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Open Meeting on Enhanced Geothermal Systems

Summary Report
Executive Summary 
At the request of the U.S. Department of Energy (DOE), the Committee on Earth Resources of the National Research Council (NRC) held an open meeting on the topic of Enhanced Geothermal Systems (EGS) on September 26-27, 2002, in Reno, Nevada.  EGS are geothermal reservoirs whose productivity and/or lifetime have been enhanced through the application of technology.  In the future, the Department of Energy expects to allocate a significant amount of Geothermal Program funding to EGS.  The meeting’s purpose was to present the current understanding of EGS and to enable a decision on whether NRC should undertake a study on EGS for DOE.  The views expressed in this document are those of DOE staff and the participants in the meeting and do not necessarily reflect the views of the NRC Committee on Earth Resources.

The meeting opened with a series of presentations on past and ongoing domestic and international EGS projects.  A panel discussion followed, examining the technical and economic challenges of EGS.  The bulk of the meeting involved open discussion of relevant issues affecting the successful use of EGS.

Work at several sites worldwide has identified technical problems that must be overcome in order to enable the development of Enhanced Geothermal Systems.   Ongoing projects, particularly in Europe, are making progress in solving some of these problems. Prediction of EGS performance depends both on the availability of data from long-term tests at near commercial scale and improved modeling capabilities.  Several approaches to EGS R&D were proposed, each with advantages and disadvantages.  The participants did not agree on which approach was preferable.

A number of fundamental technical questions will require more attention from researchers.  For example, whether to use high or low injection rates to develop fracture permeability has emerged as a key technical issue.  Whereas high injection rates had been considered essential to fracturing rock over reasonable distances, low injection rates, just at the critical pressure for fracturing, have been used successfully in Europe.  The relative importance of induced versus natural fractures remains unresolved, and the ability of a system to sustain long-term commercial production remains unknown.

Participants discussed the respective roles of government and industry in EGS research.  While some industry involvement is essential to ensure market application of research results and relevance of research projects, heavy investment by industry is likely to constrain public dissemination of information.  The long-term nature of geothermal research drives government participation.  Industry prefers to perform low-risk, incremental research that is unlikely to result in major technical advances.

Some industry players perceive niche markets involving relatively modest advances in EGS technology to be the best market opportunities.  Others, such as Shell, consider conventional geothermal markets too small and too competitive to deserve significant attention, opting instead for the advantages of EGS.  Preliminary analyses suggest that Enhanced Geothermal Systems will initially be only moderately more expensive than conventional geothermal systems.

The meeting included discussion of the ability of geothermal energy to meet a meaningful amount of the nation’s electrical demand.  Of the nation’s geothermal resources, only the hydrothermal resources have been assessed.  Advanced technology, such as EGS, was not considered in making the assessments.  However, estimates indicate that there is a very large thermal base available for development when EGS technology becomes economically available.

An NRC study would be valuable as an objective viewpoint on the technology.  The study should identify whether EGS can contribute to meeting future domestic energy requirements, and the issues associated with making that contribution.

A. Introduction

Subsequent to the Geothermal Resources Council 2002 Annual Meeting in Reno, Nevada, in September 2002, the National Research Council (NRC) Committee on Earth Resources held an open meeting on the topic of Enhanced Geothermal Systems (EGS) at the request of the U.S. Department of Energy (DOE).  EGS are geothermal reservoirs which have had their productivity and/or lifetime enhanced through the application of technology.  The meeting’s purpose was to gather information on whether the NRC should propose to undertake a study of EGS for the U.S. Department of Energy.  The views expressed in this document are those of DOE staff and the participants in the meeting, and do not necessarily represent the views of the NRC Committee on Earth Resources.

After opening remarks and introductions by Susan Landon, Chairperson of the Committee on Earth Resources, the meeting began with a presentation on Federal EGS activities, continued with discussions of prominent geothermal projects and issues relevant to EGS, and ended with open discussion of challenges and approaches to EGS research and development.  The meeting agenda is included herein as Attachment A, and the list of attendees is provided as Attachment B.  Summary notes of the meeting are given as follows.

B. Invited Presentations

Overview of the U.S. Geothermal Energy Program
Allan Jelacic, U.S. DOE

The Geothermal Program goals are to reduce the cost of geothermal energy to 3 to 5 cents/kWh by 2010; double the number of states producing geothermal power by 2006; and meet the power needs of 7 million homes by 2015.   

The Program’s research and development (R&D) activities have three elements:  Geosciences (with an emphasis on EGS), funded at approximately $7 million in FY2002; Exploration and Drilling (including detection and mapping of new resources and innovative drilling technology), funded at just over $8 million in 2002; and Energy Systems Research and Testing, funded at approximately $7 million in 2002.

Within the overall budget, the Program has identified three research areas of increased priority:  EGS received about $1.6 million in FY02, slated to increase to $3.5 million in FY03;
Detection and Mapping received $3.0 million in FY02, increasing to $6.0 million in FY03; and Innovative Drilling received $4.8 million in FY02, increasing to $6.0 million in FY03.

Based on current estimates, the identified U.S. hydrothermal resource is about 20 GW.  A larger amount is needed to justify further public investment in the Program, given a national power demand approaching 1000 GW.  Engineered geothermal reservoirs (i.e. EGS) have the potential to provide the necessary increase in potential, and for this reason EGS is the focus of attention.  EGS technology typically involves the stimulation or fracturing of hot rock with the intent of creating or enhancing a geothermal reservoir to produce useful amounts of thermal energy.  Terms often used synonymously with  EGS include Hot Fractured Rock, Hot Wet Rock, and Hot Dry Rock. EGS has the potential to provide numerous benefits, including increased field productivity; extended field lifetime; expanded geothermal resource potential; flexibility in the siting of fields; sizing flexibility; and environmental mitigation through closed-cycle heat transfer.
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The Geothermal Technologies Program’s objective for EGS is to enable the development of an additional 20 GW of geothermal power by 2020.  A key research need for success is to understand all aspects of fractures, including fracture geometry, fracture permeability, rock mechanics, fluid fracture/matrix interaction, fracture stimulation, and so forth.  
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The EGS program is evolving beyond laboratory-based technology development to include field projects in partnership with industry.  The program’s field strategy consists of applying EGS technology in three phases:  (1) expansion of an existing geothermal reservoir; (2) commercial production from a non-productive reservoir; (3) creation of a new reservoir.  The strategy is being implemented at three EGS field projects:  

· The first project, in partnership with the University of Utah and Caithness Corporation, is intended to expand an existing geothermal field (phase (1)).  The goal is to achieve an additional 20 MWe production for the Coso Geothermal Field at China Lake, California.  The project costs $12.5 million in total, with DOE providing $4.5 million.

