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Abstract
Simulations of CaCO3 scale formation during flow in geothermal installations are going to be performed. The development of the reaction scheme is based on lab-scale experiments. In this work, a dynamic optimization of the fouling process in the Soult-sous-Forêts geothermal plant is being considered using the gPROMS distributed process modeling capabilities. gPROMS (general PROcess Modeling System) is a simulation tool widely used for creating and executing models of any level of complexity, particularly in areas characterized by complex physical and chemical phenomena as those encountered in geothermal environments. Once an accurate predictive model is available it can be used for many different activities in analyzing and optimizing a wide range of aspects of design and operation. The result is improved design solutions, such as equipment dimensions, control tuning values and set point trajectories, with capital and operational savings that will be realized over the lifetime of the plant. 

The work considers also some of the issues associated with the generation and reliability of the laboratory data used in the construction of the model. The new laboratory scale data have been acquired from a series of tube blocking experiments using a nuclear technique.
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1. Introduction

The Soultz-sous-Forêts geothermal field is on the Alsace region in northeast France. The field is a Hot Dry Rock (HDR) reservoir and its location is shown in figure 1. The reservoir extends along NNW/SSE, about 500 m wide, 1500 m long and 1500 m tall.
The fracture network at Soultz-sous-Forêts has been explored down to 5000 m depth. The predicted temperature of 200° C was measured at a depth of 4950 m. Within the volume, which has been investigated the network appears to be stable and to have the desired properties. GPK2 is planned as a production well for the Scientific Pilot Plant. The final planned Scientific Pilot Plant module is a 3-well system consisting of one injector and two producers, one on each side of the injector. All wells are started from a single platform using the existing deep well GPK2 as one of the producers. A hydraulic stimulation was led in July 2000 for GPK2 well, one year after deepening it up to 5000 m. The geochemical results obtained during the monitoring of the fluid produced from this well have been provided to our research group in order to study calcite scaling tendency. It was found that CaCO3 is one of the most annoying scales for that field.
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Figure 1. The European HDR-project is situated in Soultz-sous-Forêts, France, at the western border of the Rhine Graben.

According to Vetter (Vetter & Kandarpa, 1980), calcium carbonate scale (CaCO3) is one of the most common and most annoying scales in geological environments such as oilfield and geothermal applications. In the reservoir, the geothermal fluid is in chemical equilibrium with its surroundings at specific temperature and pressure. It may or may not be saturated with respect to any given minerals. But as the geothermal fluid is produced the equilibrium is disturbed by going to a lower temperature and pressure. In order to manage a potential scale problem, it is important to know when, where and how much CaCO3 will be deposited during production. Effective prediction of scaling requires a reliable thermodynamic model for the prediction of the scaling tendency, a kinetic model for the prediction of scaling rate and a transport model to simulate flow along the flow path. Considerable work has been carried out in our laboratories to understand all physicochemical factors influencing calcite deposition using nuclear monitoring techniques (Stamatakis et al., 2006). The new data acquired from those experiments are incorporated into certain existing calcite kinetic models in order to check their performance. In addition, the profile of the scale formed in our tube blocking tests are monitored and going to be compared with the predicted results from the simulations. Finally, a dynamic optimization of the fouling process in the Soult-sous-Forêts geothermal plant will be demonstrated using the gPROMS advanced distributed process modeling capabilities. gPROMS (general PROcess Modeling System) is a simulation tool widely used for creating and executing models of any level of complexity, particularly in areas characterized by complex physical and chemical phenomena as those encountered in geothermal environments. Once an accurate predictive model is available it can be used for many different activities in analyzing and optimizing a wide range of aspects of design and operation. The result is improved design solutions, such as equipment dimensions, control tuning values and set point trajectories, with capital and operational savings that will be realized over the lifetime of the plant. 

Figure 2 shows the topology (using gPROMS) of the corresponding geothermal facility design at Soultz. 
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Figure 2. Designed topology of the geothermal facility using gPROMS.

