modelling 
results show that sulphur and iron are the major elements with concentrations of 45% and 
53%. On the other hand, the total amount of the other elements represents less than 3% 
of the total. Copper is only found at 40°C and in extremely small quantities. Antimony and 
lead are also found in small quantities (less than 1.5%) at any given step of temperature. 
 
The results given out by the calculation of the thermodynamic model gives insight on the 
precipitation of the minerals at thermodynamic equilibrium which may not necessarily be 
respected in the plant operation conditions.  
For the initial kinetic model following minerals are considered: amorphous silica (SiO2), 
quartz(alpha)(SiO2), galena (PbS), orpiment (As2S3), pyrite (FeS2), and stibnite (Sb2S3).  
This kinetic model showed improvements in the results when compared to the first 
thermodynamic model. The kinetic model has significantly reduced the Si and O contents 
for the temperatures between 65°C and 150°C. This confirms that the kinetic effect 
controls the absence of silicates in the SsF scales. However, for this range of 
temperature, sulphur (S) and iron (Fe) have the highest concentrations with the highest 
percentage being 52.2% and 45.1% respectively. Regardless, the concentration of each 
element for the kinetic model 1 does not reflect the actual concentration found in the SsF 
plant analyses. 
 
The discrepancies can be explained by the conditions of the modelled scales being 
outside the domain of validity for temperature and pH of the kinetic information used. 
Therefore, to better simulate the scale formation at the SsF geothermal plant, a modified 
version of the initial kinetic model was created. In this second model, the kinetic 
information of the minerals was modified to reflect closely to the observation done on SsF 
plant. All things considered, this model allows a rough prediction on the scale formation 
when operating the plant with sulphate scales inhibitors at the SsF geothermal plant as 
there is only a small deviation between simulated results and the actual case. The model 
becomes less accurate at higher temperatures such as at 150°C because of the lack of 
antimony and arsenic at this temperature. 
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2.3.3 Discussion 

For the thermodynamic modelling, this method is done over a great amount of time which 
is impractical for predicting the formation of scales in an actual case. The saturation index 
obtained from thermodynamic modelling however is a good indication on which mineral 
can precipitate in function of the temperature. 
 
For the kinetic modelling, specific kinetic information such as the rates equation and the 
kinetic constant for the precipitation of the mineral are lacking for the desired range of 
temperature. Nevertheless, the modelling shows that silicate precipitation is strongly 
controlled by kinetic. Additionally, this method allows a more accurate prediction for the 
formation of scales with the caveat of having the proper kinetic information.  
 
The results obtained in this study open new perspectives on the issue of lack of kinetic 
information. Bibliographic research was concluded to be insufficient and future laboratory 
studies, tests and analyses should be done on the precipitation of minerals at the working 
conditions of SsF geothermal plant.  
The scale inhibition should also be analysed and studied to be integrated into the current 
model. Laboratory studies should be done to identify any additional reactions that 
contribute to the formation of scales. The kinetic information obtained from laboratory 
studies on additional reactions should also be integrated into the current model. With 
precise kinetic information on the precipitation of the minerals and considering other 
possible reactions, a more accurate prediction model can be created for future uses. 
 

2.4 IMPACT ON THE RESERVOIR 

2.4.1 Observation from the monitoring network 

2.4.1.1 Temperature observations 

 
Figure 14, Figure 15 and Figure 16 show the temperatures measured by the 3 
piezometers between 12.2019 and 09.2021. The temperature is very constant over the 
whole period of recording at 19.6°C at PZ_4601, 22.9°C at PZ_4550 and 20.6°C at 
PZ_4616. Some very small drops (0.05°C) of the temperature are visible on the 
temperature of PZ_4550, but these drops are not correlated to the period of injection of 
colder brine since they occur before.  
 
 



Version: VF // Dissemination level: PU 

Document ID: D3.10 Summary of chemical and physical tests for colder 
reinjection 

H2020 Grant Agreement N° 792037 
 
 

20 
 
 

 
Figure 14: Temperature measured by the piezometer PZ_4550 between 12.2019 and 09.2021. 

 
 

 
Figure 15: Temperature measured by the piezometer PZ_4601 between 12.2019 and 09.2021. 

 

Mini-ORC 
test period 

Mini-ORC 
test period 
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Figure 16: Temperature measured by the piezometer PZ_4616 between 12.2019 and 09.2021. 

The Ecolog sensor of PZ-4616 was damaged in August 2020 and had to be repaired. It 
resumed operation in April 2021. 
 
Distributed Fibre Optic Sensing results: 
 
Acquisitions using Distributed Temperature Sensing (DTS) have been achieved along 
fibre optic cable deployed in EPS-1 observation well located in Soultz-sous-Forêts 
geothermal plant in July 2020 (orange curve in Figure 17). They appear in very good 
correlation with a log previously achieved in EPS-1 well and provided by ES Géothermie 
(green curve in Figure 17). Moreover, the observed gradient corresponds to the one 
expected in this area of the Upper Rhine Graben: a high gradient reaching 100°C/km over 
the first kilometre and lowering to around 30°C/km after this step. 
Moreover, Distributed Strain and Temperature Sensing (DSTS) data, acquired along the 
same cable, show a lot of similarities with DTS acquisition with a same shape in the curve 
and changes in slopes. However, we observe a deviation in temperature values, 
amplifying with depth, between those two acquisitions. DSTS, as explained in section 
2.2.2.2, consists in a coupled measure of temperature and strain along the fibre cable. 
This observed deviation can then be explained by the strain contribution. 
 

Mini-ORC 
test period 
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Figure 17 Left: Temperature measurements achieved with DTS (orange) and DSTS (blue) right after 
fibre optic cable deployment. Those results are compared to log previously achieved with classic 
techniques in EPS-1 (green). Right: Geological cross-section through Soultz-sous-Forêts and 
Rittershoffen geothermal plants [Vidal and Genter, 2018]. 

2.4.1.2 Pressure observations  

 
The Figure 18, Figure 19 and Figure 20 show the altitude of the water level recorded by 
the 3 piezometers between 12.2019 and 09.2021.  

 
Figure 18: Altitude of the water level from the piezometer PZ_4616 between 12.2019 and 09.2021. 

Mini-ORC 
test period 
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Figure 19: Altitude of the water level from the piezometer PZ_4601 between 12.2019 and 09.2021. 

 

 
Figure 20: Altitude of the water level from the piezometer PZ_4550 between 12.2019 and 09.2021. 

The altitude of the water level recorded by the piezometers stayed quite constant for 
PZ_4550 and PZ_4601 during the time period of the project. However, the water level 
measured by PZ_4616 showed a constant increase during the time period of the project. 
This trend visible during the whole period seems to be more in relation with the dilution of 
the salted plug injected to kill the well rather than with the Mini-ORC test. Many small 
variations of the altitude of the water level, which are similar between wells, are also 
visible since the beginning of the records. For example, the altitude of the water lever is 
higher in the wintertime of the year 2020 and there is a correlation of these small 
variations on the three piezometers over the whole recording period. These variations are 

Mini-ORC 
test period 

Mini-ORC 
test period 
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mostly related to variation of atmospheric pressure and tidal effect (Baujard et al., 2017). 
No clear signal in the water level can be attributed to the injection of the colder water.  
 
Distributed Fibre Optic Sensing results: 
 
Results of the acquisition using Distributed Strain and Temperature Sensing along the 
fibre optic cable deployed in EPS-1 observation well are presented in Figure 21. As 
mentioned above, we observe a deviation between the DSTS and the DTS curves. This 
deviation is explained by the dual acquisition of strain and temperature when using the 
DSTS. 
We conducted a DTST acquisition 7 months after the fibre optic cable deployment in EPS-
1 well. When achieving this acquisition, we emphasized the presence of a progressive 
optical loss of around 5 dB from a depth of around 800 m in EPS-1 well. This attenuation 
could be related to a water ingress on the wireline cable compressing the fibre 
proportionally to its depth. Thus, this event could conduct, with the use of DSTS, to an 
estimation of the pressure gradient in EPS-1. The combined use of DTS, providing pure 
temperature profile, and DSTS can then conduct to the estimation of a pressure profile in 
EPS-1 well (Figure 15). 
 

 
Figure 21: Left: Temperature (blue) and non-thermal contributions (orange) profile extracted from 
Distributed Strain and Temperature Sensing acquisition (Figure 11). Non-thermal contributions are 
compared to the theoretical pressure gradient of the area (green). Right: residual strain related to 
the position and/or the tension in the fibre optic cable deployed in EPS-1 well. 

The non-thermal contribution curve (orange) observed in Figure 21 is compared to a 
theoretical pressure gradient (green curve) estimated from the density of the water in 
EPS-1 well: 
 

𝜌 =  −0.0025 𝑇2(𝑧) − 0.2758𝑇(𝑧) + 1083.7 
 

𝑃(𝑧) =  ∫(−0.0025 𝑇2(𝑧) − 0.2758𝑇(𝑧) + 1083.7)𝑔 𝑑𝑧 
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With ρ the density, T the temperature, g the gravity acceleration, z the depth from the 
water level and P the pressure. 
We observe that the results of this comparison are in good correlation involving a good 
ability, in these conditions, for the DSTS to measure pressure. Additionally, it is highly 
probable that the initial slope (from 200 to 1.000 m) which is higher than the one 
anticipated with geothermal brine reflects a higher density from a brine plug used to kill 
the well, whereas the bottom of the well (1.800 – 2.200 m) reflects a density closer to the 
geothermal brine. This non-thermal contribution of Brillouin signal is thus a good indicator 
of pressure all along the well. However, it cannot be excluded that it also contains signal 
coming from static stretches along the fibre cable due to its position, with tensions or 
torsions, in the well. 
 
Moreover, DSTS profiles have been achieved before and after the installation of the ORC 
in the Soultz-sous-Forêts geothermal plant at the end of February 2021 and in May 2021 
(respectively 7 and 10 months after the fibre optic cable deployment). Figure 22 presents 
the results of this acquisition.  
We can observe a peak at 1.8 km depth corresponding to a strain event. It may be related 
to a torsion of the fibre optic cable at this position. We observe an amplification of the 
phenomenon with time with an increase in amplitude and width of the event. Special 
attention will be paid in this area after cable recovery. This event is now closely monitored 
to avoid any break along the cable. 
 
Additionally, it seems that the temperature increased from a few degrees between 
February and May 2021 below 1.500 m, which corresponds to reservoir depth. It is not 
clear whether this corresponds to a real temperature shift or to an artefact due to tension 
and torsion on the cable.  
 

 
Figure 22: Combined temperature and strain profile extracted from DSTS acquisition 7 months after 
deployment, in February 2021 (blue) and 10 months after deployment, in May 2021 (red). 
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2.4.1.3 Microseismicity 

 
Between 01-01-2020 and 01-09-2021, 108 significant events were detected, including 54 
linked to geothermal operations in Soultz-sous-Forêts. Figure 23 shows the microseismic 
activity observed during this period (number of events detected per day). During the Mini-
ORC test, no induced event was recorded, only natural ones. 
 
Thresholds on magnitude and Peak Ground Velocities (PGV) are in place at ESG to be 
able to take operational measures before any event could be felt by the population in the 
area: 
- Magnitude > 1.5 and/or PGV > 0.5 mm/s (on 2 seismologic stations minimum) implies 

a continuous monitoring 
- Magnitude > 1.7 and/or PGV > 1 mm/s (on 2 seismologic stations minimum) implies 

operational measures to be taken such as reduction of plant injection flow rate 
- PGV > 1.5 mm/s (on 2 seismologic stations minimum) implies a progressive shut-

down 

 
Figure 23: Number of natural and induced events detected by days between 01.2020 and 09.2021. 

