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Supplementary Geothermal Project (SGP) from California Energy Commission

for the DOE Original Geothermal Project (OGP): USC-et al-DOE -071509-2-2  
ABSTRACT

The proposed effort (to be referred to as the Supplementary Geothermal Project or SGP) will complement and enhance the ongoing Geothermal-DOE -071509-2-2 project (to be referred to as .the Original Geothermal Project or OGP).  OGP is a joint initiative between the University of Southern California (USC), Geysers Power Company, (GPC) and Lawrence Berkeley National Laboratory (LBNL), to develop improved methods for better characterization of fractures and fluid flow paths in an enhanced geothermal system (EGS). SGP will address the following two comments by the reviewers of the OGP, namely the addition of geo-mechanical modeling (task 1) and the addition of a reservoir modeler (task 2). In our formal response to these comments (see Appendix 1) we state that USC team has the capability and technical know-how necessary to address these issues. The funds we are requesting will be used to work on those two tasks. No external resources are going to be needed to accomplish these tasks. The ultimate objective of SGP is to enhance OGP by developing new geo-mechanical and reservoir modeler to test and better understand the relationship between fracture creation and changes in fluid pressure and temperature. The new concepts derived from SGP, as was the case with OGP, will be tested at the Geysers geothermal reservoir (Sonoma County, California). This will provide us with even better knowledge of the thermo-hydro-mechanical processes within Geysers geothermal reservoir. 

INTRODUCTION
The proposed program will focus on predicting the complex interplay between micro-seismicity and fluid pathways. Detection of dynamic changes to seismic discontinuities and calibrating the model with the existing seismic data is of special interest in this work. Furthermore, we gain a better understanding of the dynamic behavior of the fractures by modifying the permeability as a function of fracture normal strain. The main motivation to prepare this supplementary proposal is to address the specific comments of the reviewers of our ongoing project, DOE -071509-2-2 as highlighted in Appendix 1 (highlighted items). Specifically, we will concentrate on the following two tasks:

Task 1-Geomechanical modeling (fluid flow through a changing fracture network This task will focus on developing new methods to relate fracture creation to changes in fluid pressure and temperature. This will be accomplished by coupling the flow equations to the deformation equation (assuming, for example, an elastic model for the deformation). We will also investigate an alternative simpler alternative by deforming the sample for a (short) time and then simulate flow in deformed medium, then resume the deformation, simulate fluid flow again. These two alternatives will be considered and we will reach conclusions on their effectiveness as well as cost consideration.

Task 2- Reservoir modeler 

We will develop the underlining geological model of the reservoir, and address the related issues on up-scaling it for reservoir simulations, and numerical simulation of multiphase flow in the reservoir.

Statement of Project Objectives and Technical Details: 

The main objective of the project is to characterize reservoir fluid pathways and better understand how the fluid propagates in channelized, well defined pathways. Coupling fluid flow and geomechanics enables us to develop the spatial distributions of the porosity, permeability, stress, and strain along with temperature distribution in the northwest part of the Geysers. The spatial permeability map of the field enables us to determine the impact of water injection in the fracture system, and use the information to better exploit the geothermal reservoir in the northwest part of the field.

We will accomplish these goals by conducting the above mentioned two tasks. Additional technical details of these two tasks are provided below:

