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EXECUTIVE SUMMARY 

Y 

u‘ 

* 
This Annual Progress Report presents the research and development accomplishments of 
the U.S. Department of Energy’s (DOE) Geothermal Energy R&D Program for Fiscal Year 
1990. Its purpose is to provide a record of progress made toward meeting the research 
objectives previously established for the Geothermal Program. 

Three levels of research objectives are applied to the Geothermal R&D Program, as 
defined in Progrmnmatrc Objectives of the GwfhmnaZ Technologv Division (May 1989). 
Level I objectives are associated with geothermal resource categories and provide a target 
for decreasing the total cost of electric power generated from a particular type of resource. 
Level I1 objectives address incremental improvements in the cost and/or performance of 
major system components which comprise a geothermal power project. Level I11 objectives 
identify individual research activity targets for improvements in the cost, efficiency, and 
dependability of materials, tools, equipment, tests, and processes related to major system 
components. The Level 111 objectives and associated research activities are the most 
dynamic part of each year’s program and provide a basis for documenting progress against 
the higher level (Levels I and 11) objectives. 

This Annual Progress Report was prepared from information provided by DOE Geothermal 
Division program managers and researchers at the national laboratories. The information 
included the activities performed during FY90 as well as the progress made toward 
achieving the Level III research objectives. In general, incremental progress is difficult to 
quantify. Therefore, to the extent possible, the discussions of FY90 achievements present 
the qualitative value of the progress made against the governing research objectives. 

J 

The significant research accomplishments achieved in each resource category during FY90 
include: 

Hydrothermal Research 

New rotary head seals, designed for the Geothermal Drilling Organization 
under contract with Sandia, now survive about 1,OOO cycles vs. less than 
300 cycles with previous designs. The product will be commercially 

etry promises to increase asurement-while-dr illing 
data rates from 1 to 3 bits per second to nearly 100 bits per second. Four 
patent applications have been 

A polymer concrete formulati d to industry for use as a 
eysers. 

0 Researchers identified practical limits to the efficiency of advanced technology 

%J 991 for geothermal, and gas industry needs. 
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binary cycle geothermal power plants. 

0 4 Researchers initiated efforts to model gas phases in the ternary system C02- 
CH4-WO; the non-ideal behavior of these gases is important to the prediction 
of the scaling tendency of geopressured-geothermal systems. Extensive testing 
resulted in a new equation of state which can predict the thermodynamic 
properties of this ternary within experimental accuracy. 

A decision was reached concerning commercialization of the televiewer. i 
Unocal Geothermal will take possession of the equipment and provide 
commercial televiewer service to support their worldwide geothermal 
operations. 

Geopressured-Geothermal Research 

The Pleasant Bayou No. 2 well in Texas was flow tested, and 
corrosion/erosion occurring in the surface facilities was successfully 
mitigated. 

0 The Pleasant Bayou 1 MW geopressured hybrid power system, the first of 
its kind in the world, was successfully operated for eight months. 

Preliminary tests in the H u h  Well, located in Vermilion Parish, Louisiana, 
determined basic characteristics of the reservoir. 

0 Semiconductor pH probes were successfully tested to a pressure of 6,000 psi. 

Hot Dry Rock Research 

0 Work progressed on schedule to prepare the Fenton Hill site for the 
critical long term flow test of the Phase II reservoir. Design and 
procurement of components is mostly complete, and more than half of the 
surface equipment has been installed. 

Magma Energy Research 

Researchers completed a 57 meter core hole at the bottom of the Long 
Valley exploratory well (Phase I). Temperature logs of the well were 
obtained, and the core and cuttings were analyzed. 

Future geothermal R&D will focus on technology for expanding the commercial 
development of geothermal resources. This will be accomplished through increased cost 
sharing of R&D with industry. Progress and achievements resulting from these activities 
will be documented in future releases of the Annual Progress Report. 
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PURPOSE 

Since 1971, the Geothermal Division of the Department of Energy and its predecessor 
The 

program functions on the basis of law which mandates the performance of activities for the 
purpose of providing an acceptable economic alternative source of energy for the nation. 
Considerable progress has been achieved in Canying out that mandate. 

d 

I agencies have conducted a program of research in geothermal energy technology. 