Figure 24 shows the distribution of the magnitudes of the induced events as a function of 
time for the 54 significant events detected and located between 01-01-2020 and 01-09-
2021. All micro-earthquakes have a magnitude less than 1.5. 

Mini-ORC test 
period 
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Figure 24: Distribution of the magnitudes of the induced events recorded and detected between 01-
01-2020 and 01-09-2021. 

Figure 25 shows the distribution as a function of time of the maximums of the PGVs 
recorded on the vertical and horizontal components of the stations of the monitoring 
network for the 54 significant events detected and located between 01-01-2020 and 01-
09-2021. All the 54 recorded micro-earthquakes have a PGV of less than 0.5 mm/s. 

  
Figure 25: Distribution of PGVs of induced events recorded and detected between 01-01-2020 and 
01-09-2021. 

Mini-ORC 
test period 

Mini-ORC 
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During the period of Mini-ORC test, not a single induced event was detected by the 
densified seismic monitoring network, meaning that this operation is not associated with 
any rise of the induced micro-seismic activity. 
 
Distributed Fibre Optic Sensing results: 
 
Various campaigns of acoustic acquisition using Distributed Acoustic Sensing (DAS) 
have been achieved along the fibre optic cable deployed in EPS-1 observation well in 
Soultz-sous-Forêts since July 2020. However, no seismic event has been recorded during 
the acquisition periods. 

2.4.2 Discussion 

During the period of Mini-ORC test, all monitoring devices did not reveal any major 
changes in the studied physical parameters. We did not notice any variation in the 
temperature and pressure or in the induced seismic activity in the area which could have 
been related to the colder reinjection in the geothermal reservoir. 
 
Indeed, it turns out that the Mini-ORC use had no impact on reinjection temperature 
(Figure 26). Reinjection temperature is mainly controlled by the main power plant ORC 
efficiency, which is dependent on outdoor temperature, and it seems that the additional 
ORC power (16kW mean power) is too low in comparison of the main ORC (installed 
power 1700kW) to produce a significant temperature change of reinjection temperature. 

 

 
Figure 26: Reinjection temperature in Soultz between 01/01/2021 and 30/06/2021. 

If the slight temperature increase visible on Figure 22 corresponds to a real signal, then 
it could be interpreted as a “hot front” coming in this part of the reservoir due to the long 
stop of SsF plant between September 2020 and February 2021, while the colder front 
due to the restart of the plant in February has not reached EPS-1 by May 2021. 
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2.5 CONCLUSION 

This report compiles physical and chemical measurements acquired while performing 
different on-site tests to assess the feasibility of colder reinjection on the EGS power plant 
of Soultz-sous-Forêts. 2 colder reinjection tests were performed on this site: one with a 
small heat exchanger to study scaling precipitation down to 40°C and assess the 
behaviour of different metallurgies and the other one to test the production of electricity 
at these low temperatures with a small mobile ORC unit. 
 
The observations and analyses performed on scales formed during the first test 
highlighted the homogeneity of scale composition below 100°C whatever the metallurgy 
and the temperature. They are mostly Arsenic-Antimony-rich Lead sulphides of galena 
type. Whereas silica deposition was the main concern for not reinjecting at temperature 
lower than 60-70°C, combination of thermodynamic and kinetic modelling of scale 
formation indicates that the observed absence of silicates in the first test is controlled by 
kinetic effect, whereas they should have been dominant in regards of pure 
thermodynamics. This modelling also highlighted the lack of kinetic data at pressure and 
temperature representative of SsF operational conditions which prevented to further 
investigate the repartition between metal sulphides. Overall, this first test and subsequent 
analyses and models shows the feasibility of reinjecting at 40°C regarding scaling issue. 
 
For the second test with a Mini-ORC producing electricity on-site, the monitoring network 
of SsF plant has been enhanced with 2 additional seismic sensors in surface, 3 
piezometers and 1 optic fiber in observation wells. All these sensors have been 
successfully deployed and were operational for the Mini-ORC test.  
Whereas no clear signal related to the Mini-ORC test could be seen with the monitoring 
network, this cannot attest of the absence of impact on the reservoir of lowering the 
reinjection temperature down to 40°C. Indeed, the Mini-ORC did not extract sufficient 
thermal energy to reduce significantly the injection temperature which remained within 
seasonal variations. Thus, the impact of colder reinjection on the reservoir is only 
assessed through reservoir modeling presented in MEET deliverable D3.9, Baujard et al, 
2021, Mahmoodpour et al, 2021a, Mahmoodpour et al, 2021b (all submitted to 
Geosciences). 
Nevertheless, the successful acquisition and processing of the optic fiber signal in EPS-
1 well showed the opportunity to have a powerful monitoring tool capable of measuring 
acoustic waves and temperature in real time all along the well. For the first time, it also 
showed very promising results for pressure measurements which needs further 
developments to become a commercial product. 
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developed, in Soultz-sous-Forêts (SsF), France. Several studies have already been conducted on 11 

scales occurring at the reinjection side at the geothermal plants located in the URG. It has been ob- 12 

served that the composition of the scales changes as chemical treatment is applied to inhibit metal 13 

sulfate. The purpose of this study is to model the scaling phenomenon occurring in the surface pipes 14 

and the heat exchangers at the SsF geothermal plant.  15 

PhreeqC, a geochemical modelling software, was used to reproduce the scaling observations in the 16 

geothermal plant during exploitation. A suitable database was chosen based on the availability of 17 

chemical elements, minerals, and gas. A thermodynamic model and a kinetic model were proposed 18 

for modelling the scaling phenomenon. The thermodynamic model gave insight on possible miner- 19 

als precipitated while the kinetic model, after modifying the initial rates equation, produced results 20 

that were close to the expected scale composition at the SsF geothermal plant. Additional laboratory 21 

studies on the kinetics of the scales were proposed to compliment the current model. 22 

Keywords: Upper Rhine Graben, Soultz-sous-Forêts, geothermal brine, scaling, metal sulfides, ther- 23 

modynamic, kinetics 24 

 25 

1. Introduction 26 

1.1. Geothermal energy in the Upper Rhine Graben 27 

The Upper Rhine Graben (URG) is a rifting formation, oriented NNE, part of the Eu- 28 

ropean Cenozoic rift system. It extends for 300 km of length, from Basel (Switzerland) in 29 

the south to Mainz (Germany) in the north. Important thermal anomalies have been iden- 30 

tified in the URG thanks to a rich geological exploration. These anomalies delineate ther- 31 

mal gradient locally over 100°C/km in the first km of sediments and controlled with nor- 32 

mal faults parallel to the graben direction. The first European Geothermal research project 33 

of Soultz-sous-Forêts (SsF) was conducted initially in the early 90’s. This project was based 34 

on the Hot Dry Rock (HDR) concept, where the goal was to create an artificial heat ex- 35 

changer in the basement rocks by hydraulic fracturing [1]. However, the results obtained 36 

after the drilling of the first well at SsF showed the presence of natural fluid circulation 37 

through the existing fracture network of the reservoir [2]. Since then, the Enhanced Geo- 38 

thermal System (EGS) technology was incorporated into future development of the URG 39 

geothermal project. This approach consists of exploiting the natural thermal brine circu- 40 

lation by improving if necessary, the connection between the geothermal wells and the 41 

reservoir with various chemical, hydraulic, and thermal treatments [3]. 42 
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There are several geothermal projects that have been developed in the French, Ger- 43 

man and Swiss URG region over the past years. In France, two notable geothermal plants 44 

are in operation at SsF and Rittershoffen, respectively for power and heat production 45 

while in Germany, 3 geothermal plants are in operation for power generation. 46 

1.2. SsF geothermal power plant 47 

The Soultz-sous-Forêts geothermal project started in 1987 and is the cradle of the ge- 48 

othermal energy European research in granitic and fractured systems. Over 30 years of 49 

research, the geothermal site at SsF continues to exploit commercially the fractured base- 50 

ment for the EEIG Heat Mining. The actual geothermal system consists of three wells: one 51 

production well named GPK-2 and two injection wells named GPK-3 and GPK-4 which 52 

are drilled 5 km into the granitic basement. The geothermal brine is produced at a tem- 53 

perature of 150°C, reaching the wellhead with a nominal flow rate of 30 kg/s provided by 54 

a downhole production Line Shaft Pump [4]. The installed gross capacity of the binary 55 

plant is around 1.7MWe (Figure 1). 56 

 57 

                                58 

Figure 1. The SsF geothermal power plant (Source: EEIG Heat Mining) 59 

 60 

The geothermal brine is flowed through a system that consist of three consecutive 61 

double pass tubular heat exchangers which supply heat to an Organic Rankine Cycle 62 

(ORC) to produce electricity. The geothermal brine is then fully reinjected into the granitic 63 

basement at around 70°C. The volume of reinjected brine is split between the two injection 64 

wells without the need of reinjection pumps. The well-head overpressure in the surface 65 

infrastructure is regulated by using production pump which reaches about 23 bars to keep 66 

the gas dissolved in the brine. The reinjection temperature is linked to the conversion pro- 67 

cess. The geothermal plant has been successfully producing electricity commercially since 68 

September 2016, with an availability rate of about 90% for the past four years [5]. The 69 

granite reservoir is made of a porphyritic monzogranite rich in K-feldspar megacrysts. 70 

Primary silicate minerals are quartz, plagioclase, biotite, and hornblende. A chemical anal- 71 

ysis on the composition of the brine was taken in February 2020 (Table 1a, [6]). while an 72 

analysis on the gas dissolved in the brine was taken in April 2019 (Table 1b, [6]). 73 

 74 

 75 
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Table 1a. Composition of brine at the production well of the SsF geothermal plant (Bosia et al., 76 
2021). 77 

GPK-2 (Production 

well) 
                        

Composition of brine Na Ca K Cl Mg Sr Li SiO2 SO4 Br Mn NH4 

(mg/L) 26400 7020 3360 55940 123 422 160 179 108 240 17 23.2 

Composition of brine As Ba Cs Rb B Fe Zn F I Cu Pb Cd 

(mg/L) 10 26 14 23 38 26.3 2.8 1.3 1.6 0.001 0.11 0.01 

Composition of brine Sb Al U Ni HCO3 COT       

(mg/L) 0.06 0.05 0.001 0.0011 197 0.9       

 78 

Table 1b. Composition of gas in brine at the production well of the SsF geothermal plant (Bosia et 79 
al., 2021). 80 

GPK-2 (Production well)     

Gas dissolved in brine %vol Partial pressure (atm) 

CO2 0.882 0.882 

N2 0.0908 0.0908 

CH4 0.0239 0.0239 

 81 

1.3. Geochemical characterization of the scale during operation 82 

In the Upper Rhine Graben region, the main scales observed related to deep geother- 83 

mal activity have been studied not only because that when represented at a significant 84 

amount of secondary precipitations they could plug the geothermal infrastructures (pipe, 85 

heat exchanger, well-head) but also because the scales have the properties to trap radio- 86 

genic elements such as 226Ra and 210Pb in their crystalline lattices [7-9]. The main mineral 87 

precipitations related to scales are sulfates (barite, celestite), sulfides (galena, pyrite), 88 

nanocrystalline intermetallic mixed compound (Sb, As), elemental metals (Pb, As, Sb), ox- 89 

ides metals and carbonates [7,10-11]. Mineralogical and chemical analyses also show the 90 

presence of magnetite and sphalerite in the scale deposit [7,12-14]. Occurrences of scales 91 

consisting of silicates are quite rare. Locally, laurionite (PbCl (OH)), a hydrothermal lead 92 

mineral has been identified [8]. By using sulfate inhibitors, barite precipitation was 93 

strongly reduced. However, mainly brittle grey-dark scales precipitating on the pipe walls 94 

consisting of PbS, and elemental Pb, As, Sb are precipitating in the geothermal infrastruc- 95 

tures. Traces of halite are present on some samples, but it corresponds to a drying residue 96 

from the geothermal brine [8]. Based on Raman spectrum of the sulfide phase, a hydro- 97 

thermal Pb-Sb-Cu-sulfide (Pb13CuSb7S24) has been characterized as well as an amorphous 98 

phase [8]. Therefore, in the Upper Rhine Graben, scale formation before the application of 99 

sulfate scale inhibitors was dominated by (Ba, Sr, Ca, (Ra))SO4 solid-solution scalings con- 100 

taining minor amounts of galena or mixed sulfide phases [8]. 101 

Recently, Mouchot et al. (2018) [9] conducted a study on the operation at the geother- 102 

mal plant in the URG region, notably at the SsF geothermal plant. Complementary studies 103 

by Mouchot et al. (2019) [5] and Ledésert et al. (2021) [15] reported on the effects of the 104 

chemical treatment used to inhibit the formation of sulfate scales at the SsF geothermal 105 

plant. This current study aims to create a predictive model for the formation of scales 106 

during operation at the SsF geothermal plant. The scaling commonly occurs at the cold 107 

side of the SsF geothermal plant [7]. The black scales deposit at the wall of the pipes and 108 
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heat exchanger as shown in figure 1. In the framework of the MEET research project, CY 109 