· The other projects are intended to produce from formerly non-productive reservoirs (phase (2)). The first one, with Calpine Energy, involves acidification and fracturing of a reservoir at Glass Mountain, California, for a proposed 49 MWe plant.  The second, with ORMAT International, is for a new 3-5 MWe plant at Desert Peak East, Nevada.

The development of an EGS project for phase (3) is dependent on the success of phases (1) and (2).  We are optimistic about the future of EGS technology and its impact on geothermal development in the U.S.

History of the Fenton Hill Hot Dry Rock Project

Michael Fehler, Los Alamos National Laboratory

The long-running Fenton Hill Hot Dry Rock project was a predecessor to today’s EGS program.

In theory, an EGS site could be engineered anywhere. Because the system is manufactured, all parameters are susceptible to control:

· Temperature can be controlled by choosing well depth.

· The size of the system can be controlled by controlling the amount of water injected.

· The properties of the circulating (injected) fluid can be controlled through chemistry.

· The injection flow rate controls the production pressure.

· The well can be placed for optimal recovery of heat and optimal flow path length.

· Water loss may be controllable (because it is difficult to predict the conductivity of a stimulated system, it would also be difficult to control water loss).

· Reservoir flow impedance would also be controllable.

The Fenton Hill site location was coincidentally chosen at the site of a forest fire, but the site was also known for its available heat (Valles Caldera) and tight rock (a Precambrian crystalline basement accessible through a shallow veneer of volcanics and sediments).  In retrospect, the compressive nature of the local tectonic regime may be one of the reasons the project was not as successful as originally hoped.

The project took 20 years from concept to long-term field testing, partly due to being the first of its kind.  In the future it will be imperative to have economic justification for a project as large as this one.  The total cost was approximately $175 million from 1975 through 1995, mostly from U.S. DOE, but with some support ($32.5 million) from Germany and Japan.

Instrumentation was an issue due to the lack of high-temperature tools.  New tools were developed, some of which were transferred to industry and some of which were abandoned.  The biggest problem was a lack of available technology for downhole instrumentation in a ~275-300o C environment.

Phase I at Fenton Hill was a relatively small-scale proof-of-concept experiment.  Two wells were drilled to 10,000 feet (3000 m), at a temperature of 180 C (the low temperature was chosen to minimize technical problems with higher temperature systems).  Several injection periods were used to stimulate fracturing and create a reservoir.  The program developed microseismicity monitoring, reservoir modeling, and fluid tracers.  The reservoir had a few major fractures.  Cross-well seismic imaging showed the velocity could be interpreted to show temperature changes.  The program concluded that lifetime and capacity were determined by the fracture size, amount of thermal stress cracking, and maintenance of permeability. 

Phase II was a larger-scale engineering phase.  Two wells were drilled to 13000 feet (4000 m) and a temperature of 240 C.  A reservoir was created through several massive hydraulic fractures, with the second well drilled into the manufactured reservoir based on seismic characterization.

Two flow tests were performed.  During the second, larger test (a one-year test at a flow rate of about 100 gal/min) water loss decreased (it could be interpreted as diffusion from a point source with slow differential loss [a few gallons per minute] at the boundary of a spherical shell), and production temperature was stable (water temperature remained constant, but temperature of induced fractures seemed to decline). Most impedance was near the production well, and there was little or no seismicity.   The reservoir volume grew by a factor of 10-20, measured using tracers and seismic monitoring.

Models of thermal drawdown vs. fracture spacing show that one cannot predict future performance from a test where the duration and flow rate do not cause thermal decline.

The Fenton Hill data show that seismic (P-wave) velocity is a linear function of temperature; this relationship can be used to tell where heat is being extracted.

Based on models, it was believed that fluid chemistry (precipitation/dissolution) would be an issue, but there is no real evidence that this was the case.  Seismic studies indicated fluid flow in directions not expected by the models that drove siting of the injectors and producers.  Seismic volume was a linear function of injection volume.

Seismic data provided the best diagnostics.  The “More Than Cloud” initiative was designed to permit researchers working with different geothermal systems to compare results, overcome biases developed by working on individual systems, and identify ways of extracting additional structural information from seismic data.  The initiative was successful in developing new methods of analyzing seismic information.

Los Alamos believes that fracturing is controlled by pre-existing fractures and the current stress field is not the dominating control.  Seismic clusters within the cloud created by fracturing tend to have similar waveforms.  Rock characteristics are more important than stress field in determining fracture orientation.  Effort is still needed to correlate seismic events to real fractures.

Discussion:

The attendees discussed the interpretation of seismic information with respect to reservoir structure, especially locations and directions of fractures and fracture networks.  The consensus seemed to be that it was not clear whether the information provided a true picture of reservoir and fracture structure.  Near well bore information was very useful, but further out into the “cloud” of seismic events, the picture became less clear.

Geothermics v.28, #4-5, Aug-Oct 1999, is an excellent reference on the Fenton Hill project.

European Activities in Hot Dry Rock Research
John Garnish, European Commission (retired)

European experience has benefited greatly from international collaboration.  Industry support and interest is needed and welcomed as part of the commercialization process, although significant public funding will still be needed for some years.  One disadvantage is that if industry gets too financially involved, information transfer and sharing can be jeopardized.

It is not possible to develop experience quickly and cheaply because projects have to be run at full scale and over a long time frame to monitor long-term evolution of the reservoir and possible thermal drawdown.  After 25 years, researchers are still at a relatively early stage.  Europe is still three to four years from developing a pilot plant.  The system needs to be run at a steady state over long periods, without “tweaking” by engineers.  One lesson learned from Fenton Hill was to put the controls on one side of the site and the cabin with the engineers on the other side, to keep them from constantly tweaking the system.

At present, we cannot predict the cost of producing electricity from a HDR system.  The best that can be done is to predict costs if certain conditions in the reservoir are met; however, we cannot reliably predict the achievement of these conditions at this time.  This has never been explained well to financial backers.