This Annual Progress Report presents the research and development accomplishments of 

a record of progress made toward meeting the research objectives established within each 
geothermal resource category. The report summarizes geothermal activities funded and 
directed by the Geothermal Division. Detailed information on the specific activities can 
be obtained by referring to the individual annual progress reports prepared by the research 
organizations or published technical papers which resulted from the research efforts. 

Section I of the report presents an overview of the Geothermal Energy R&D Program. It 
includes a summary of the program methodology employing research objectives, the 
program elements, and the program budget and management. Section I1 presents the 
FY90 achievements within each resource category (hydrothermal, geopressured-geothermal, 
hot dry rock, and magma energy). The project description, applicable research objectives, 

in the FY90 R&D program. Appendix A contains the key participants in the Geothermal 
Program. Appendix B consists of a listing, by resource category, of major reports and 
papers published as a result of the FY90 research activities. 

the Geothermal Energy R&D Program during Fiscal Year 1990. Its purpose is to provide 51 

i 

fiscal year accomplishments, and future plans are presented in the report for each project q 

OBJECTIVES HIERARCHY 

The Geothermal Division (GD) of the Department of Energy employs management by 
objectives in the administration of its research program. Program objectives are defined 
on three separate levels as illustrated in Figure 1. Level I objectives are associated with 
geothermal resource categories and provide a target for decreasing the total cost of electric 
power generated from a particular type of resource. Level II objectives address 
incremental improvements in the cost and/or performance of major system components 
which comprise a geothermal power project. Level III objectives identify individual 
research activity targets for improvements in the cost, efficiency, and dependability of 
materials, tools, equipment, tests, and processes related to major system components. 
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FIGURE 1 

GEOTHERMAL RESEARCH OBJECTIVES HIERARCHY 

Level I. Ih4PACTS ON COST OF POWER 
I 

t 
I 

I 
Level 11. IMF’ACTS ON PERFORMANCE OF MAJOR COMPONENTS 

I 

I I I J t t t t t 
Level m. 
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The achievement of Level I objectives depends on the achievement of the Level I1 and 
Level I11 objectives. The Level III objectiveswd associated research activities are the 
most dynamic part of each year's program and provide the basis for documenting progress. 
This document primarily addresses these activities. As of FY 1990, the Level I objectives' 
€or each resource category are: 

0 Hydrothermal - The overall objective of the program is to reduce the cost 
of electric power from liquid-dominated, moderate-temperature hydrothermal 
resources to 3-7 cents per kilowatt-hour (kWh) by 1992. This compares with 
a cost range of 4-18 cents/kWh for hydrothermal electric power as of 1986. 

Geopressured-Geothermal - The objective is to improve the technology for 
producing energy from the geopressured-geothermal resource to a cost 
equivalent of 6-10 cents/kWh by 1995. 

Hot Dry Rock - The objective of hot dry rock R&D is to provide the 
technology to enable industrial hot dry rock projects to generate power at 
the equivalent of 5-8 cents/kWh by 1997. 

Magma - The R&D objective is the creation of a technology by which energy 
could be produced experimentally from magma at an equivalent cost of 10- 
20 cents/kWh by the year 2000. 

0 

a 

PROGRAM OVERVIEW 

The Geothermal Energy R&D Program is organized by the four resource types: 
Hydrothermal, Geopressured-Geothermal, Hot Dry Rock, and Magma. These categories, 
as shown in Figure 2, are further subdivided into tasks, projects, and activities. 

The Hydrothermal category embraces four interrelated research tasks: industrialization, 
Hard Rock Penetration, Reservoir Technology, and Conversion Technology. The 
Industrialization task provides an opportunity for cooperative assistance in various 
commercial projects in connection with hydrothermal development. The Hard Rock 
Penetration task deals with lost circulation methodologies and materials, rock penetration 
mechanics, and downhole instrumentation. This task also includes priority cost-shared 
industrial R&D through the auspices of the Geothermal Drilling Organization (GDO), an 
association of industrial concerns. The Reservoir Technology task supports research on 
geophysical interpretation and modeling techniques, injectivity and extended well life, and 
cost-shared industrial research through the Geothermal Technology Organization, a group 
patterned after the GDO. The Conversion Technology task addresses geofluid efficiencies 
in binary plants, cooling water makeup requirements, geothermal materials needs, 

!i 
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' Objectives at all levels are subject to review and revision. The objectives listed in 
this report reflect the policies and direction provided in FY90. These objectives may 
not be totally consistent with those in place at the time the report is issued. 

n? 