Cergy Paris Université conducted a study with a Zeiss GeminiSEM 300 Scanning Electron 110 

Microscopy, coupled with a Bruker Energy Dispersive Spectrometry, on different scales 111 

found in the test heat exchanger at Soultz-sous-Forêts. Figure 3 details a (Pb,As,Sb)S fibro- 112 

radiated hilly scale found at 50°C on 1.4410 stainless steel tube. 113 

 114 

 115 

 116 

Figure 2. PbS scales deposited in tubes from the test heat exchanger 117 

 118 
 119 

Figure 3. Microscopic photo of (Pb,As,Sb)S scale found at SsF plant (Ledésert et al., 2021) 120 

 121 

Scales in the range between 150°C and 65°C have been sampled in June 2018 before 122 

cleaning operation in the ORC evaporator and preheaters after nearly 1 year of operation. 123 

Chemical composition of these scales has been determined using ICP MS method which 124 

is a type of mass spectrometry that uses an inductively couple plasma to ionize the sam- 125 

ple. Scales in the range between 60°C and 40°C have been sampled in April 2019 in a test 126 

heat exchanger (HEX) designed with different metallurgy and installed at the SsF geother- 127 

mal plant during 3 months in the framework of the MEET research project [16]. The latest 128 

chemical composition of scales observed at SsF geothermal plant within a range of tem- 129 

perature between 150°C to 40°C are presented in table 2. Table 2 considers only scaling 130 

samples from tubes with 1.4410 metallurgy like the ORC heat exchanges to have a good 131 

comparison. A detail description of these scales is given by Ledésert et al. (2021) [15], and 132 

chemical composition was also determined using ICP MS method. Chemical treatment of 133 

the brine was almost the same for the two sets of scales. These scales consist of S, Pb, Sr, 134 

Ba, Sb, As, Fe, Si, and Cu elements.  135 

Table 2.The mass composition of scales formed in the heat exchangers at the geothermal plant and 136 
in the test heat exchangers in percentage 137 
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Temperature S Pb Sr Ba Sb As Fe Si Cu Exchanger 

150 2.9% 2.0% 2.9% 0.94% 0.11% 0.53% 1.7% 3.8% 0.40% ORC Inlet Evaporator 

120 10.4% 13.0% 0.73% 0.61% 1.1% 4.2% 4.0% 6.2% 15.1% ORC Outlet Evaporator 

120 11.8% 26.5% 0.65% 1.9% 3.3% 6.6% 7.5% 8.0% 16.6% ORC Inlet Preheater 

90 11.2% 36.1% 0.86% 3.6% 3.1% 5.2% 8.0% 16.9% 5.1% ORC Preheater 

65 13.1% 46.3% 0.51% 2.2% 6.3% 7.3% 4.6% 8.4% 4.5% ORC Outlet Preheater 

60 13.1% 74.6% 0.01% 0.00% 6.4% 3.2% 0.07% 1.4% 0.40% Test HEX 

50 14.4% 66.5% 0.01% 0.01% 11.4% 4.3% 0.55% 1.0% 0.43% Test HEX 

40 16.7% 64.2% 0.01% 0.01% 10.9% 4.5% 0.48% 1.6% 0.36% Test HEX 

 138 

The presentation of the mass percentage of scales is based on the total elements found 139 

in the scales. Certain compounds, mainly carbonates, were omitted from Table 2 because 140 

they are not the main focus of this study which is dedicated to low temperature scale 141 

formation. There are also lesser amounts of the scales deposited in the higher tempera- 142 

tured heat exchangers (ORC heat exchangers) while more scales are deposited in the lower 143 

temperatured heat exchangers (Test HEX). 144 

Lead is found primarily at lower temperatures notably at temperatures below 120 °C. 145 

Sulfur, arsenic, silicon, and antimony are also deposited at large quantities after lead. The 146 

rest of the elements are found in smaller traces (less than 5%). The test heat exchanger has 147 

a different concentration of scales compared to the ORC heat exchangers at the geothermal 148 

plant due to the difference in temperature. In the test heat exchanger, lead has a higher 149 

concentration than those in the main exchangers. The chemical treatment on the sulfate 150 

scales proved to be effective as the quantity of barium sulfate (barite) and strontium sul- 151 

fate (celestite) are found in very small quantities which are less than 4% for any point of 152 

temperature. 153 

The main objective of this study is to model the scaling phenomenon occurring in the 154 

surface pipes and heat exchangers at the SsF plant. Therefore, these geochemical analyses 155 

would serve as references for comparing with the modelling results of the formation of 156 

the scales. 157 

 158 

2. Methods 159 

The modelling of the geochemical fluids is done through the software, PhreeqC 160 

which is a computer program that is written in C++ programming language. It is designed 161 

to perform numerous aqueous geochemical calculations. PhreeqC implements several 162 

types of aqueous models depending on the database used. This program was created by 163 

the U.S. Geological Survey (USGS). PhreeqC is freely distributed by the USGS and is cur- 164 

rently an open source software. 165 

PhreeqC uses a pre-established thermodynamic database to perform the calculations 166 

during modelling of a fluid. Each database has different sets of elements and aqueous 167 

species as well as different thermodynamic data which are taken from different references 168 

sources. There are several databases found within the installation of the PhreeqC pro- 169 

gram. Supplementary databases were also found in the PhreeqC Users forum. There are 170 

databases taken from studies such as e THERMOCHIMIE [17] and THEREDA [18]. The 171 

PhreeqC manual [19] was referred to when performing the modelling of formation of 172 

scales with PhreeqC. Table 3 shows the list of databases gathered which are listed from 173 

D1 to D19: 174 

 175 

 176 
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Table 3. PhreeqC databases and allocated nomenclature 177 

Databases Nomenclature 

Phreeqc D1 

Pitzer D2 

ColdChem D3 

Core10 D4 

Frezchem D5 

Iso D6 

LLNL D7 

MINTEQ D8 

Minteq v4 D9 

Pitzer_Old D10 

sit D11 

T_H D12 

WATEQ4F D13 

Thermoddem_06_2017 D14 

PHREEQC_ThermoddemV1.10_15Dec2020 D15 

ThermoChimie_PHREEQC_eDH_v9b0 D16 

THEREDA_2020_PHRQ D17 

CEMDATA18.1-16-01-2019-phaseVol D18 

ThermoChimie_PhreeqC_SIT_oxygen_v10a D19 

 178 

2.1. Verification: Elements 179 

In order to verify the validity of the databases to be used in the modelling process, 180 

the sets of elements available within the databases were compared to the elements found 181 

in the geothermal fluid at the SsF plant. The latest chemical analysis (taken in February 182 

2020) on the composition of the brine at the SsF plant was used to cross-reference with the 183 

sets of elements found in the databases to narrow down the list of valid databases. This 184 

analysis showed that there was high concentration of Na and Cl ions in the brine. The 185 

recent study by Bosia et al. (2021) [6] provides further details on the geochemical dataset 186 

used.  187 

Databases with more supplementary elements were taken more into consideration 188 

due to the likelihood of simulating the actual fluid. Thus, the presence of the elements in 189 

the databases are compared to the elements found in the geothermal fluid at the SsF plant 190 

(Table 4) 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 
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Table 4. Geochemical elements in the databases. * = limited 199 

  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 

S x x x x x x x x x x x x x x x x x x x 

Pb x           x x x   x x x x x x     x 

Sr x x         x x x x x x x x x x x x x 

Ba x x         x x x x x x x x x x     x 

Sb             x x x   x     x x x     x 

As             x x x   x x x x x x     x 

Fe x x   x   x x x x x x x x x x x   x x 

Si x x   x   x x x x   x x x x x x x x x 

Cu x     x     x x x   x x x x x x     x 

Al x     x   x x x x   x x x x x x x x x 

B x x   x     x x x x x x x x x x     x 

Be             x x x         x x         

Br x x       x x x x x x x x x x x     x 

Ca x   x x x x x x x x x x x x x x x x x 

Cd x           x x x   x x x x x x     x 

Ce             x             x x         

Cl x x x x x x x x x   x x x x x x x x x 

Co       x     x   x   x     x x x     x 

Cs             x       x x x x x x x   x 

Dy             x             x x         

Er             x             x x         

Eu       x     x       x     x x x     x 

F x         x x x x   x x x x x x     x 

Gd       x     x             x x         

Ge                           x x         

Hg             x x x   x     x x x       

Ho             x       x     x x x     x 

I             x x x   x x x x x x     x 

In             x             x x         

K x x x x x x x x x x x x x x x x x x x 

La             x             x x         

Li x x   x     x x x x x x x x x x     x 

Lu             x             x x         

Mg x x x x x x x x x x x x x x x x x x x 

Mn x x   x     x x x x x x x x x x     x 

Mo       x     x   x   x     x x x     x 

Na x x x x x x x x x x x x x x x x x x x 

Nd             x             x x   x     

Ni       x     x x x   x   x x x x     x 

P x     x   x x x x   x x x x x x x   x 

Pd             x       x     x x x     x 

Pr             x             x x         

Rb             x x     x x x x x x     x 

Re             x             x x         

Rh                           x x         

Sc       x     x             x x         

Sm       x     x       x     x x x     x 

Tb             x             x x         

Tm             x             x x         
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W   x         x             x x         

Y             x             x x         

Yb             x             x x         

Zn x x   x     x x x   x x x x x x     x 

HCO3 x x   x x x x x x x x x x x x x* x x x 

NH4       x     x x x   x x x x x x   x x 

SO3       x     x x x   x x* x* x x x   x x 

SO4 x x x x x x x x x x x x x x x x x x x 

Total 23 17 7 26 8 14 55 32 33 14 38 29 30 57 57 38 14 14 37 

 200 

The geochemical elements from the table 4 are represented in their aqueous state. 201 

From this study, the Thermoddem (D14 and D15) [20] and LLNL (D7) [21] databases, hav- 202 

ing respectively 57 and 55 elements of the 57 SsF brine chemical composition, are observed 203 

to be suitable for the purpose of this study as they possess the most amount elements 204 

found in the brine at the SsF plant. Further reference to the Thermoddem database will be 205 

the Thermoddem (D15) database instead of the Thermoddem (D14) database because D15 206 

is the latest version for the Thermoddem database. 207 

 208 

2.2. Verification: Minerals 209 

Another criterion set for the validation of the databases is the formation of probable 210 

minerals in the geothermal fluid at the SsF plant. A list of known minerals precipitated 211 

was made to compare to the minerals found in the databases. Furthermore, a list of prob- 212 

able minerals precipitated was made for minerals that has not been identified before in 213 

previous studies. These minerals that are susceptible to precipitation are identified by list- 214 

ing out minerals from the databases that consist of at least two of nine elements that are 215 

the majority in the analysis of scales conducted at the site. The nine principal elements are 216 

sulfur, lead, strontium, barium, antimony, arsenic, iron, silicon, and copper. A similar ap- 217 

proach to the verification of elements was used in the verification of minerals in which a 218 

table with the list of minerals was cross-referenced with the database. The occurrences of 219 

known minerals and minerals susceptible to precipitation in the databases are tabulated 220 