Europe had several projects in the 1980s (i.e., Le Mayet de Montagne in France, Falkenberg & Urach in Germany, Rosmanowes in England), but this duplication of effort by several European nations proved to be financially unsustainable.  The European research efforts were brought together at Soultz in Alsace, France.  The Soultz field was selected because, as the site of the old Pechelbron oil field, many wells had already been drilled at the site, and geological and thermal conditions were well understood.  The field has a 30 - 35ºC/km overall thermal gradient, the high surface gradient decreasing when the sandstone above the basement is reached.

The critical parameters for success (in descending order of difficulty) are:

1. Impedance < 0.1 MPa/(kg/s)

2. Water loss < 10%.

3. Volume >200 million cubic meters.

4. Contact area >2 million square meters.

5. Flow rate of 50 -100 kg/s.

In 1997 a four-month flow test at Soultz between two wells operated with zero water loss.  This closed loop was developed by careful stimulation over the course of a year.

The lessons learned at Soultz and other geothermal sites include:  Artificial fractures are virtually irrelevant, as existing fractures control flow and induced fractures quickly merge with the natural fracture system.  Once beyond the wellbore, natural fractures predominate in the reservoir.  It must also be remembered that any changes made to the reservoir are irreversible, so every step must be analyzed carefully.  The original approach of massive hydraulic fracturing proved to be counter-productive.  Stress fields in crystalline rocks are anisotropic, and a proportion of the natural fractures will always be oriented critically with respect to the principal stress directions.  As a result, these fractures will shear (and therefore self-prop) before jacking open.  Generally, shear occurs at pressures relatively close to hydrostatic pressure.  Only a few MPa are required to cause significant fracturing.  The application of high pressure, high volume hydrofracturing to these systems leads to runaway growth, short circuits, and massive water losses.  In order to avoid this, the natural fracture system must be stimulated with a series of small “nudges” rather than a massive, high pressure/volume injection. 

There is very little control over the lateral direction of growth in the reservoir; growth is controlled by the stress field.  At all sites investigated to date, the stimulated fractures are generally oriented approximately 20 degrees from the direction of maximum principal stress (this appears to be related to shear sensitivity of the critically-oriented fractures).  The direction of vertical growth depends on the stress field and fluid density.  Control over vertical growth is improved when there is less stress anisotropy. At Soultz, this was used to design the reservoir.  Microseismic mapping was used successfully to monitor the timing and location of stimulation.

Hot Dry Rock Project at Soultz-sous-Forets, France

Gilles De Broucker, Shell International Exploration and Production, B.V.
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Soultz, which is located in the northern part of the Rhine Graben, is almost a natural hydrothermal system, with a high surface temperature gradient, isothermal temperature in the base sandstone layer and the first 2 km of granite, and a “normal” gradient in the deeper crystalline basement down to 5km.   The convective system was not known or expected prior to drilling, so wells had to be drilled to 5km to reach 200 degrees C.  From about 1988 to present, some 60 million Euros have been spent on the project.

During 1987 - 2000, two wells (GPK-1 and GPK-2) were drilled to 3500 – 3800 m. Three massive hydraulic stimulations were performed, creating a shallow reservoir, and a four-month production test was conducted.  Recently, GPK-2 was deepened to 5000 m, and two more wells (GPK-3 and GPK-4) will be drilled to 5000 m.

During the long-term circulation test in the shallow reservoir, injection pressures declined from 4 – 2 MPa.  This may be due mainly to thermal cracking and also to calcite dissolution.  There was no evidence of fracture closure at the production well, in contrast to Fenton Hill.  The system did not degrade, but rather improved with time, most notably with a decline in reservoir impedance.  The concept of water loss is not relevant in such open systems, where production rate helped by a submersible pump was equal to the injection rate, due to some far field geothermal water contributions. 

In the initial work on the deep reservoir, the deep stimulation (5000 m) showed no hydraulic connection to the shallow reservoir; no seismicity was observed between the shallow and deep reservoirs.  The very high microseismic activity was directly related to injection rate, but some seismicity continued after injection ceased. The microseismic “cloud” continued to expand with time, even after shut-in. 

Seismic event density tends to indicate a planar, steeply dipping major fracture system some 200-300 meters wide.  Heavy brine injection fluid made possible the stimulation to cover the open hole section and to grow symmetrically up and down from it.  Seismicity indicates that a large reservoir volume was developed (~ 0.25 km3) with only a moderate volume of fluid injected (28,000 m3).

Deep reservoir rocks seem to be critically stressed.  The stress required for hydraulic stimulation is smaller than anticipated.  Only a little pressure is needed to initiate fracturing.  Stimulation dramatically increases permeability (by a factor of 20 to 30).  A production reservoir is being developed by drilling into the seismic cloud.

In GPK-2, fracturing occurs both above and below the open hole section of the deep well.

The next well (GPK-3) is targeted for a region of relatively low seismicity on the fringes of the reservoir.  The strategy for the new well is to intercept the outer portion of the fracture zone created by GPK-2 and hydraulically stimulate into the fracture zone.  This strategy will create a much larger reservoir, if it works.

The current budget for drilling GPK-3 and GPK-4 and performing three massive stimulations is 24 million Euros.  This does not include the cost of the surface plant.  An industry consortium is leading the current phase, with co-funding from the European Union.  Power production will be dealt with in the next phase of the Scientific Pilot Plant and is anticipated by 2005-2006, beginning with about 1.5 MWe, and expanding to 6 MWe.  

Hot Fractured Rock – The Shell Approach

Nick Shaw, Shell International Exploration and Production BV

Shell International is currently evaluating Hot Fractured Rock (HFR).  The company anticipates growth in both renewables in general and geothermal in particular at a rate of 7-8% per year.  Conventional geothermal markets are already well covered by niche players, but there is probably a much larger resource in HFR.  The ordinary geothermal resource is not large enough to justify late entry and competition in this field for a company the size of Shell.  In 1999, Shell started a five-year project to evaluate the technical feasibility and commercial potential of HFR, with funding for eight full-time staff and eight part-timers for a total of $4 million/year plus up to $40 million total in capital costs.  Shell views geothermal resources as covering a spectrum from Hot Dry Rock through Hot Fractured Rock, Hot Wet Rock, and on to normal hydrothermal resources.

Shell’s strategy is to learn from previous conventional geothermal/HDR/EGS projects and commercial activities to identify areas where Shell’s technical expertise and technological resources can be used to create premium products and tap a large market.  Shell has identified a number of areas where technology development is needed, or where research priorities should be.