4 



-. 

t c 

FIGURE 2 



t 

c 

thermodynamic behavior of geothermal brines, and techniques for handling residual waste. 

Geopressured-Geothermal research includes four tasks: Well Operations, Geosciences and 

task conducts field experiments which demonstrate the viability of long-term fluid 
production for commercialization of geopressured-geothermal reservoirs. The Geosciences 
and Engineering Support task involves the refinement of predictive models for reservoir 
performance, research on rock mechanics, hydrocarbon studies, and environmental effects 
monitoring. The Energy Conversion task supports construction and operation of the 

dissolved methane, to produce electric power -- the first plant of its kind in the world. The 
Management Support project provides general administration and technology exchange 
activities. 

Engineering Support, Energy Conversion, and Management Support. The Well Operations 3 

Pleasant Bayou Hybrid Power System in Texas, which uses geopressured brines, including f4 

The Hot Dry Rock category is composed of two tasks: Fenton Hill Operations and 

phase of the energy extraction system along with necessary ancillary activities at the Fenton 
Hill site near Valles Caldera, New Mexico. The Scientific and Engineering Support task 
involves the design and modification of tools and instrumentation, tracer studies, reservoir 
engineering work, and other technology support activities. 

Magma Energy research is omposed of two tasks: Long Valley Operations and 
Laboratory and Engineering Support. The Long Valley Operations task handles the driiling 
and completion of an exploratory magma well at Long Valley caldera in California, 
including essential geoscience investigations. The Laboratory and Engineering Support 
task encompasses research on drilling techniques, geochemistry and materials, energy 
extraction, and other activities involving magma technology. 

Scientific and Engineering Support. The Fenton Hill Operations task supports the second i 

c 

PROGRAM BUDGET AND MANAGEMENT 

The Geothermal Division operates under the administrative responsibility of Assistant 
Secretary for Conservation and Renewable Energy, as depicted in Figure 3. The Division 
Director implements energy research policy at the program level and allocates the necessary 
technical and budgetary resources for program activities. The Division Director also 
establishes operating policy for the operations offices and national laboratories and 
approves annual plans for performing their assigned activities, providing the centralized 
leadership necessary to ensure that implementation of the Program conforms to national 
energy policy, priorities, and directives. Table 1 overviews the budget for the Geothermal 
Energy R&D Program for FY87 through FY91 by resource category. 

GI 

c 
For management purposes, program categories sharing closely related technology interests 
are grouped into two R&D teams at the division: Geosciences Research and Energy 
Conversion Research. The categories comprising each team, their managers, and team 
leaders are identified in Figure 4. Management of technical activities is decentralized so 
that specialized technical expertise can be utilized to implement research tasks. 

6 

e 



FIGURE 3 

GEOTHERMAL R&D PROGRAM PARTICIPANTS 

Principal Deputy 
Assistant Secretary 

I I Deputy Assistant Secretary 
for Renewable Energy 

rl 
f 

I 
mce of 

Renewable Energy Technologies 

I 
I 

Geothermal 
Division 
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TABLE 1 

GEOTHERMAL RESEARCH & DEVELOPMENT BUDGET ($1,000~) 

Actual Est. 
FY87 FY88 FY89 FY90 FY91 

HYDROTHERMAL: 
Industrialization 1,980 
Hard Rock Penetration 1,350 
Reservoir Technology 3,105 
Conversion Technology 1,065 