(Table 5). 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 
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Table 5. Minerals in the databases 232 

  Databases 

Known Minerals D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 D15 D16 D17 D18 D19 

Galena PbS             x x x   x x x x x x     x 

Quartz SiO2 x x   x   x x x x   x x x x x x x x x 

Calcite CaCO3 x x   x x x x x x x x x x x x x   x x 

Anhydrite CaSO4 x x x x x x x x x x   x x x x x   x x 

Gypsum CaSO4:2H20 x x x x x x x x x x x x x x x x   x x 

Barite BaSO4 x x         x x x x   x x x x x     x 

Halite NaCl x x x x x x x x x x x x x x x x x   x 

Goethite FeOOH x     x   x x x x   x x x x x x   x x 

Celestite SrSO4 x x         x x x x x x x x x x   x x 

Arsenopyrite FeAsS             x             x x         

Stibnite Sb2S3             x x x   x     x x x     x 

Possible Other Minerals                     

Hematite Fe2O3 x     x   x x x x   x x x x x x   x x 

Strontianite SrCO3 x           x x x   x x x x x x   x x 

Svanbergite SrAl3(PO4)(SO4)(OH)6                           x x         

Sr3(AsO4)2 Sr3(AsO4)2             x       x     x x x     x 

SrS SrS             x       x     x x x     x 

Anglesite PbSO4 x           x x x   x x x x x x     x 

Cerussite PbCO3 x           x x x   x x x x x x     x 

Alamosite PbSiO3             x x     x x x x x x     x 

Beudantite PbFe3(AsO4)2(OH)5:H2O                           x x         

Corkite PbFe3(PO4)(OH)6SO4              x             x x         

Cotunnite PbCl2             x x x   x x x x x x     x 

Duftite PbCuAsO4(OH)                           x x         

Hinsdalite PbAl3(PO4)(SO4)(OH)6             x x x     x x x x         

Hydrocerus-

site 
Pb3(CO3)2(OH)2             x   x   x x x x x x     x 

Jarosite (Pb) Pb0.5Fe3(SO4)2(OH)6                           x x         

Lanarkite Pb2SO5             x x x   x x x x x x     x 

Mimetite Pb5(AsO4)3Cl                           x x         

Pb3(AsO4)2 Pb3(AsO4)2               x x   x x x     x     x 

Pb3SO6 Pb3SO6             x x x     x x             

Pb4(OH)6SO4 Pb4(OH)6SO4               x x     x x             

Pb4SO7 Pb4SO7             x x x     x x             

PbSO4(NH3)2 PbSO4(NH3)2             x                         

PbSO4(NH3)4 PbSO4(NH3)4             x                         

Pb(Thiocya-

nate)2 
Pb(SCN)2             x                         

Philipsbornite PbAl3(AsO4)2(OH)5:H2O                           x x         

Tsumebite Pb2Cu(PO4)(SO4)OH              x             x x         

Realgar AsS             x x x   x x x x x x     x 

Orpiment As2S3             x x x   x x x x x x     x 

Bornite Cu5FeS4       x     x             x x         

Chalcocite Cu2S       x     x x x     x x x x         

Berthierite FeSb2S4                           x x         
 Total 12 7 3 9 4 7 33 25 25 6 21 25 25 35 35 23 2 8 23 

 233 
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The similar conclusion as before can be drawn from this verification in which the two 234 

databases, Thermoddem (D15) and LLNL (7) are suitable for the modelling of the geother- 235 

mal fluids at the SsF plant due to possessing an extensive amount of thermodynamic data 236 

on known mineral found as deposits in the plant as well as possible minerals precipitated. 237 

The LLNL database has 33 mineral datasets out of the 42 possible minerals deposited 238 

while the Thermoddem database has 35 out of the 42 possible minerals deposited. 239 

Another step was carried out to verify the domain of validity for the minerals in the 240 

LLNL and Thermoddem databases. The range of temperature valid for each mineral was 241 

verified to ensure it corresponds with the maximum modelling temperature of 200°C. For 242 

the Thermoddem database, the thermodynamic data of all the minerals are valid within 243 

0°C to 300°C. On the other hand, the LLNL database has different limits for each mineral. 244 

Fortunately, the minerals that were identified in table 5 are well within the limits proposed 245 

in the LLNL database as the lowest maximum temperature for the minerals found is at 246 

200°C.  247 

 248 

2.3. Verification: B-Dot model Database 249 

The two databases of interest, the Thermoddem database and the LNLL database, 250 

utilize the B-Dot equation for the calculation of activity of the elements. The B-dot model 251 

is also known as the Truesdell-Jones model (TJ model). The ionic strength of the fluid was 252 

calculated from the major elements mentioned in the most recent published geochemical 253 

datasets in Bosia et al. (2021) [6] and found to be at 1.79 mol/kg for GPK-2 and at 1.8 mol/kg 254 

for GPK-3 (Table 6). The unit for the ionic strength can be represented as mol/L or mol/kg 255 

since the fluid is primarily composed of water while the effects of the ions in the conver- 256 

sion can be ignored due to their miniscule presence in the fluid. The validity of the B-dot 257 

model is verified in figure 1 as the ionic strength is well within the limit of the TJ model 258 

for both wells. The higher the ionic strength, the less accurate the results produced.  259 

When the ionic strength of the brine exceeds the limits of the TJ model (2.2 mol/kg), 260 

the results obtained from using the B-dot databases will no longer be valid (Figure 4). 261 

Since the ionic strength of the fluids at the SsF geothermal plant are well within the limits 262 

of the zone of validity, the two databases are thus used for the modelling of the fluids. 263 

Furthermore, they are also the most documented in terms of the geochemical elements 264 

and minerals. 265 

Table 6. Ionic strength calculations of the geothermal fluid sampled at GPK-2 & GPK-3 266 

 Molar Mass  GPK-2 GPK-3 GPK-2 GPK-3 GPK-2 GPK-3 

  M(mg/mol) mg/L mol/L Ionic Strength, I (mol/L or mol/kg) 

Na 23000 26400 26700 1.148 1.161 0.574 0.580 

Cl 35500 57490 57490 1.619 1.619 0.810 0.810 

K 39100 3350 3350 0.086 0.086 0.043 0.043 

Ca 40100 7020 7030 0.175 0.175 0.350 0.351 

Sr 87620 422 434 0.005 0.005 0.010 0.010 

Br 79904 240 234 0.003 0.003 0.002 0.001 

Li 6940 160 163 0.023 0.023 0.012 0.012 

SiO2 40100 179 180 0.004 0.004    

Total   95261 95581 3.063 3.077 1.799 1.807 

 267 
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Figure 4. Schematic plot showing the general applicability of different activity coefficient models 269 
as a function of ionic strength for a divalent cation. The dashed tangent to the curve at its origin is 270 

a plot of the Debye-Hückel limiting law for the ion. (Langmuir, 1997) 271 

2.4. Verification: Gas 272 

The data available on the gases in the databases are compared to those required for 273 

modelling the geothermal fluid. The databases are then analyzed by initiating a prelimi- 274 

nary modelling of the fluids to compare the results of the modelling with the results at the 275 

plant. For this preliminary modelling, the mixture of the gas dissolved in the brine (Table 276 

1b) was used. The conditions of the preliminary modelling are done at pH 5.2 and at two 277 

different temperatures, 80°C and 150°C. The saturation pressure of each database is com- 278 

pared and analyzed. For this analysis, the Thermoddem database, the LLNL database and 279 

the Pitzer database were used. For the Thermoddem database and the LLNL database, as 280 

they were deemed suitable for the modelling of scales through the verification of elements 281 

and minerals, they are thus analyzed for the verification of gases. Even though the Pitzer 282 

database lacks several data on the elements and minerals, it is still considered for model- 283 

ling of dissolved gases in the geothermal fluid because this database uses a different 284 

model for the calculation of activity of the elements. This may then give a more accurate 285 

result in the modelling of dissolved gases in the geothermal fluid. The results of the pre- 286 

liminary modelling at two different temperatures steps in terms of saturation pressure 287 

with the three databases are recorded in table 7. 288 

 289 

 290 

 291 

 292 
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Table 7. Results of the saturation pressure of SsF gas for each database at 2 temperature steps 293 

Temperature(°C) Pitzer LLNL Thermoddem 

80 14 atm 10 atm 10 atm 

150 18 atm 15 atm 16 atm 

 294 

The LLNL and Thermoddem databases give out a similar result at both tested tem- 295 

perature while the Pitzer database shows a higher pressure compared to the two previous 296 

databases (Table 7). The saturation pressure obtained from modelling at 150°C with the 297 

Pitzer database (18 atm = 18.2 bar) is closer to the actual case observed at the SsF plant [23] 298 

at the same temperature which ranges between 18.0 and 18.5 bar at relative pressure. The 299 

Thermoddem and LLNL databases provided results outside the range of saturation pres- 300 

sure observed at the SsF plant. Thus, the Pitzer database is found to be more suitable than 301 

the Thermoddem and LLNL databases for the gas modelling of the SsF plant. 302 

Overall, the Thermoddem database was selected for the modelling of the formation 303 

of scales in the geothermal fluids as this database has more data than the LLNL database 304 

on the geochemical elements and possible minerals precipitated. Furthermore, the Ther- 305 

moddem database has been compiled by a French geological survey company, BRGM 306 

which is specifically designed for waste derived from natural fluid precipitation [20]. As 307 

for modelling of the dissolved gas in the fluid, the Pitzer database was observed to have 308 

given a more satisfactory result as mentioned in the previous paragraph. Thus, this data- 309 

base should be used when the observing the solubility of gas in the geothermal fluid. 310 

 311 

2.5. Scale Modelling 312 

When modelling the formation of scales with PhreeqC, the physical properties of the 313 

fluids such as the temperature, pressure and pH of the fluid are inputted into the software. 314 

The initial temperature, pressure and pH of the fluid are 25°C, 1 bar, and pH 5.2 respec- 315 

tively representative of the laboratory conditions for brine analysis. The temperature and 316 

pressure were later changed to the production conditions of the brine at the SsF geother- 317 

mal plant which are at 150°C and 20 bars respectively. The pH of the fluid is also adjusted 318 

by the software to reflect the temperature and the composition of the fluid, thus there was 319 

no need to modify it. The unit for the concentration of each component in the fluids are 320 

also user-defined. In the case of this study, the unit used is in mg/kgw where kgw stands 321 

for a kilogram of water. Thus, the unit mg/kgw is the mass in milligrams of the element 322 

for each kilogram of water. 323 

The formation of scales at the SsF plant is initially modeled by using thermodynamic 324 

modelling. This method uses the thermodynamic database researched in the previous sec- 325 

tion. The saturation index of each mineral is studied in this modelling process. For any 326 

minerals with a saturation index equal or higher than zero for the conditions of the fluid 327 

at the geothermal plant, that mineral can potentially precipitate. The amount of minerals 328 

precipitated was then calculated. This method provided insight on the potential minerals 329 

that could precipitate aside from the minerals already observed in previous studies such 330 

as those mentioned in Sanjuan et al. (2011) [10], Scheiber et al. (2012) [7], and Nitschke 331 