There are several key challenges that differ from oil and gas industry problems which will have to be met before economic projects can be developed, including resource identification, fracture network engineering, prediction of heat-exchanger performance (size, fluid loss, etc.), and subsurface imaging to minimize drilling.  Water requirements and availability may be a severe restriction in some areas, even if technology is available to build a reservoir.  Real-time analysis of seismic data during fracturing is needed, as well as an EGS/HFR version of mud-logging (i.e. analysis to identify resource size and quality) to provide real-time control of stimulation.  It will be necessary to understand the relationship between stimulation characteristics and seismic attributes.

Heat exchanger performance currently takes a long time to evaluate adequately, significantly increasing the cost of determining whether a project is good or bad.  Tracers (both chemically active and inert) should be developed to be able to more rapidly provide information on the volume and areal extent of fracture systems.  A technique is needed to evaluate the sustainability of the system, including whether it is open or closed and what rate of usage is sustainable.  

It is uncertain whether fracture spacing and location can be controlled through variations in fracturing techniques, or whether the natural fracture system has to be taken as a given.

Other areas of technology development requiring attention include well engineering efficiency; drilling costs; system operation; binary plant costs; and seismic risk assessment, such as judging whether drilling and pumping operations affect the occurrence of natural earthquakes.

In order to investigate some of these technical issues, Shell has been working with a project at the Berlin field in El Salvador and is also a partner in the European Soultz Geothermal project. 

For EGS to be competitive with wind (for example), there need to be some incentives for long-term development – either industry or government sponsorship.  The current environment is focused on short-term projects, while geothermal systems take years to come to fruition.

Toshiyuki Tosha EGS in NEDO.ppt
Toshiyuki Tosha, National Institute of Advanced Industrial Sciences and Technology

NEDO’s geothermal activities have been sponsored by NEDO (New Energy and Industrial Technology Organization) since 1974, with work in hot dry rock at a project at Hijiori, Japan, that began in 1985.  The Hijiori site has two reservoirs, one shallow and one deep.  The system has one injection well and three production wells.  The shallow reservoir is about 1800 meters deep, with a temperature of 250o C.  The deeper reservoir is about 2200 meters, with a temperature of 270o C.  In the deeper reservoir, the distance between the injection and production wells is short (90 – 130 meters).  Temperature in the deeper reservoir declined to be about 100 o C during a long (500 day) circulation test. A small power generation test was undertaken using a 100kW binary generator.
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During testing, injection pressure decreased over time, while production pressure remained constant.  Chemical deposition limited access to the well.  Anhydrite deposits were found in production wells at depth, apparently due to cold water invasion from the lower reservoir.  The existence of CaSO4 scale in the shallow reservoir may be due to mixing of the cooler flow from the deeper reservoir with the hotter flow from the shallower reservoir.  (Various results from the flow tests were described and shown.)

The total funding for geothermal research was large (approximately $530 million, including about $10 million per year during the 1970s, $45-50 million per year during the 1980s, and $20-30 million per year during the 1990s).  However, this is the last year for Japanese geothermal research.  There will be no geothermal R&D program in Japan beginning in FY 2003 (April 2003).

Pete Rose - EGS creation.ppt
Peter Rose, Energy and Geoscience Institute, University of Utah

EGS depends on tectonically stressed zones with optimally oriented, critically stressed fractures.  The east flank of the Coso geothermal field (China Lake, CA) is an optimal setting for testing permeability concepts; the field has a temperature of 300 o C at less than 10,000 feet.  There is a high degree of fracturing oriented for shear failure.  Some wells have high permeability, while others have low permeability, permitting ease of testing in a producing field.

[image: image12.jpg]



[image: image13.wmf]The EGS concept is that wellbore stimulation increases permeability with hydraulic, thermal and chemical effects.  Hydraulic and thermal are first-order effects, opening self-propping fractures.  Fracture apertures increase through thermal contraction of the rock and chemical dissolution.  The project’s team is trying to develop and calibrate models based on field experience so that information can be exported beyond the Coso field to areas with comparable tectonic and thermal conditions.  (See GRC Trans 2002, p. 247 for figure.) 

The first year of the project has been devoted to evaluating existing data and developing geomechanical, geochemical, and geophysical models.  The second and third years will be used to explore stimulation approaches in one of the existing wells, using the results to update the models.  In the fourth year, a production well will be drilled and performance verified by testing and comparison to the predictive models.  Results of the testing will be presented.  This project is expected to bring substantial data from Coso into publication; relatively little data from the field has been made public to date.

C. Panel Discussion on EGS Technology and Economic Challenges

Panel Members:  Mike Wright, INEEL, Moderator; Stephen Hickman, USGS; Carl Peterson, MIT; Ann Robertson-Tait, GeothermEx; Mitch Stark, Calpine, Inc.; Jane Long, U. Nevada Reno. 

Mike Wright, Idaho National Engineering and Environmental Laboratory, began the discussion with some general background.  The geological environment is the key to picking worthwhile sites.  The ultimate goal is to make EGS economically viable.  New and improved technologies are needed to make this possible.  
Site selection is extremely important.  The compressive tectonic regime at Fenton Hill was problematic, leading to high injection and production pressures that made production expensive.  Soultz has an extensional environment where high pumping pressures are not necessary.  

Industry needs to be able model the system, including the state of stress, rock type, rock mechanics, and reservoir engineering, for a predictive capability of the fracture system.  This would cut down on unnecessary exploration and drilling.  The industry must know how to avoid short-circuiting in order to access the entire volume of fractured material and effectively use the heat exchanger.  