TOTAL 7500 

GEOPRESSURED-GEOTIfERMAL: 
Well Operations 2,734 
Geosciences & 

Engineering Support 78 1 
Energy Conversion 
Management Support 455 

TOTAL 3970 

HOT DRY ROCK: 
Fenton Hill Operations 3,916 
Scientific & 

Engineering Support 2,959 
Reserve & Misc. 1,125 

TOTAL 8,OOo 

MAGMA: 
Long Valley Operations 0 
Laboratory & 

Engineering Support 480 

TOTAL 480 

OTHER 
Capital Equipment 0 
Program Direction 780 

FOTAL: 780 

rOTAL GEOTHERMAL R&D 20,730 

0 
1,800 
4,500 
1,600 

7,900 

2,921 

1,164 
538 
377 

5,m 

3,876 

1,344 
580 

0 
2,250 
2,450 
1,935 

6,635 

6,698 

1,504 
1678 
500 

10,380 

2,520 

980 
0 

* Work continues on basis of prior-year appropriations. 
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5400 

905 

495 

1,400 

0 
835 

835 

20,935 

3500 

1,300 

335 

1,635 

795 
826 

1,621 

23,771 

0' 
2,205 
2,074 
1,527 

sa75 

2,898 

1,826 
644 
487 

2,800 
2,355 

10,500 
1,943 

17,628 

3,690 

1,665 
SO 

565 

5,855 

2,570 

856 
0 

3,426 

1,46 1 

202 

1,663 

444 
814 

1,258 

18,077 

6,000 

2,976 

99 1 
0 

3,967 

600 

400 

1,OOo 

405 
900 

lJ0S 

29,900 
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MANAGEMENT STRUCTURE OF THE GEOTHERMAL R&D PROGRAM 

JOHN E. MOCK 
Director 

RAYMOND F0R"NA 

A m  3. LQMBARD 
Energy Conversion 

'Ram Leader 

I GLADYS J. HOOPER I 
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Management also ensures that the technical activities are directed toward achieving all 
levels of the R&D programmatic objectives. . DOE operations offices and national 
laboratories perform the management and technical activities. Field organizations 

their performance, and provide the Geothermal Division with recommendations on program 
needs and direction. 

implement program plans, execute prime contracts for R&D, direct contractors and review % 

The division sponsors an annual program review to provide an opportunity for operations 
offices, national laboratories, universities, and industry contractors to present updates on 

and various other documents on a regular basis, publishes numerous technical papers, and 
supports organizations, such as the Geothermal Drilling Organization and the Geothermal 
Technology Organization, to ensure continual and effective exchange of information among 
interested parties. 

their activities. It also issues this Annual Progress Report, the Annual Program Summary, c 
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GEOTHERMAL R&D ACHIEVEMENTS 
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HYDROTHERMAL RESEARCH 
In recent years, the geothermal industry has made appreciable strides in locating and c 
developing hydrothermal reservoirs. However, even in relatively mature reservoirs such as 
The Geysers, unexpected drops in reservoir pressure and increased corrosiveness of 
produced fluids have created needs for supporting research. In other geothermal systems, 
the lack of techniques to locate and characterize fractures, to define reservoir boundaries, 
to assess fluid recharge, and to understand complex reservoirs has resulted in low drilling 
success rates and consequently, high drilling costs. Many reservoirs have not reached full 
production potential because they cannot be sufficiently characterized to allow development 
of effective exploitation strategies. 

The purpose of the hydrothermal research activities sponsored by the Geothermal Division 
is to aid the geothermal industry by developing better means to explore for geothermal 
resources, to access these resources economically, to analyze and predict the performance 
of existing reservoirs, to predict and manage the effects of injection of spent geothermal 
fluids, and to efficientiy convert the geothermal heat into useful energy. These 
hydrothermal research efforts are organized into four interrelated tasks and 15 projects, 
as shown in Figure 5. The individual project activities contribute jointly to the 
accomplishment of the Level I objective to: 

1 

4 

Reduce the lifecycle cost of producing electricity from liquid-dominated, i 
hydrothermal resources to 3 to 7 cents/kCYh by 1992. 