Technical Details of Task 1-Geomechanical modeling 
To accomplish the goals of the project, we will start using the existing software developed by LBNL. Utilizing USC team expertise, we will develop additional modeling software to enhance and complement the current software capabilities. We will accomplish this by coupling the flow equations and the deformation equation (assuming, for example, a pore-elastic model for the deformation). Alternatively, in a simpler form, we will deform the sample for a (short) time and then simulate flow in deformed medium, then resume the deformation and repeat simulation of the fluid flow.
It is generally believed that the stresses generated by poromechanical, and thermal processes cause fracture opening and slip in EGS (Ghassemi and Zhang, 2005; Mossop, 2001). These processes occur at different time scales and their significance depends on the problem of interest. For example, the thermo-mechanical coupling is important during the injection operation (time scale of months to years). It can be expected that changes in pore pressure may influence deformation on a discontinuity much more rapidly than the temperature (Ghassemi and Zhang, 2005). As a result, injection-related seismicity is often attributed to shear slip on natural fractures caused by a reduction of the normal stress across the fractures in response to an increase in the reservoir pore pressure. It is, therefore, commonly suggested that micro-seismic activity is indicative of water flow and enhanced permeability. 
The above, of course, is not always the case. As it has been pointed out, (e.g. Cornet and Jianmin, 1995; Cornet et al., 1997) a pore pressure increase does not necessarily correspond to the existence of flow. Furthermore, injection pressure in geothermal reservoirs is often insufficient to open a fracture, pointing to the importance of thermal stresses. According to Stark (1990), half the earthquakes in the Geysers geothermal field appears to be related to cold water injection at less than critical injection pressures (Mossop, 2001). The behavior of joints and other discontinuities and their response to fluid injection or injection induced seismicity plays an important role in heat extraction from enhanced geothermal systems, hence, the development of a suitable model for analysis of coupled multiphase fluid flow, heat transfer, and deformation in the Geysers geothermal field will be a great help in this respect. Incorporating the seismicity data with the numerical simulation of fluid front using the coupled thermal-hydrologic-mechanical numerical modeling would enable us to forecast the complex interplay between micro-seismicity and fluid pathways. As shown in figure 1, the stress paths can be developed monitoring the induced seismic response and as a result, fluid flow pathways can be detected.
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  Fig.1 Possible Induced Seismic responses in different reservoir sections ( adopted from Rutqvist et al. 2006)
For mechanical behavior in the Northwest part of the Geysers geothermal field, we will use a code which enables us to calculate coupled hydrological-mechanical and thermo-mechanical responses of the field in 3D. The module will contain various models for mechanical behavior of soil, rock and faults and it will have multi-phase fluid flow capabilities.
Furthermore, we will simulate stress and strain induced by reservoir steam production and compare the results with the observed changes in temperature, pressure and ground settlements. This will enable us to evaluate potential mechanisms for induced seismicity from the simulated evolution of the stress field (Rutqvist et al. 2006).  Coupled reservoir-geomechanical simulations show that during underground fluid injection, the in-situ stress field does not remain constant, but rather evolves in time and space, controlled by the evolutions of fluid pressure and temperature, and by site-specific structural geometry (Rutqvist and Tsang, 2005). Such poroelastic and thermal-elastic stressing may change the in-situ stress field in such a way that failure could be induced. Using the coupled reservoir-geomechanical numerical analysis, the shear-slip analysis can be fully integrated with the multiphase fluid-flow reservoir analysis of the field, and can therefore be used for design and optimization of injection/withdrawal operations. This would result in optimizing geothermal steam production while minimizing the induced seismicity.

Technical Details of Task 2- Reservoir modeler.

For fluid and heat transport within the Geysers geothermal field, we will use a module that can handle multiphase and multi-component fluid flow while calculating coupled fluid flow and heat transport within the geothermal reservoir. The input data needed to characterize the flow system include hydrogeologic parameters and constitutive relations of the fractured medium, thermophysical properties of fluids, initial and boundary conditions of the flow system and sinks and sources. The fluid flow and heat transfer equations will be solved for two phase, 3D flow to obtain pressure and temperature and fluid saturation distribution within the geothermal field leading to more comprehensive and an accurate description of reservoir processes. 


The fluid flow and heat transfer equations will account for the phase change (boiling and condensation), the nonisothermal nature of flow and highly nonlinear nature of flow which are among the important issues for geothermal reservoir modeling. 


By generating the reservoir performance predictions using the conventional forward reservoir simulation, we proceed to compare the field data and based on the observed mismatch, the parameters of the numerical model will be automatically revised in a manner that will reduce the mismatch. The process of automated revision is continued until an optimized model calibration is reached. The depicted diagram of figure 2 shows the model calibration process. 

The flow diagram depicted in Figure 3 highlights the implementation of the proposed simulation.
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Figure. 3 Flow diagram for implementation of the proposed simulation
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     Fig. 2 Flow diagram for inverse modeling and calibration of the model
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