Stephen Hickman, United States Geological Survey

In any environment, the in-situ stress field is characterized by the orientation and magnitude of the three principal stresses.    In a normal faulting environment, the vertical principal stress is the greatest magnitude stress, whereas the two horizontal stresses -- SHmax and SHmin -- are the intermediate and least principal stresses, respectively.  Also, the tectonic stress field is far from uniform, but varies markedly from one geologic regime to the other.
Measuring stress is best done through observations of failure in the borehole (breakouts and drilling-induced tensile cracks).  This provides good information on stress orientation.  Performing a mini-frac can be used to determine stress magnitude.  A normal faulting environment requires little hydraulic pressure to open fractures whereas a reverse faulting environment requires much higher injection pressures.  For best results, in situ fractures should be "optimally oriented, and critically stressed", in which case even a relatively small increase in fluid pressure is sufficient to induce shear failure and increase the in-situ fracture permeability.
High shear stress makes Dixie Valley permeable, despite high reservoir temperatures and upwelling of silica-saturated solutions along the fault zone, which should have sealed up all the potentially permeable fractures.  This is the case in a number of deep borehole studies, where researchers have observed that the difference between the minimum and maximum principal stresses (and hence the shear stress) can be very large and at the critical value for incipient frictional failure (i.e., brittle faulting).  This has implications for how permeability is enhanced during massive hydraulic fracturing, in that much of the increase in permeability away from the injection well is probably the result of shear failure on pre-existing fractures that are critically stressed for shear failure. 
The magnitude of the least principal stress limits the borehole injection pressure.   In particular, the wellbore injection pressure will have to exceed the least principal stress whenever the injection rate exceeds the rate at which the formation can take fluid for a given natural (unperturbed) permeability.  Since this is typically the case during large-scale reinjection (especially in low-porosity crystalline rock), knowledge of the least principal stress is important in reservoir design.  In a reverse faulting environment, where the least principal stress is equal in magnitude to the overburden pressure, this is a serious consideration that must be taken in to account in designing wellbore completion and pumping systems.
The nature of the reservoir around a fractured well can be predicted with knowledge of stress magnitudes and orientations as well as the orientation and permeability of pre-existing fractures.
An unresolved question is the role of pure tensile failure during hydraulic fracturing in an EGS context.  Earthquake focal mechanisms show a predominance of shear failures, yet tiltmeter arrays show a very significant dilatational component to the strain field produced during massive hydraulic fracturing operations in oil and gas fields.
Carl Peterson, Massachusetts Institute of Technology (retired)

The cost of drilling is not important for technical feasibility studies of EGS, but it is crucial for economic feasibility.  In order to reach the level of improvement required for EGS viability, major advances in drilling technology need to be made.  However, industry tends to move only incrementally.  It is necessary to go beyond advances that provide small immediate benefits.  Research is needed that will create significant change.


Drilling technologies have gone through a number of revolutionary advances, including tri-cone roller bits, tungsten carbide teeth, sealed bearings, and polycrystalline diamond cutters.  One possibly revolutionary technology waiting in the wings is enhanced bit flushing using moderate-pressure water jets very near the teeth or cutters.

In order to achieve revolutionary changes, revolutionary ideas are needed, but promising revolutionary ideas are both hard to find and hard to sell to industry.  NADET (National Advanced Drilling and Excavation Technologies Program) sought revolutionary ideas but did not find them.  Industry prefers to spend money on incremental improvements to processes that are already known or on completion of work already underway.

A continuous drilling system needs to be developed, including continuous casing, instrumentation, and bit control at a reasonable cost and a reasonable speed.  The potential exists for developing this system now, but industry has not supported it.

Ann Robertson-Tait, GeothermEx, Inc.
GeothermEx believes that adequate technologies exist to begin to move EGS into the commercial realm.  Hydraulic stimulation technology is available and can be applied commercially in EGS projects.  By optimizing well placement, water loss problems can be overcome or minimized.  If a sufficiently large and complex fracture network can be developed to enable optimum well placement, cooling can also be minimized.  Reliable binary generating technology to utilize EGS already exists, and ORMAT is interested in increasing its market through EGS development.

GeothermEx is a participant in ORMAT’s EGS project in partnership with DOE at Desert Peak East.  The project is entering an 18-month Phase I study.  Desert Peak East has very promising characteristics.  Subsurface temperatures reach 400°F at 5,000 feet.  A non-commercial well (DP 23-1) located about 1 mile east of the hydrothermal field is available to the project, and will be the focus of Phase I activities.  Work centering on DP 23-1 includes conducting petrologic analyses of cuttings, obtaining and analyzing detailed temperature/pressure/spinner and wellbore imaging logs, evaluating the fracture population, and determining the orientation of the contemporary stress field.  Emphasis is being placed on the granitic section from about 6,000 feet to TD (9,600 feet).  Core is also available from a temperature gradient hole (TCH 35-13) located about 2 miles east of the hydrothermal field.  This is being evaluated petrologically and mechanically, again with emphasis on the granitic section.  

There is an existing infrastructure at the site, including personnel to support field activities, a water source (effluent from the Desert Peak or Brady geothermal power plants, both of which are owned and operated by ORMAT), and a transmission line.  A wealth of data is available, including drill cuttings, cores, and earlier geophysical data, mostly collected by Phillips Petroleum (the original developer of the field).  In addition, researchers at the University of Nevada Reno are making a detailed geologic transect across the Hot Springs Mountains; this transect passes through the Desert Peak East EGS area.  UNR has also completed a detailed gravity survey in the same area, and ORMAT has shared older gravity data so that the results can be integrated.

A rough estimate of the economics of generating 3 MW of EGS-derived power has been made.  The main resource-related assumption is that 7,500-foot wells can be drilled, evaluated and stimulated for $3.75 million each.  Although these wells would be drilled into a zone with high temperatures (375 - 400°F or more), the long-term production temperatures are unknown at this time.  Therefore, three production temperatures (and their associated flow rate requirements) were considered for the economic evaluation:  300°F, 320°F and 340°F.  At the two lower temperatures, 2 well couplets (4 wells total) will be needed; for the higher temperature, a single well couplet (2 wells total) is assumed to provide the required flow rate.  

Project costs, including power plant design and construction, are estimated at $21 million for 300°F, $20.5 million for 320°F, and $12.5 million for 340°F.  This represents a range of $4,000 to $7,000 per kW installed.  Although this is significantly higher than the typical values of  $2,000 to $4,000 per kW installed for normal geothermal, it is not an order of magnitude higher, and may be useful at future energy prices.  The costs are likely to represent lower limits, since significant operating costs (e.g., make-up well drilling) were excluded.  However, the bottom line is that preliminary analysis of costs suggests EGS is more expensive than conventional geothermal systems, but not dramatically so.  Therefore, it is very reasonable to pursue EGS to meet future energy needs.

Mitch Stark, Calpine, Inc.

Calpine has submitted several EGS proposals to DOE.  A proposal for work at The Geysers was rejected in favor of the Coso project, but a permeability enhancement proposal was accepted.  At Glass Mountain, Calpine has permission to develop a project in one area, but there is no hydrothermal resource available.  Calpine is proposing to enhance permeability at Glass Mountain and/or elsewhere.  