The overall objective of this study is the scaling management optimization (optimize the surface processes in order to minimize the impact of calcite scaling). It is understood that the only parameter available for optimization is the pressure, which currently is held at 20 bars in order to avoid scaling.
2. The chemical system

The sparingly soluble CaCO3 may form when a solution is supersaturated with respect to this, that is, when the product of the precipitating ions concentrations exceeds the solubility product. Atkinson & Mecik (1994, 1997) tried to find the effect of temperature and pressure on CaCO3 dissolution.  They supported that in the presence of a gas phase in the system CaCO3  equilibrium can be written as:

CaCO3(s) + CO2(g) + H2O   
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 Ca2+(aq) + 2HCO3-(aq)            [1]

While in the absence of a gas phase as:

CaCO3(s) + CO2(aq + H2O   
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 Ca2+(aq) + 2HCO3-(aq)            [2]

The temperature dependence of these equilibria is given in Table 1 together with the equilibrium that connects reactions [1] and [2]. 

The main complication here is the occurrence of CO2(g) in reaction [1]. The molar volume of CO2(g) varies greatly with both temperature and pressure. The effect of pressure on CaCO3 dissolution from the work of Atkinson & Mecik are summarized in Table 2.
Table 1. Temperature-dependent constants for lnk 
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Table 2. Effect of pressure on CaCO3 dissolution
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3. The experimental system

Two different nuclear techniques have been designed and evaluated in the lab for the real-time measurements of scale formation under flow conditions. Both methods are capable to visualize the distribution of the scale deposits, a result that is not readily obtained by methods commonly used in conventional dynamic scaling experiments. Furthermore, the techniques are sensitive to scaling, resulting generally in shorter induction times compared currently employed methods (based on pressure drop). The methodologies can be easily used for the laboratory investigation of the scaling processes occurring in geological systems, including oilfield, geothermal and hydrology applications and for all kind of mineral scales (Stamatakis et al., 2006).

Calcite formation has been investigated in the lab-scale in absence and presence of scale inhibitors. A number of runs have been successfully performed where the desired experimental conditions have been evaluated and tested using both techniques.

4. Mathematical modeling

A fouling model must take into account all the relevant factors along the flow path in geothermal installations, such as fluid velocity, fluid composition, pressure and temperature. It is generally agreed that fouling is controlled by balk or layer reactions or a combination of both. For small supersaturations, there is no precipitation in the fluid bulk and ionic species seem to be consumed only through a pipe surface reaction in creating a crystalline deposit (scale). For larger supersaturations, scale formation on the pipe surface proceeds as a combination of ionic and particulate deposition (Kostoglou & Karabelas, 1998).

The key step in studying fouling is to capture the interrelationship between the chemical reactions, which give rise to deposition and the fluid mechanisms encountered along the flow path. Here, the necessary heat and mass transfer equations are coupled with the equations which describe the formation of calcite deposits in the transfer pipelines and heat exchanger. The reaction/mass transfer scheme is shown in Figure 3. The overall model involves a coupled set of partial and ordinary differential and algebraic equations which can be described in gPROMS using its distributed process modelling capabilities. Those capabilities permit a detailed description of the fouling phenomena, and their variation over time and spatial position, leading to an accurate characterization of their effect on e.g. heat transfer.
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Figure 3. The calcite reaction scheme used in the fouling model.

5. Parameter estimation

Before using the model to predict the dynamic behaviour of the process, we need to validate it and estimate the values of several unknown model parameters based on the data gathered from our experimentations. This type of analysis can be easily performed using the built-in parameter estimation capabilities of gPROMS. Thus, the mathematical model is used to estimate the values of the unknown parameters, such as heat transfer coefficients, that best match the experimental data over time.

6. Optimal design and operation of the plant

The optimization procedure proposed determines the optimal operating system pressure in order to minimize the impact of calcite scaling. The complexity of the dynamic optimization problem arises primarily from the distributed and highly nonlinear nature of the system model. There are two main issues which must be taken into consideration when establishing optimal control strategies for this problem. The first issue is to ensure that no precipitation occurs and the system operates above its bubble point at all times. The second issue is to seek for the best economic performance. However, because of the complexity of the underlying physical process, it is often difficult to define simple strategies in order to address these two issues and take at the same time into account all operating constraints.
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