(2012) [11]. However, this method is limited to cases where thermodynamic equilibrium 332 

is reached. 333 

Kinetic modelling was also considered to represent accurately the situation of the 334 

formation of scales at the geothermal plant. For this method, the amount of time that the 335 

fluids pass through the plant’s exchangers is needed. It takes around 3 minutes for the 336 

fluid to circulate from the entrance of the first ORC heat exchanger to the exit of the final 337 

ORC heat exchanger. In these conditions, the kinetics of the reaction is also a crucial factor 338 
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for the kinetic modelling. The kinetic data for chalcopyrite, galena, orpiment, and pyrite 339 

was taken from the database made by Zhang et al. (2019) [24]. The kinetic constant for 340 

stibnite was taken from Biver et al. (2011) [25] and adjusted into a modified kinetic equa- 341 

tion for galena. For other minerals without any kinetic data, a modified kinetic equation 342 

of a similar mineral was used. The amount of minerals precipitated is calculated using its 343 

kinetic equation. This method refers to the saturation index of the mineral before calculat- 344 

ing with the kinetic information available. As stated before, when the saturation index of 345 

the mineral is below zero, the kinetic calculation is skipped as the mineral does not pre- 346 

cipitate. The duration for the kinetic modelling at each temperature was set to one minute 347 

because the velocity of the brine is estimated to be slightly less than 1m/s and the length 348 

of the tubes of heat exchanger at 30m. This gives a duration of about 30 seconds to pass 349 

through a heat exchanger. Another 30 seconds was added to take into account the head 350 

cover and the pipes between each heat exchanger. 351 

 352 

3. Results 353 

As mentioned in the previous section, the modelling of scales in the geothermal fluids 354 

was done in Phreeqc with the Thermoddem database. For this modelling sequence, the 355 

range of temperature and pressure were set. The temperature starts from 150°C which is 356 

the highest observable temperature at the SsF plant. The temperature then reduces until 357 

the lowest temperature found in the test heat exchanger which is at 40 °C. Additionally, 358 

two fictional temperatures were added which are at 175 °C and 200 °C in order to simulate 359 

the influence of such high temperatures on the formation of scales. These two tempera- 360 

tures are representative of temperatures found in the geothermal reservoir that is four to 361 

five kilometers deep under. The pressure was then fixed at 20 bars to simulate the exact 362 

conditions at the SsF geothermal plant.  363 

 364 

3.1. Thermodynamic modelling 365 

The precipitation of the minerals was first studied through the observation made on 366 

the saturation index of each mineral. For the minerals with a saturation index equal or 367 

higher than zero, they are minerals that could possibly be present in the scales at thermo- 368 

dynamic equilibrium (Appendix A, Table A1). A list of potential minerals present within 369 

the set range of temperature was constructed from the observation of the saturation index 370 

of each mineral (Table 8). 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 
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Table 8. Presence of potential minerals at the set range of temperature according to saturation 381 
index. 382 

Pressure (bar) 20 

Temperature (°C) 40 50 60 65 90 120 150 175 200 

Known Minerals          

SiO2 Amorphous_silica x x x x x x       

CaSO4 Anhydrite               x x 

Sb2S3 Stibnite x x x x x x x     

FeAsS Arsenopyrite       x x x       

BaSO4 Barite x x x x x x x x x 

CuFeS2 Chalcopyrite(alpha) x x x x x x x x x 

PbS Galena x x x x x x x x x 

SiO2 Quartz(alpha) x x x x x x x x x 

SiO2 Quartz(beta) x x x x x x x x x 

Possible Other Minerals          

Cu1,75S Anilite x x x x           

FeSb2S4 Berthierite x x x x x x       

Cu5FeS4 Bornite(alpha) x x x x x x x     

SiO2 Chalcedony x x x x x x x x x 

Cu2S Chalcocite(alpha) x x x x           

SiO2 Coesite(alpha) x x x x x x       

CuS Covellite x x x x           

SiO2 Cristobalite(alpha) x x x x x x x x x 

SiO2 Cristobalite(beta) x x x x x x x x   

Cu1,934S Djurleite x x x x           

Fe10S11 Fe10S11           x x x x 

Fe11S12 Fe11S12           x x x x 

Fe7,016S8 Fe7,016S8         x x x x x 

Fe9S10 Fe9S10           x x x x 

FeS2 Marcassite x x x x x x x x x 

As2S3 Orpiment x x x x x         

FeS2 Pyrite x x x x x x x x x 

Na2(Fe3Fe2)Si8O22(OH)2 Riebeckite                 x 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 
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Table 9. Mineral precipitated for thermodynamic modelling (For 40°C – 200°C) 391 

Known Minerals 

Minerals precipitated according to saturation index Minerals considered for thermodynamic modelling 

SiO2 Amorphous silica CuFeS2 Chalcopyrite(alpha) 

CaSO4 Anhydrite PbS Galena 

BaSO4 Barite Sb2S3 Stibnite 

CuFeS2 Chalcopyrite(alpha)   

PbS Galena    

SiO2 Quartz(alpha)    

SiO2 Quartz(beta)    

Sb2S3 Stibnite    

Possible Other Minerals 

Minerals precipitated according to saturation index Minerals considered for thermodynamic modelling 

Cu1,75S Anilite Cu1,75S Anilite 

FeSb2S4 Berthierite FeSb2S4 Berthierite 

Cu5FeS4 Bornite(alpha) Cu5FeS4 Bornite(alpha) 

SiO2 Coesite(alpha) CuS Covellite 

CuS Covellite FeS2 Marcasite 

SiO2 Cristobalite(beta) As2S3 Orpiment 

FeS2 Marcasite FeS2 Pyrite 

As2S3 Orpiment   

FeS2 Pyrite     

 392 

The next step for the modelling of scales formation at the SsF geothermal plant is to 393 

calculate the quantity of minerals precipitating in the given temperature range. An initial 394 

modelling based on the present minerals (Table 8) were done and the results showed that 395 

not all minerals with a positive saturation index precipitated (Table 9, left side). This is 396 

explained by the higher saturation index of several minerals which have higher priority 397 

to precipitate. The results of the thermodynamic modelling (Table 10) from using the min- 398 

erals of the left side of Table 9 showed that majority of the minerals consist of silicates 399 

because of the high concentration of O and Si. At the range of temperature between 40°C 400 

to 150°C, silicate scales are not usually found at high amounts at the SsF geothermal plant. 401 

 402 

Table 10. Results of first thermodynamic modelling in weight percentage 403 

  Temperature (°C) 
 M(g/mol) 40 50 60 65 90 120 150 175 200 

As 74.922 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Ba 137.33 2.3% 2.1% 4.4% 4.8% 5.1% 5.5% 4.9% 0.00% 0.00% 

Ca 40.08 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 5.0% 9.7% 

Cu 63.546 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Fe 55.847 0.60% 0.52% 0.45% 0.65% 1.3% 1.4% 1.4% 1.2% 1.1% 

O 15.999 51.6% 51.7% 50.8% 50.4% 49.5% 49.3% 49.5% 50.8% 49.9% 

Pb 207.2 0.01% 0.01% 0.02% 0.00% 0.02% 0.00% 0.01% 0.00% 0.01% 

S 32.066 1.2% 1.1% 1.5% 1.9% 2.7% 2.9% 2.7% 5.4% 9.0% 

Sb 121.75 0.01% 0.01% 0.02% 0.01% 0.02% 0.02% 0.01% 0.00% 0.00% 

Si 28.086 44.3% 44.5% 42.8% 42.3% 41.3% 41.0% 41.4% 37.6% 30.3% 
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To have a better focus on the modelling of scales at the SsF geothermal plant, the 404 

minerals considered for the thermodynamic model was then identified (Table 9, right 405 

side). Barite and celestite were excluded from future modelling sequence because inhibi- 406 

tors are used by the operator to prevent the formation of these scales. For silicates, it is 407 

suspected that kinetic reaction prevents their deposition. That’s why they were excluded 408 

to focus on the primary elements found in the scales found at the SsF geothermal plant as 409 

mentioned before. The results of the calculation are done at the different temperatures 410 

(Table 11). 411 

 412 

Table 11. Results of refined thermodynamic modelling in weight percentage 413 

  Temperature (°C) 
 M(g/mol) 40 50 60 65 90 120 150 175 200 

As 74.922 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Cu 63.546 0.04% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

Fe 55.847 45.6% 45.6% 44.8% 45.9% 45.8% 46.2% 46.2% 46.5% 46.4% 

Pb 207.2 0.72% 0.50% 1.5% 0.25% 0.52% 0.07% 0.43% 0.04% 0.30% 

S 32.066 52.8% 52.9% 52.3% 53.1% 53.0% 53.2% 53.2% 53.4% 53.3% 

Sb 121.75 0.77% 1.0% 1.5% 0.76% 0.67% 0.48% 0.17% 0.00% 0.00% 

 414 

For each step of temperature, the modelling results show that sulfur and iron are the 415 

major elements with concentrations of 45% and 53% respectively (table 11). On the other 416 

hand, the total amount of the other elements represents less than 3% of the total. Copper 417 

is only found at 40°C and in extremely small quantities. Antimony and lead are also found 418 

in small quantities (less than 1.5%) at any given step of temperature.  419 

3.2. Kinetic Modelling 420 

The results given out by the calculation of the thermodynamic model gives insight 421 

on the precipitation of the minerals at thermodynamic equilibrium which may not neces- 422 

sarily be respected in the conditions studied. Modelling done from a kinetics aspect was 423 

proposed and the results from the thermodynamic model were compared and compli- 424 

mented with literature review and field knowledge to select the proper minerals which 425 

could precipitate. The kinetic information was mainly obtained from Zhang et al. (2019) 426 

[24] as mentioned in the method section. Initially, the model had little modification to the 427 

kinetic information used from the source with exception for minerals lacking their kinetic 428 

information. Rates equations for metal sulfides including the concentration of oxygen into 429 

the calculation are removed because they serve no purpose due to the little to no oxygen 430 

content in the brine at the SsF geothermal plant. 431 

 For the initial model, two different sets of minerals were considered. The first set of 432 

minerals are galena (PbS), orpiment (As2S3), pyrite (FeS2), amorphous silica (SiO2), 433 

quartz(alpha)(SiO2), and stibnite (Sb2S3). Galena and stibnite are known minerals already 434 

observed at the SsF plant [15]. Pyrite was considered over arsenopyrite (AsFeS) and chal- 435 

copyrite (CuFeS) because pyrite has a higher saturation index than arsenopyrite (Appen- 436 

dix A, Table A1) thus pyrite is more susceptible to precipitate than arsenopyrite. Chalco- 437 

pyrite was dismissed as the principal provider of Fe precipitation because there is only a 438 

small amount of copper found in the analysis done at the SsF plant (Table 2) which is 439 

negligeable compared to the quantity of Fe found. As for orpiment, this mineral is the only 440 

representative for presence of the element As. For amorphous silica and quartz(alpha), 441 

they were considered as they had a major influence in the thermodynamic modelling. 442 

Unfortunately, the desired modelling conditions do not fall within the domain of validity 443 
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for the initial kinetic model created. For the formation of galena, this model is only valid 444 

for a temperature between 25°C to 70°C and a pH between one to three. For the formation 445 

of pyrite, this model is only valid for a temperature between 20°c to 40°C and a pH be- 446 

tween one to four. For both cases, the range of pH is too acidic compared to the actual 447 

case. The model for the formation of orpiment is only valid for a temperature between 448 