The permeability enhancement is based in part on acidization.  Calpine is trying to systematize the use of acidization by identifying zones that need stimulation due to damage by drilling, and targeting those zones with stimulation while the rig is still there.  Acid stimulation technology developed in the United States was successfully used in the Philippines in the 1990s to increase the capacity of a site from 14 MW to 60 MW.  

Calpine likes the industry cost share approach that DOE has been using because it directs funding to areas where industry wants it.  Since Calpine is a small company, cost sharing opportunities permits the company to take more risks.  

For EGS to contribute a major percentage of national energy needs is something of a long shot.  Because of this, it might be better to put money into cost-shared EGS projects rather than a National Resource Council study.  A NRC study seems to imply a national priority, and the issue may not be large enough to justify such a study.  Calpine, as a smaller company, is “playing in the shallow end of the pool,” whereas Shell is betting on a broader view.

Jane Long, University of Nevada – Reno 

Interest in geothermal energy is likely to increase in the future.  After the power problems caused by the regional drought, Nevada’s Sierra Pacific (State electric power utility) is looking for partners to expand beyond hydropower.  The goal should be to be able to build the plant and the transmission lines with full confidence that the resource will be available, before large capital investments are made in developing the reservoir.  

There are some technologies becoming available that may provide a capability for remote identification of resources (e.g. GPS to study strain, hyperspectral imaging technology, GIS, etc).  Early identification of hidden resources will help in siting transmission lines to take advantage of those resources.  

D. Group Discussion – Day One

EGS Economics and the Size of the Resource 

Mike Wright:  What would a NRC study look like, and what benefits would be gained?

Susan Landon: The issues and problems to be addressed need to be prioritized.  A well- defined and described problem is critical.

Mitch Stark: The per-kW cost of a gas-fired power plant (about $700/kW) is approximately the same as for a geothermal plant, when you add in the costs of natural gas over the lifetime of the plant.  The advantages of the gas-fired plant are a short lead time, no need to locate a resource, and the ability to locate on an existing transmission line.

Mike Wright: However, this is for a geothermal system; nobody knows the true cost of an EGS system.  

Ann Robertson-Tait: It is necessary to try projects out in the field in order to learn how to predict feasibility and cost.  EGS may be viable at some point because conventional energy prices are not going to stay within narrow bounds; price volatility may make EGS competitive.  Further fundamental research is not likely to move the state of the art forward; what is needed is more applied research.  Costs may fall as experience is gained with the technology, but it is necessary to be conservative in making estimates.  

John Garnish: Drilling is the biggest factor in the cost of creating these systems.  

Carl Peterson:  Technological improvements may not be revolutionary, but there is still significant potential for further development.  There are some technologies that may help cut costs in half in five to ten years (combined water jet, rotary drilling), although perhaps not in high-temperature systems.  It may be that too much effort is being focused on the bit. If a self-guiding system could be developed that did not require a smart person to run, costs would fall.  

Don Paul: Over the years, improvements in drilling costs have been slow and steady. The biggest improvements have come from experience at a given prospect.

John Pritchett:  Drilling costs are unlikely to decline substantially, and plant efficiency is unlikely to increase dramatically in the future.  What is needed to improve EGS prospects is a better definition of the resource, and better ways to exploit the reservoirs once identified and created.  Current technologies result in production rates of only 10-25 Kg/s, at costs of $7000/kW.  Sustained rates of hundreds of Kg/sec are needed for economic viability.  This improvement is not going to come from improved drilling or plant efficiency, so it has to come from the reservoir.  Until EGS technology can meet and sustain the higher flow rates, it will never be cost competitive.

Stephen Hickman:  In order to generate a lot of permeability, it is necessary to get out of the near-wellbore environment through explosives, leaching, or other means.

Norm Warpinski: The response of fractures to stimulation may depend strongly on mineralization.  Causing slip will cause propping due to fracture surface roughness, but with the wrong mineralization, the motion may destroy asperities and fractures will produce less under strain.  This would need to be assessed in the lab first.   Some lab work should be done on shearing cores to see how this works with various rock types. Lab work at Sandia has shown that aperture and conductivity are dependent on rock type and mineralogy.  The goal is to find a way to use a minimum of information to be able to proceed to an organized program of drilling.  In addition to improving the science of geothermal, the credibility of geothermal as a commercial enterprise should be enhanced.  

Ann Robertson-Tait:  Marginal economics at sites around existing fields are probably superior, so these should be the first ones considered.  This makes it possible to take advantage of information from the geothermal field and reduce costs.  

John Pritchett: The focus should be on getting the largest possible payoff for a small amount of funds.  This could mean first stimulating unproductive fields, then moving to the edges of existing fields.  Greenfields exploration is too expensive given the resources available.  

Mike Wright:  However, this limits the available resource significantly.  

Jane Long: An alternative view is to try to develop geothermal projects where transmission lines will be.  

Stephen Hickman: Another approach would be to try to develop a more scientifically-based resource assessment using GPS, InSAR, strain, aeromagnetics, remote sensing, etc., and avoid expensive drilling except to validate the science. 

Don Paul: It may be that many geothermal resources are small (<50MW).  Transmission and permitting costs don't scale with resource size, so these are more expensive. Legal costs for permitting, etc. are too high for small plants to make development viable.  

Susan Landon:  For EGS, prospect size is not necessarily small; all that is needed is high temperature and an external stress field.

Joel Renner:  All other commodities have resource bases that are larger than anticipated 50 years ago. It cannot be assumed that all geothermal resources are known.  Also, new technologies may enhance the resource base.

Don Paul:  There are two separate issues: What is the resource potential, and how large is industry? The oil and gas technology infrastructure was built on a giant industry with giant resources. 

Christy Morris:  Geothermal is relatively small, and it is perceived as small by policy makers in Washington, DC.  On a national basis, geothermal resources and industry are small, and so there is little political attention expended on it.  

Guido Cappetti:  However, as technology develops, areas that are not economical now may become very economical later, as with some oil and gas fields.  Italy is developing projects that were not economic 10 years ago.  This is partly due to technological advances, but primarily it is due to a change in the price paid for power, which is mandated by the government.  The ultimate size of the resource and the industry may be dependent on technological and market developments, and it may be a mistake to assume that the available resources are small.  If all decisions are market-based, geothermal will not fare well. Government funding has been largely responsible for past geothermal exploration.  Industry will not be a big player because there are not buyers for geothermal power at this point. 

Fracture Systems and Stimulation  

Mike Wright:  Different options include “nudging” the system or use of explosives or other high-impact methods.  

John Garnish:  A geothermal system will cover a diameter of 600 to 700 meters, so anything done at the well will only have an effect on a tiny percentage of the field.  

Norm Warpinski:  However, in the oil and gas industry, the technology does exist to control fracturing in the vicinity of the wellbore by varying the properties of explosives used, and there may be situations where this kind of capability would be useful.  The oil industry can create 50-foot-long fractures one to two inches wide, held open by proppants.  

John Garnish:  Impedance is likely to be highest near the borehole, so increasing permeability near the borehole can be valuable, but it is only a small part of the picture. 

Paul Kasameyer:  Electromagnetic methods (electrical self-potential) might be useful in mapping resource areas, if done downhole.  This has been tried at Soultz and Ogachi.  While this is inexpensive, the solutions derived from these methods are usually nonunique, i.e. they do not really provide a good picture of the situation.

John Pritchett:  High-permeability hydrofractures are needed to get high flow rates.  It might be possible to make larger holes, or use very high pressures for fracturing.  

Carl Peterson:  It might be possible to detect a fracture while drilling and follow it.  Amoco had a deep penetrating televiewer to look at reflections.  

Mike Wright:  It might be possible to learn enough to predict how rock will fracture.  

Stephen Hickman:  Lithology is important – for example, fractures in shale may be much less permeable than those in sandstone. Stress/fracture orientation is the dominant influence, with lithology second.  Self-propping is dependent on lithology.  

Jane Long:  Channeling has to be considered in self-propping fractures.  

Unknown:  The water resources required to create a system of a given size may be significant, depending on the resources and the volume required.  However, since the water will be recycled it should not be a limiting factor.

Data Needs and Modeling Reservoir Performance

Nick Shaw:  Seismic and resource information is important to know which areas research should be focused on.  By examining what has worked and what has not, it is possible to define areas for further research.  Knowing why an approach fails can be as important as finding an approach that works.  Developing a database of geological and technical information would help with this.

Michael Fehler:  The only data available is seismic and tracer information.  The connection with models is tenuous.  

John Garnish:  The models are not good enough to predict what will happen in a fracture network.  The hydrocarbon industry has lots of data to base models on, while the geothermal industry has more models than data; more field studies are needed.

Mitch Stark:  There are some geological properties that can be fixed, such as permeability, fluids, and problematic gases; the only property that cannot be altered is a lack of sufficient heat.

Mike Wright:  It is not currently practical to determine the magnitude of a given system without a long-term test that causes a real decline in reservoir temperature.  

John Garnish:  Tracers cannot define how a system is changing; this is a serious problem.  Non-reactive tracers are good for evaluating and quantifying connectivity, but information about fluid-rock heat exchange is not readily accessible with present tracer technology.  

Michael Fehler:  Defining how the system will evolve thermally will require both thermal and mechanical data.  

Unknown:  Some reliable imaging techniques are needed – cross well, 3D, etc.  Presently, geophysical imaging is restricted by the lack of hot hole instrumentation and difficult reservoir geometries.  There are models that couple thermal and mechanical properties, but there is no way to determine whether the models are right or wrong.  

Stephen Hickman:  The models need to be tested against field and laboratory data at every stage.  

Michael Fehler:  Some models are already too complex to use by fitting production data; production data alone may not be sufficient for prediction of system evolution.  Some aspects of fracture and system evolution are well understood, while others are not.

Don Paul:  In the oil and gas industries, 3-D seismic completely changed the level of analysis of oil and gas fields. EGS needs a technology that will make an equivalent change in the value of using models in EGS, by constraining the models to make it possible to predict system performance.  3-D seismic used to be too expensive, but now it is commonly used.  EGS does not appear to have an equivalent technology.  Without such a technology, it is very expensive to discover when a prospect is likely to fail or is non-viable.

Mack Kennedy:  There may be some way to fill in the missing information on surface area, etc., that is currently preventing prediction of system performance.  

Steve Glaser:  The need for additional measurements should be defined in terms of what will be able to guide decisions.  

Peter Rose:  One suggestion was thermally active tracers, which have already been tried to a limited extent.  It might also be possible to measure concentration of some substance released by interaction of water with the rock.  

Steve Glaser:  Another suggestion was “smart dust,” very small (1 mm) sensors or nanomachines under development at Berkeley that can communicate and record data.  These could be used to determine flow paths or other information.  

Peter Rose:  However, these techniques require well drilling; it would be better to be able to get information about a system before drilling the first well.  

Michael Fehler:  Drilling observation wells adds significantly to costs, although the cost could be decreased using microdrilling.

Don Paul:  One approach would be to consider what parameters are important and what physics and techniques would permit measurement of those parameters.  This may not be practically possible; there may not be a single answer for this.  However, as a project is developed, it may be possible to determine what the next measurement should be in order to reduce technical risk; this would be useful in promoting geothermal development.

Water Loss

John Pritchett:  The higher the injection pressure, the greater the water loss.  Therefore, running at the lowest possible pressure reduces water loss.  If the pressure is too low, however, fractures may close.  

Stephen Hickman:  In order to work at low pressure, the reservoir should be self-propping, and proppants are needed near the borehole, implying a tensional regime in crystalline rocks.  

Gilles de Broucker:  Water loss lies along a spectrum.  Every system will need production well pumping. The best results will be achieved in an area with a natural aquifer. 

E.  Group Discussion  - Day Two

Should the NRC Undertake a Study of EGS?

Mike Wright:  Washington policy makers need more info about geothermal.  An objective, peer-reviewed NRC report could be effective in motivating congressional spending.  National Research Council studies are objective and peer reviewed, and could result in a valuable study that could be presented to Congress instead of industry studies, which could be considered biased.  Presentation of EGS as the next frontier, with an immense resource base, could prevent the geothermal budget from disappearing.  Geothermal is invisible to policy makers, in spite of its relative success among renewables.  An organization, like the NRC, might help put geothermal in the minds of energy policy makers.  If a budget crunch is coming, the industry will need to add leverage.  Otherwise, Congress will use the 1994 GAO report, which was highly negative.

Susan Landon:  NRC studies may be mandated by Congress, by an agency, by a group of agencies, or by non-profits or other institutions.  They are typically used to initiate or guide programs or to affect regulations.  The questions to be asked by the study are determined by a committee, which cannot write documents and reports, but can recommend the questions to be asked by the study, and the type of people who should be in the authoring group. It is important to focus the questions narrowly to be able to get useful answers. 