25°C to 40°C and a pH between 7.3 to 9.4 which is too alkaline. For the formation of amor- 449 

phous silica, the model is only valid for a pH around 5.7 which is a bit too alkaline com- 450 

pared to the pH of the fluid at the SsF geothermal plant. For the formation of quartz(al- 451 

pha), the model is within the proper zone of validity. Regardless, this model was used as 452 

an initial approach to modelling the minerals precipitated. For stibnite, no source for its 453 

kinetic information aside from its kinetic constant is found [25]. Thus, the kinetic equation 454 

of galena was taken and modified to suit the kinetic rate of stibnite. Minerals such as barite 455 

and celestite were not added because their exclusion serve as a proxy to their inhibition 456 

by chemical treatment.  457 

The second set of minerals consists of the same minerals from the first set but exclud- 458 

ing amorphous silica and quartz(alpha). These two minerals were excluded to better focus 459 

on the main minerals identified in the scales at the SsF geothermal plant. The modelling 460 

with both set of minerals was only done from 200°C to 65°C as it is complicated to model 461 

the circulation of fluids in the pipes between the ORC heat exchangers and the test heat 462 

exchangers. Furthermore, the residence time and the surface area of the heat exchangers 463 

in contact with the brine are different in both cases which will thus further complexify the 464 

model. To simplify the model, the ORC heat exchangers was chosen as the standard for 465 

the temperature to be modelled. 466 

 467 

Table 12. Results for initial kinetics model with first set of minerals in weight percentage 468 

 469 

 470 

The first results showed that for the temperatures between 65°C to 150°C, S and Fe 471 

are the major elements in the simulated scales (Table 12). From 175°C onwards, Si and O 472 

are the major elements while Pb, As and Sb are found in negligeable amounts. 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

Temperature Pb Fe As Sb S Si O Majority  

65 8.88% 40.77% 0.14% 1.13% 48.73% 0.16% 0.18% S 

90 2.14% 45.11% 0.01% 0.04% 52.16% 0.24% 0.28% S 

120 0.95% 44.67% 0.00% 0.01% 51.45% 1.4% 1.6% S 

150 0.60% 35.72% 0.00% 0.00% 41.12% 10.5% 12.0% S 

175 0.22% 15.66% 0.00% 0.00% 18.01% 30.9% 35.2% O 

200 0.01% 3.80% 0.00% 0.00% 4.36% 42.9% 48.9% O 
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Table 13. Results for initial kinetics model with second set of minerals in weight percentage 481 

Temperature Pb Fe As Sb S Majority 

65 8.9% 40.9% 0.14% 1.1% 48.9% S 

90 2.2% 45.4% 0.01% 0.04% 52.4% S 

120 0.98% 46.0% 0.00% 0.01% 53.0% S 

150 0.78% 46.1% 0.00% 0.00% 53.1% S 

175 0.64% 46.2% 0.00% 0.00% 53.2% S 

200 0.11% 46.5% 0.00% 0.00% 53.4% S 

 482 

The results show that sulfur is the majority for every step of temperature taking up 483 

to 53.4% of the composition of scales (Table 13). Iron is shown to be in second largest mass 484 

quantity with a weight percentage of around 46% except at 65°C which is at 40.9%. Lead 485 

is shown to be in smaller quantity such as 8.9% at 65°C and 2.2% at 90°C respectively. 486 

Between 200°C and 120°C, the quantity of lead is less than 1%. As for antimony and arse- 487 

nic, both are found in extremely small quantities where antimony is at 1.1% and arsenic is 488 

at 0.14% for the temperature of 65°C. Antimony and arsenic is not found at higher tem- 489 

peratures (above 150°C). 490 

 491 

4. Discussion 492 

4.1. Thermodynamic modelling analysis 493 

The thermodynamic modelling provides insight on possible precipitation of minerals 494 

at each temperature step. It can be observed that minerals containing strontium such as 495 

celestite were not listed as minerals precipitated by the modelling software (Table 8). In 496 

the analysis made on the scales at the SsF plant, traces of strontium were found and were 497 

identified to be celestite [7,10]. This discrepancy can be explained by the fact that the sup- 498 

posed mineral found at the plant, celestite dissolves in favor of the precipitation of barite 499 

[26]. Since the results are calculated at thermodynamic equilibrium, the total consumption 500 

of celestite was already considered during the calculations made by PhreeqC. Another 501 

explanation is that the PhreeqC software does not consider the existence of solid solutions 502 

like barium/strontium sulfates [7,10-11]. So, the software considers barite over celestite for 503 

their precipitation. Thus, strontium was excluded from the comparison of the weight per- 504 

centage of the elements between the Ssf plant analyses, the thermodynamic models, and 505 

the kinetic models. Barite is shown to potentially precipitate at the given range of temper- 506 

ature (Table 8). However, as the temperature decreases, the saturation index of barite in- 507 

creases thus increasing its potential to precipitate (Appendix A, Table A1). A similar situ- 508 

ation is observed in the formation of galena, albeit with a higher saturation index. For 509 

pyrite, it can also potentially precipitate at the given range of temperature. Its saturation 510 

index increases from 200°C to 90°C in which it starts to decrease thereafter. Precipitation 511 

of native metals could not be observed in neither thermodynamics modelling nor kinetics 512 

modelling because the modelling software cannot take into account their formation. 513 

When silicates were considered for the thermodynamic model, the results (Table 10) 514 

showed that Si and O take up the majority of the elements until it rendered the rest of the 515 

elements negligeable in the simulated scales. This is not the case at the SsF geothermal 516 

plant as there were tiny amounts of silicate in the actual analyses. A second model was 517 

constructed by excluding the silicates to have a better focus on the known minerals found 518 

at the geothermal plant. 519 

 520 
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Table 14. Comparison between Soultz-sous-Forêts, thermodynamic model, and kinetic model re- 521 
sults in relative percentage by weight 522 

 523 

  Temperature 65 90 120 150 

Pb 

SsF plant analyses 59.7% 56.8% 39.9% 27.3% 

Thermodynamic model 1 0.00% 0.02% 0.00% 0.01% 

Thermodynamic model 2 0.25% 0.52% 0.07% 0.43% 

Kinetic Model 1 8.9% 2.1% 0.95% 0.60% 

Kinetic Model 2 8.9% 2.2% 0.98% 0.78% 

Fe 

SsF plant analyses 5.9% 12.6% 12.1% 23.3% 

Thermodynamic model 1 0.65% 1.34% 1.37% 1.36% 

Thermodynamic model 2 45.9% 45.8% 46.2% 46.2% 

Kinetic Model 1 40.8% 45.1% 44.7% 35.7% 

Kinetic Model 2 40.9% 45.4% 46.0% 46.1% 

As 

SsF plant analyses 9% 8% 13% 7% 

Thermodynamic model 1 0% 0% 0% 0% 

Thermodynamic model 2 0.00% 0.00% 0.00% 0.00% 

Kinetic Model 1 0.14% 0.01% 0.00% 0.00% 

Kinetic Model 2 0.14% 0.01% 0.00% 0.00% 

Sb 

SsF plant analyses 8% 5% 3% 2% 

Thermodynamic model 1 0.01% 0.02% 0.02% 0.01% 

Thermodynamic model 2 0.76% 0.67% 0.48% 0.17% 

Kinetic Model 1 1.13% 0.04% 0.01% 0.00% 

Kinetic Model 2 1.1% 0.04% 0.01% 0.00% 

S 

SsF plant analyses 17% 18% 32% 41% 

Thermodynamic model 1 1.9% 2.7% 2.9% 2.7% 

Thermodynamic model 2 53.1% 53.0% 53.2% 53.2% 

Kinetic Model 1 48.73% 52.2% 51.5% 41.1% 

Kinetic Model 2 48.9% 52.4% 53.0% 53.1% 

 524 

The amount of galena formed in the thermodynamic models is greatly inferior to the 525 

actual scaling at the SsF geothermal plant (Table 14). There is an unusually high amount 526 

of iron and sulfur in the thermodynamic modelling. Furthermore, the quantity of lead is 527 

still in the minority. Another problem is that the thermodynamic modelling simulates the 528 

precipitation of the minerals over a great amount of time which is until the fluid reaches 529 

thermodynamic equilibrium. At the SsF geothermal plant, the precipitation of the miner- 530 

als is not necessarily at thermodynamic equilibrium since the residence time of the brine 531 

in the exchanger is only around three minutes. Furthermore, the initial amount of lead 532 

(Pb) (Table 1a) is smaller than the rest of elements in the brine. This could explain the low 533 

amount of lead found in simulated scales compared to the other elements in this model- 534 

ling method. Thus, the thermodynamic model proved to be not sufficient for the predic- 535 

tion of formation of scales at the SsF geothermal plant and kinetic effect must be consid- 536 

ered. 537 

4.2. Kinetic modelling analysis 538 

The kinetics model with the first set of minerals (Table 12) showed improvements in 539 

the results when compared to the first thermodynamic model (Table 10). The kinetic 540 

model with the first set of minerals (Table 12) has significantly reduced the Si and O 541 
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contents for the temperatures between 65°C and 150°C. This confirms that the kinetic ef- 542 

fect controls the absence of silicates in the SsF scales.  543 

However, for this range of temperature, sulfur (S) and iron (Fe) have the highest con- 544 

centration with the highest percentage being 52.2% and 45.1% respectively (Table 14). Re- 545 

gardless, the concentration of each element for the kinetic model 1 does not reflect the 546 

actual concentration found in the SsF plant analyses. 547 

As for the kinetic model 2, it showed similar improvements in the results to the re- 548 

sults of kinetic model 1. At 65°C, the quantity of lead has increased from 0.25 % (thermo- 549 

dynamic model 2) to 8.9% (kinetic model 2) in the composition of elements found in the 550 

modelled scales (Table 13). However, iron and sulfur are still the major elements in the 551 

modelled scales. The lack of kinetic information on the formation of stibnite could also 552 

lead to inaccuracies in the results such as the low amount of antimony. In addition, the 553 

amount of sulfur present at each temperature is larger than the actual case. The discrep- 554 

ancies can be explained by the conditions of the modelled scales being outside the domain 555 

of validity for temperature and pH of the kinetic information used.  556 

 557 

Table 15. Modification of the first kinetic model. nx: representing the index used in the rates equa- 558 
tion (Appendix B) 559 

 Initial model  Modified model 

Arsenopyrite  n= 1.68 n= 0.8 

Orpiment n2 = -1.26 n2= -1.48 

Stibnite n= 0.5 n= 0.475 

Pyrite 
n1= -0.5 n1= -0.25 

n3= 0.5 n3= 0.55 

 560 

Therefore, to better simulate the scale formation at the SsF geothermal plant, a mod- 561 

ified version of the initial model was created. In this second model, the kinetic information 562 

of the minerals was modified to reflect closely to the analyses done at the geothermal 563 

plant. The kinetic information was purposely modified until the model produces a result 564 

similar to the ones obtained at SsF geothermal plant at one temperature step. The modifi- 565 

cation was done iteratively until the results were in an approximate range of the actual 566 

case. Thus, the modified kinetic information is not indicative of any actual kinetic values. 567 

The two minerals (arsenopyrite and chalcopyrite) were added to compensate for the low 568 

amount of arsenic and the high amount of sulfur and iron. The kinetic information of 569 

chalcopyrite is taken from Zhang et al. (2019) whereas no kinetic data was found on arse- 570 

nopyrite. Thus, the kinetic data of chalcopyrite was taken and modified for arsenopyrite. 571 

Next, the kinetic rate of pyrite was slowed down as this mineral has the greatest influence 572 

on the increases of percentage of iron and sulfur (Table 15). Overall, the kinetic infor- 573 

mation of all the minerals except galena and chalcopyrite was modified to obtain a general 574 

model for the formation of scales.  575 

 576 

Table 16. Mass of elements in percentage for modified kinetics model 577 

Temperature Pb Fe As Sb S Cu Majority 

65 52.2% 5.0% 9.0% 8.5% 22.5% 2.8% Lead 

90 45.6% 16.0% 9.2% 1.2% 25.2% 2.8% Lead 

120 34.9% 23.5% 7.0% 0.42% 29.6% 4.6% Lead 

150 40.1% 22.7% 0.00% 0.01% 32.3% 4.9% Lead 
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175 41.7% 23.0% 0.00% 0.00% 32.8% 2.5% Lead 