Stephen Hickman:  The USGS used its NAS report as one piece of information in an evaluation of the Geologic Division.  Having an outside view was very helpful as an objective viewpoint.  This type of report is often used on Capitol Hill.  

Allan Jelacic:  The DOE has sponsored NAS reports in the past.  A report produced in the 1980s was briefly helpful, but had no long-term effect. A 1990s drilling study led to NADET, which did not succeed.  Geothermal needs more visibility, and an NRC study would provide that. 

(The timing of the report was discussed by several people.  If the report is too early, without field data from EGS demonstration projects, it might be negative or ambiguous.  However, some reason can always be found for waiting, so it might be better to proceed.)  

Allan Jelacic:  In the past, DOE has needed justification for moving ahead with EGS, but at present it appears that management has bought in because industry is participating and work is going on internationally.  A report might not be necessary for justification, but a study could identify key technology issues and priorities. 

Susan Landon:  Instrumentation may be worth adding to DOE priorities.

Carl Peterson:  The report options can be described as two separate proposals, one short-range and one long-range.  If the objective is to justify the EGS program, the narrow short-range proposal is more important, while if justification is unnecessary, the broader, long-range option is the priority.

What Questions Should the Study Address?

People discussed two types of questions: One for the issues and needs for EGS, the other for the issues and needs of the overall program.  This discussion was not well organized, and individuals sometimes advocated for different viewpoints.

Don Paul:  The major issues are not controllable. Geothermal is competing as a baseload power source, which will always be a very competitive market sector.  The market determines what technology will be used.  Markets drive technology development, and not the other way around.  Both resource assessment and R&D should be covered.  If R&D is successful, does the industry have the financial resources needed to deal with success?  If the R&D program results in lower costs, greater availability, etc., is the industry/government in a position to respond financially and keep the market developing?  It is not clear what R&D is most important.  Funding may be driven either by technical issues, or by what types of projects researchers are currently good at doing.  Some work may be done simply because it is easy to do well, even though it does not fit with long-term objectives.  The assessed resource base has to be converted into real energy reserves.  Field tests have to show that the parameters necessary for enhancing production can be achieved and sustained, and that if funds are allocated to a project, there will be a reasonable probability of a significant return.

Stephen Hickman:  The questions to be addressed by the report will depend on whether the report is intended to influence DOE internally, or to reach out to Congress.  

Christy Morris:  Promoting geothermal is good, but the report should ask where industry would be without government funding.  

Carl Peterson:  Potential issues to be addressed include:  1) the long-term need for multiple energy sources (this would make the report less self-serving, and not just an apologia for geothermal); 2) the question of geothermal energy's long-term potential; and 3) the obstacles to and needs of the geothermal industry in the long term, in contrast to the oil and gas industry.  Four broad areas could be covered in a discussion: resource assessment, basic science needs, unique technology needs, and economic conditions.  

Susan Landon:  There may be important representatives or interests who were not represented at the meeting (e.g. economists).  

Mike Wright:  The economics of EGS cannot be determined without additional work.

Stephen Hickman:  One method of approaching a study would be to ask the question, "Should the United States be more interested in geothermal than it is?”  

Carl Peterson:  The outcome of the study cannot be dictated, and the geothermal community might not like the answer. 

Ed Deal:  Geothermal has unique issues, but that is true of all resources.  Just because the resource is available does not mean that it is worth going after now.

John Garnish:  The objective is not a study that will defend geothermal energy, but rather to determine whether, with work, geothermal can become a bigger player.  The NRC study would identify gaps in research and market requirements, and the need for additional funding.  A study should identify whether EGS can contribute to meeting future US energy needs, and if so, what the challenges, approaches, and opportunities are.  Further work on resource assessment is pointless, because the numbers are both huge and hard to defend.  The technology to use the resource needs to be developed.  For example, photovoltaics have a tremendous resource base, but there will never be reserves for the technology.  The geothermal resource base, in theory, is as big as the high heat flow zone in the western United States.  Tapping just 10% of that resource would be significant.  The viability of tapping the deep crust in zones of normal heat flow could also be considered.

Susan Landon:  One thrust of the study could be the potential for addressing issues with field tests and methodologies.  

Nick Shaw:  The financing strategy for geothermal energy is very different from oil and natural gas.  

Steve Hickman:  The economic resource base needs to be made larger and more accessible.

Kerry Burns:  A GAO report states that geothermal contribution to US energy is too small to consider.  What capacity would be considered significant should be determined.  

Carl Peterson:  It is also possible that GAO dismissed geothermal because the industry is small, and not because the resource is small.  If the GAO does recognize a significant resource, but does not perceive any means of exploiting that resource, GAO will not recommend funding.

John Garnish:  More information may be needed from EGS pilot plants.  There was some question of how to define success for a pilot study.  

Ed Erb:  A focus on commercial viability will determine what can be done.

Kerry Burns:  The heat flow map used to show the geothermal resource base may need to be modified to show tectonic stresses, to better indicate the best resource areas.  

Michael Fehler:  There is a perception that all known systems have been developed, implying that future development will be insignificant.  EGS could help in changing this perception.

Conclusions

Based on discussions at the meeting, issues that could be the focus of an EGS study by NRC include:  the role of field studies in EGS development; the parameters that need to be defined (economical, technical, commercial, etc.); the definition of success; optimal ways to stimulate fracture permeability; near borehole impedance; chemical fluid-rock interaction; fracture system characterization; reservoir growth, drawdown and evolution; the significance of fracture stimulation; constraints related to water and water availability; EGS economics; identification of site specific vs. universal/generic technologies; and seismic risk associated with EGS.  

Related questions to be answered are whether sites respond similarly; whether some geologic/tectonic regimes are more amenable to EGS than others; and how the approach could be adjusted for the less amenable regimes?   Other, broader issues include resource potential; basic science needs; long-term field tests; technology development; education and PR; environmental effects; scalability (whether EGS technologies can be run at large scale, or must be developed as a series of small projects); technology transfer (even among different projects); introduction of new people to the field; and permitting/regulatory constraints.
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Fracture Density Plot vs. Depth





Soultz Well Configuration and Geothermal Anomaly 





Hijiori Reservoir





Coso Geothermal Field
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EGS Program Benefits





Exploration Geophysics to Determine Optimum Well Location





Goal: 20 GW by 2020
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