200 14.4% 38.0% 0.00% 0.00% 45.8% 1.8% Sulfur 

 578 

 579 

The modified model presented a result that is closer to the analyses of scales at the 580 

geothermal plant (Table 14, Table 16). The percentage of sulfur is still higher than the ac- 581 

tual case but the increase in quantity of sulfur scales better than the unmodified kinetic 582 

information models. The quantity of iron is higher than the actual case for the temperature 583 

between 90°C and 150°C. In addition, there are no other minerals that contains antimony 584 

and arsenic that has a positive saturation index for temperatures above 120°C. This leads 585 

to having small and negligeable quantities of both elements at the mentioned temperature. 586 

All things considered, this model allows a rough prediction on the scale formation when 587 

operating the plant with sulfate scales inhibitors at the SsF geothermal plant as there is 588 

only a small deviation between simulated results and the actual case. The model becomes 589 

less accurate at higher temperatures such as at 150°C because of the lack of antimony and 590 

arsenic at this temperature (Table 14). 591 

For the modelling of scales for the SsF geothermal plant, a lot of information was 592 

lacking such as the kinetic information that is suited for the operating conditions of the 593 

plant. Future studies and analyses on the precipitation of the minerals are to be arranged 594 

to obtain the missing kinetic information and challenge the modified kinetic model. A 595 

laboratory study is necessary to investigate the precipitation of minerals at conditions of 596 

the SsF geothermal plant which is at around pH 5.2 and the temperature range of the ORC 597 

heat exchangers. The kinetic model for pyrite might also not be suitable for modelling the 598 

scales at the pH, pressure, and temperature of SsF geothermal plant which led to inaccu- 599 

racies in the results pertaining the amount of Fe and S. Therefore, the kinetic information 600 

of the precipitation of pyrite as well as galena, arsenopyrite, chalcopyrite, arsenides, sul- 601 

fosalts, selenides and other base metal sulfides are needed to be determined through this 602 

laboratory study so that a proper kinetic model can be constructed.  603 

Furthermore, the inhibition of sulfates such as barium and celestite was just excluded 604 

from the calculation due to lack of information on their kinetics. Therefore, the inhibition 605 

process should also be analyzed and studied to obtain its kinetic information that can be 606 

integrated into the kinetic model. With a proper kinetic model, a more precise result can 607 

be obtained through the simulation on the formation of scales in the pipes and exchanger 608 

at the geothermal plant. Other than that, other reactions aside from precipitation should 609 

also be studied and integrated into the model such as the possibility of heavy metal cor- 610 

rosion in the pipes and heat exchanger as mentioned in Lichti and Brown (2013) [27] and 611 

Lichti et al. (2016) [28]. This phenomenon should be studied at the SsF geothermal plant 612 

and be verified whether it affects the amount of scales formed at the plant. A study should 613 

also be conducted on the possibility of a chemical interaction between FeS and PbS. 614 

 615 

5. Conclusions 616 

From the geochemical analyses done on the SsF geothermal plant, lead is found to be 617 

the major element in the composition of scales formed when operating the plant with sul- 618 

fate anti-scales. The principal mineral formed was identified to be galena. This could 619 

change when additional chemical treatment is added to the process. To have an accurate 620 

prediction on the mineral and elements formed during the scaling phenomenon, a predic- 621 

tion model needs to be created.  622 

The main goal of this study was to better characterize the scales formed at the SsF 623 

geothermal plant by establishing a geochemical model that allows the prediction of the 624 

formation of scales. Intensive bibliographic research was done to complement the ther- 625 

modynamic and kinetic information required for the modelling of the formation of scales 626 
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at the SsF geothermal plant. The two methods of modelling present their own set of chal- 627 

lenges that prevents acquisition of a result that reflects accurately the actual case.  628 

For the thermodynamic modelling, this method is done over a great amount of time 629 

which is impractical for predicting the formation of scales in an actual case. The saturation 630 

index obtained from thermodynamic modelling however is a good indication on which 631 

mineral can precipitate in function of the temperature. 632 

For the kinetic modelling, specific kinetic information such as the rates equation and 633 

the kinetic constant for the precipitation of the mineral are lacking for the desired range 634 

of temperature. Nevertheless, the modelling shows that silicate precipitation is strongly 635 

controlled by kinetic. Additionally, this method allows a more accurate prediction for the 636 

formation of scales with the caveat of having the proper kinetic information.  637 

The results obtained in this study open new perspectives on the issue of lack of ki- 638 

netic information. Bibliographic research was concluded to be insufficient and future la- 639 

boratory studies, tests and analyses should be done on the precipitation of minerals at the 640 

working conditions of the geothermal plant. The scale inhibition should also be analyzed 641 

and studied to be integrated into the current model. Laboratory studies should be done to 642 

identify any additional reactions that contribute to the formation of scales. The kinetic 643 

information obtained from laboratory studies on additional reactions should also be inte- 644 

grated into the current model. With precise kinetic information on the precipitation of the 645 

minerals and considering other possible reactions, a more accurate prediction model can 646 

be created for future uses. 647 
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Appendix A 672 

Table A1. Saturation Index of minerals with potential to precipitate. 673 

 674 

  675 

Pressure (bar) 20 

Temperature (°C) 40 50 60 65 90 120 150 175 200 

SiO2 Amorphous_silica 0.45 0.38 0.32 0.29 0.16 0.03 -0.08 -0.16 -0.24 

CaSO4 Anhydrite -0.98 -0.88 -0.78 -0.73 -0.53 -0.32 -0.1 0.08 0.25 

Cu1,75S Anilite 2.61 1.97 1.31 0.97 -0.55 -1.95 -3.05 -3.86 -4.65 

FeAsS Arsenopyrite -0.52 -0.28 -0.04 0.06 0.3 0.13 -0.24 -0.58 -0.9 

BaSO4 Barite 1.24 1.11 0.99 0.93 0.67 0.4 0.21 0.1 0.01 

FeSb2S4 Berthierite 1.33 1.25 1.17 1.13 0.92 0.63 -0.02 -1.48 -3.15 

Cu5FeS4 Bornite(alpha) 17.03 15.3 13.5 12.59 8.22 3.83 0.17 -2.56 -5.19 

SiO2 Chalcedony 1.16 1.05 0.96 0.91 0.72 0.52 0.34 0.21 0.1 

Cu2S Chalcocite(alpha) 2.75 2.01 1.24 0.85 -0.89 -2.45 -3.66 -4.53 -5.38 

CuFeS2 Chalcopyrite(alpha) 6.21 6.07 5.91 5.8 5.12 4.08 3.01 2.17 1.36 

SiO2 Coesite(alpha) 0.64 0.55 0.47 0.43 0.26 0.09 -0.05 -0.16 -0.26 

CuS Covellite 1.42 1.07 0.71 0.53 -0.36 -1.28 -2.09 -2.7 -3.28 

SiO2 Cristobalite(alpha) 0.89 0.8 0.72 0.68 0.52 0.35 0.21 0.1 0 

SiO2 Cristobalite(beta) 0.83 0.74 0.66 0.62 0.47 0.31 0.17 0.07 -0.02 

Cu1,934S Djurleite 2.76 2.05 1.3 0.93 -0.76 -2.29 -3.47 -4.34 -5.18 

Fe10S11 Fe10S11 -19.75 -15.47 -11.34 -9.49 -2.77 0.56 1.65 1.98 2.14 

Fe11S12 Fe11S12 -21.56 -16.83 -12.28 -10.23 -2.81 0.92 2.19 2.61 2.84 

Fe7,016S8 Fe7,016S8 -11.61 -8.67 -5.83 -4.55 0.01 2.12 2.67 2.74 2.72 

Fe9S10 Fe9S10 -16.97 -13.14 -9.45 -7.79 -1.8 1.11 2 2.23 2.31 

PbS Galena 2.57 2.54 2.51 2.49 2.18 1.6 1 0.53 0.05 

FeS2 Marcassite 4.15 4.39 4.63 4.72 4.87 4.42 3.73 3.13 2.56 

As2S3 Orpiment 0.92 0.97 1.04 1.04 0.58 -0.82 -2.6 -4.1 -5.52 

FeS2 Pyrite 4.84 5.06 5.28 5.36 5.45 4.96 4.23 3.6 3 

SiO2 Quartz(alpha) 1.43 1.31 1.21 1.16 0.95 0.73 0.54 0.4 0.28 

SiO2 Quartz(beta) 1.21 1.11 1.02 0.97 0.78 0.59 0.42 0.29 0.18 

Na2(Fe3Fe2)Si8O22(OH)2 Riebeckite -7.54 -6.95 -6.34 -6.05 -4.66 -3.17 -1.68 -0.44 0.8 

Sb2S3 Stibnite 3.25 2.76 2.29 2.08 1.25 0.7 0.02 -1.4 -3.01 
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Appendix B 676 

The PhreeqC program can be divided into several parts which signifies different sim- 677 

ulation iteration. Every part is ended with the line “End” to carry on to the next simula- 678 

tion. Each part is divided into several sections which has different function when carrying 679 

out the calculation for the modelling of fluids. Certain sections are not mandatory for the 680 

simulation as each of them serves different purposes. The first section is the “Database” 681 

in which we define the database to be use as reference for the calculations. The next section 682 

is “Solution” where the properties of the fluid is defined. The properties of the fluids such 683 

as the temperature, pressure and pH of the fluid is added to this section. Furthermore, the 684 

composition of the fluid is also added to this section. The unit for the concentration of each 685 

component in the fluids are also user-defined. In the case of this study, the unit used is in 686 

mg/kgw. 687 

The “Gas_Phase” is the next section after the “Solution” section. For this section, it 688 

functions similarly as the “Solution” section. In this section, the properties of the gas are 689 

defined and the composition in percentage of the gas is declared. The properties of the gas 690 

can be modified for the different simulation iterations by using the line “Gas Phase Mod- 691 

ify”. This section enables the modification of volume, pressure, and the concentration of 692 

each component of the gas. In the case of this study, this section is only used to modify 693 

the pressure of the gas.  694 

The line “Reaction_Temperature” is used to modify the temperature of the solution 695 

after the first simulation iteration. This section allows the modification of the temperature 696 

of the fluid to another temperature or to a range of temperature. The line “Equilib- 697 

rium_Phases” is used to model and simulate the precipitation of minerals. This section 698 

allows the user to calculate the number of mole of minerals precipitated or dissolved at 699 

thermodynamic equilibrium. The user is required to provide the saturation index of the 700 

corresponding minerals at the desired temperature.  701 

The fluid can also be simulated from a kinetic aspect by using the lines “Rates” and 702 

“Kinetics”. In the “Rates” section, the user is required to provide the rate equation for the 703 

given mineral as well as the kinetics constant of the rate equation. The “Kinetics” section 704 

then uses the information from the “Rates” section to properly calculate the number of 705 

moles of minerals precipitated for a given duration. In this section, the user is required to 706 

provide information on the number of moles of minerals present initially in the fluid, the 707 

desired duration of the precipitation of the minerals, the number of intervals between the 708 

given duration and the type of Runge Kutta equation used. The Runge Kutta method is a 709 

family of implicit and explicit iterative methods that includes the Euler method. This 710 

method is used in temporal discretization for the approximate solution of differential 711 

equations. 712 

The final command line used in the current study is the “Selected_Output” command 713 

line. This section allows the user to output the certain parts of the results of the simulation 714 

into a text fil or a csv file.  715 

 716 

DATABASE C:\phreeqc\database\PHREEQC_ThermoddemV1.10_15Dec2020.dat 717 

SOLUTION 1 718 

 Units mg/L 719 

 Temperature 25.0 720 

 Pressure  1.0 721 

 pH  5.2 722 

  723 

 Cl  55942 724 

 Na  26412  725 

 Ca  7018 726 
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 K  3357 727 

 S  64.4 728 

 Pb  0.113 729 

 Sr  422.415 730 

 Ba  25.55 731 

 Sb  0.0645 732 

 As  9.676 733 

 Fe  26.3 734 

 Si  179 735 

 Cu  0.001 736 

 737 

GAS_PHASE 1 738 

 -Pressure 1.0 739 

 -Fixed_Pressure 740 

 -Temperature 25 741 

 -Volume 1.03 742 

     CO2(g)          0.882 743 

 N2(g)  0.0908 744 

 CH4(g)  0.0239 745 

END 746 

USE SOLUTION 1 747 

USE GAS_PHASE 1 748 

 749 

GAS_PHASE_MODIFY 1 750 

Pressure 19.7385 751 

 752 

RATES 753 

 754 

################ 755 

#arsenopyrite 756 

################ 757 

 758 

 759 

-start 760 

1 rem assuming Fe(III)>1e-4M is the switch point for Fe-promoted mechanism 761 

10 R=8.31451 762 

20 if TOT("Fe(3)")<=1e-4 then J=(10^-1.52)*EXP(-28200/(R*TK))*ACT("H+")^0.8  763 

30 if (parm(1)>0) then SA0=parm(1) else SA0=1 764 

40 if (M0<=0) then SA=SA0 else SA=SA0* (M/M0)^0.67 765 

70 SR_mineral=SR("Arsenopyrite") 766 

80 if (M<0) then goto 150 767 

90 if (M=0 and SR_mineral<1) then goto 150 768 

100 rate=J*SA*(1-SR_mineral) *parm(2) 769 

120 moles=rate*Time 770 

150 Save moles 771 

-end 772 

 773 

################ 774 

# chalcopyrite (Kimball et al 2010) 775 

################ 776 

chalcopyrite(alpha) 777 

 778 

# experimental condition range T=4-100C, pH=0-5, log C(Fe+++)=-5-0 779 
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 780 

-start 781 

1 rem assuming Fe(III)>1e-4M is the switch point for Fe-promoted mechanism 782 

10 R=8.31451 783 

20 if TOT("Fe(3)")<=1e-4 then J=(10^-1.52)*EXP(-28200/(R*TK))*ACT("H+")^1.68 else 784 

J=(10^1.88)*EXP(-      785 

   48100/(R*TK))*ACT("H+")^0.8*TOT("Fe(3)")^0.42 786 

30 if (parm(1)>0) then SA0=parm(1) else SA0=1 787 

40 if (M0<=0) then SA=SA0 else SA=SA0* (M/M0)^0.67 788 

70 SR_mineral=SR("Chalcopyrite(alpha)") 789 

80 if (M<0) then goto 150 790 

90 if (M=0 and SR_mineral<1) then goto 150 791 

100 rate=J*SA*(1-SR_mineral)*parm(2) 792 

120 moles=rate*Time 793 

150 Save moles 794 

-end 795 

 796 

################ 797 

# Galena (Acero et al, 2007)  798 

################ 799 

Galena 800 

 801 

# experimental condition range T=25-70C, pH=1-3 802 

 803 

-start 804 

1 rem unit should be mol, kgw-1 and second-1 805 

2 rem parm(1) is surface area in the unit of m2/kgw 806 

3 rem calculation of surface area can be found in the note  807 

4 rem M is current moles of minerals 808 

5 rem M0 is the initial moles of minerals 809 

6 rem parm(2) is a correction factor 810 

40 SR_mineral=SR("Galena") 811 

41 if (M<0) then goto 200 812 

42 if (M=0 and SR_mineral<1) then goto 200 813 

43 if (M0<=0) then SA=PARM(1) else SA=PARM(1)*(M/M0)^0.67 814 

50 if (SA<=0) then SA=1 815 

60 R=8.31451 816 

70 J=10^-5.7*exp(-23000/R/TK)*ACT("H+")^0.43 817 

90 Rate=J*(1-Sr_mineral)*SA*parm(2) 818 

100 moles=Rate*Time 819 

200 save moles 820 

-end 821 

 822 

 823 

########### 824 

#As2S3(a) 825 

########### 826 

Orpiment 827 

 828 

# from Palandri and Kharaka 2004 829 

# experimental condition range T=25-40C, pH=7.3-9.4 830 

 831 

-start 832 
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1 rem unit should be mol,kgw-1 and second-1 833 

2 rem parm(1) is surface area in the unit of m2/kgw 834 

3 rem calculation of surface area can be found in the note  835 

4 rem M is current moles of minerals. M0 is the initial moles of minerals 836 

5 rem parm(2) is a correction factor 837 

10 rem acid solution parameters 838 

11 a1=0 839 

12 E1=0 840 

13 n1=0 841 

20 rem neutral solution parameters 842 

21 a2=4.95E-09 843 

22 E2=8700 844 

23 n3=0.180 845 

30 rem base solution parameters 846 

31 a3=1.36E-16 847 

32 E3=8700 848 

33 n2=-1.48 849 

36 rem rate=0 if no minerals and undersaturated 850 

40 SR_mineral=SR("ORPIMENT") 851 

41 if (M<0) then goto 200 852 

42 if (M=0 and SR_mineral<1) then goto 200 853 

43 if (M0<=0) then SA=PARM(1) else SA=PARM(1)*(M/M0)^0.67 854 

50 if (SA<=0) then SA=1 855 

60 R=8.31451 856 

75 Rate1=a1*EXP(-E1/R/TK)*ACT("H+")^n1  #acid rate expression 857 

80 Rate2=a2*EXP(-E2/R/TK)*ACT("O2")^n3               #neutral rate expression 858 

85 Rate3=a3*EXP(-E3/R/TK)*ACT("H+")^n2    #base rate expression 859 

90 Rate=(Rate1+Rate3)*(1-Sr_mineral)*SA*parm(2) 860 

100 moles= rate*Time 861 

200 save moles 862 

-end 863 

  864 

############## 865 

#pyrite 866 

############ 867 

pyrite 868 

# from Palandri and Kharaka 2004 869 

# experimental condition range T=20-40C, pH=1-4 870 

 871 

-start 872 

1 rem unit should be mol,kgw-1 and second-1 873 

2 rem parm(1) is surface area in the unit of m2/kgw 874 

3 rem calculation of surface area can be found in the note  875 

4 rem M is current moles of minerals. M0 is the initial moles of minerals 876 

5 rem parm(2) is a correction factor 877 

10 rem acid solution parameters 878 

11 a1=2.82E+02   879 

12 E1=56900 880 

13 n1=-0.25 881 

14 n3=0.55 882 

30 rem neutral solution parameters 883 

31 a3=2.64E+05   884 

32 E3=56900 885 
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33 n2=0.500 886 

36 rem rate=0 if no minerals and undersaturated 887 

40 SR_mineral=SR("pyrite") 888 

41 if (M<0) then goto 200 889 

42 if (M=0 and SR_mineral<1) then goto 200 890 

43 if (M0<=0) then SA=PARM(1) else SA=PARM(1)*(M/M0)^0.67 891 

50 if (SA<=0) then SA=1 892 

60 R=8.31451 893 

75 Rate1=a1*EXP(-E1/R/TK)*ACT("H+")^n1*ACT("Fe+3")^n3  #acid rate expression 894 

80 Rate2=a2*EXP(-E2/R/TK)*ACT("O2")               #neutral rate expression 895 

90 Rate=(Rate1)*(1-Sr_mineral)*SA*parm(2) 896 

100 moles= rate*Time 897 

200 save moles 898 

-end 899 

  900 

Stibnite 901 

-start 902 

   903 

1 rem unit should be mol,kgw-1 and second-1 904 

2 rem parm(1) is surface area in the unit of m2/k g w 905 

3 rem calculation of surface area can be found in the note  906 

4 rem M is current moles of minerals 907 

5 rem M0 is the initial moles of minerals 908 

6 rem parm(2) is a correction factor 909 

40 SR_mineral= SR("Stibnite") 910 

41 if (M<0) then goto 200 911 

42 if (M=0 and SR_mineral<1) then goto 200 912 

43 if (M0<=0) then SA=PARM(1) else SA=PARM(1)*(M/M0)^0.67 913 

50 if (SA<=0) then SA=1 914 

60 k=1.25E-10*EXP(298.2/TK) 915 

70 J=k*ACT("H+")^0.475 916 

90 Rate=J*(1-SR_mineral)*SA*parm(2) 917 

100 moles=Rate*Time 918 

200 save moles 919 

-end 920 

 921 

KINETICS 922 

 923 

 Arsenopyrite 924 

  -M 0.0 925 

  -M0 0.0 926 

  -parms 1.0 1.0 927 

  -tol  1e-8 928 

 -steps 1 minute 929 

 -step_divide 10 930 

 -runge_kutta 3 931 

  932 

 Chalcopyrite(alpha) 933 

  -M 0.0 934 

  -M0 0.0 935 

  -parms 1.0 1.0 936 

  -tol  1e-8 937 

 -steps 1 minute 938 
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 -step_divide 10 939 

 -runge_kutta 3 940 

 941 

 Galena 942 

  -M 0.0 943 

  -M0 0.0 944 

  -parms 1.0 1.0 945 

  -tol  1e-8 946 

 -steps 1 minute 947 

 -step_divide 10 948 

 -runge_kutta 3 949 

  950 

 Orpiment 951 

  -M 0.0 952 

  -M0 0.0 953 

  -parms 1.0 1.0 954 

  -tol  1e-8 955 

 -steps 1 minute 956 

 -step_divide 10 957 

 -runge_kutta 3 958 

  959 

 Pyrite 960 

  -M 0.0 961 

  -M0 0.0 962 

  -parms 1.0 1.0 963 

  -tol  1e-8 964 

 -steps 1 minute 965 

 -step_divide 10 966 

 -runge_kutta 3 967 

  968 

 Stibnite 969 

  -M 0.0 970 

  -M0 0.0 971 

  -parms 1.0 1.0 972 

  -tol  1e-8 973 

 -steps 1 minute 974 

 -step_divide 10 975 

 -runge_kutta 3 976 

 977 

 978 

 979 

 980 

REACTION_TEMPERATURE 1 981 

 40.0 50.0 60.0 65.0 90.0 120.0 150.0 175.0 200.0 982 

 983 

EQUILIBRIUM_PHASES 984 

40°C 985 

Amorphous_silica 0.45  0.0 986 

Barite   1.24  0.0 987 

Chalcedony  1.16  0.0 988 

Coesite(alpha)  0.64  0.0 989 

Cristobalite(alpha) 0.89  0.0 990 
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Cristobalite(beta) 0.83  0.0 991 

Quartz(alpha)  1.43  0.0 992 

Quartz(beta)  1.21  0.0 993 

Anilite   2.61  0.0 994 

Berthierite   1.33  0.0 995 

Bornite(alpha)  17.03 0.0 996 

Chalcocite(alpha) 2.75  0.0 997 

Chalcopyrite(alpha) 6.21  0.0 998 

Covellite   1.42  0.0 999 

Djurleite   2.76  0.0 1000 

Galena   2.57  0.0 1001 

Marcassite   4.15  0.0 1002 

Orpiment   0.92  0.0 1003 

Pyrite   4.84  0.0 1004 

Stibnite   3.25  0.0 1005 

 1006 

 1007 

 1008 
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14. Ledésert, B.A; Hébert, R.L.; Mouchot, J.; Bosia, C.; Ravier, G.; Seibel, O.; Dalmais, E.; Ledésert, M.; Trullenque, G.; Sengelen, X.; 1043 
Genter, A.  Scaling in a Geothermal Heat Exchanger at Soultz-sous-Forêts (Upper Rhine Graben, France): A XRD and SEM- 1044 
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