A two-fold strategy is used to attain this objective: (1) fund cost-shared research with 
industry in areas of greatest current need, and (2) conduct higher risk research to meet the 
longer-term needs of the geothermal industry. This approach satisfies the need for specific 

opportunities and economic benefits to the industry and, in the long term, contribute to the 
nation's energy security. 

technology that can, in the short term, have a high probability of yielding market 4l 

INDUSTRIALIZATION i 
The Industrialization task provides technical and 6nancial assistance to programs which 
demonstrate and promote the commercial application of geothermal energy. There are 
three activities associated with this project. The State-Coupled Grants activity provides 
funds to state agencies for cost-shared research within their purview. Direct Heat 
Participation provides technical assistance to businesses and individuals for the 

resources. The Heber Binary Demonstration Power Plant is a 45-MWe demonstration of 
binary conversion technology funded by DOE and the electric utility industry. 

development of nonelectric applications that utilize low- to moderate-temperature e 

12 



FIGURE 5 

HYDROTHERMAL RESEARCH 
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State-Coupled Grants 

Objectives $ 
The objective of the State-Coupled Grants project is to increase knowledge of low- and 
moderate-temperature (less than 1SOOC) geothermal resources by funding cost-shared, state- 
oriented research and development of geothermal energy. A broad range of research, 
generic studies, and resource assessment is represented by these grants. Regional resource 
assessments are being carried out in North and South Dakota, Washington, Alaska, and 
Nevada. Specific geothermal systems and generic research are the subject of detailed 
studies in Alaska, Hawaii, Idaho, Wyoming, Nevada, Utah, and New Mexico. Geochemical 
research and data collection is a major component of studies in Hawaii, Nevada, Idaho, and 
New Mexico. Advanced numerical modeling of combined heat flow and fluid flow is 
underway at the University of Wyoming and the University of North Dakota. 

C 

FWYearActivXes 
FY90 research was conducted in 12 activities in 10 states: c 

Stratabou nd Svstems (ND /SD\ - University of North Dakota geophysicists continued 
efforts to delineate the distribution of geothermal resources in the Williston Basin. 
A geothermal resources map of South Dakota was completed. 

geochemical study of the Geyser Bight geothermal resource, Umnak Island. Results 
indicate that a zoned plutonic rock unit is the probable reservoir rock, and volcanic 
rocks range in age from 75,000 to 534,000 years. A previously unreported fumarole 
field, 4 km south of Geyser Bight valley, was discovered and has been mapped and 
described in detail. 

The State of Alaska, Division of Geological and Geophysical Surveys, has completed 
a fluid chemistry study of the Geyser Bight area. Fluid chemistry analyses indicate 
that spring water is derived from two intermediate level hydrothermal reservoirs with 
minimum temperatures of I65 and 200 "C, and a probable deeper reservoir with a 
minimum temperature of 265 "C. 

1 - Work continued on the compilation of the Aleutian 
Island-Alaskan Peninsula geothermal resource map. 

Twin Falls & Wood R iver [ID) - Idaho Department of Water Resources completed a 
geochemical study of the Wood River geothermal systems (Street, 1990) and a 

Castelin, 1990). A key result of the latter study is a simplified conceptual model of 
the Twin Falls County geothermal systems. After a detailed review of existing data 
on the Boise geothermal aquifer, researchers used the most reliable data to constrain 
numerical simulations of present and future reservoir behavior under various 
development scenarios (Berkeley Group Inc., 1990). 

Silica Contro IIRecovery (HA) - University of Hawaii researchers reported a successful 

14 

&tian Islands Svste m (AK) - The University of Alaska completed a geological and i 

e 

4 

hydrologic and geologic study of the Banbuxy-Twin falls reservoirs (Baker and FCI 

a 



3 

acid treatment of high silica brines from the Hawaiian East Rift Zone, indicating 
potential for keeping the silica in sorution and minimizing production and 
environmental problems associated with production of thermal fluids. 

Moans Svstem fNV) - University of Nevada researchers completed a 13 month hydrologic 
monitoring program at the Moana geothermal system. These and other geologic 
data are being used to complete a quantitative evaluation and numerical model of 
the Moana resource. 

Basin mu id Gen esis (NV) - University of Nevada researchers completed a significant 
study which casts new light on the origin of geothermal fluids in the Great Basin 
(Flynn and Buchanan, 1990). 

Radon Gas Su wev (NM) - New Mexico State University is evaluating the use of time- 
integrated radon soil-gas surveys for geothermal resource assessment in the southern 
Rio Grande Rift. Studies have advanced this technique and yielded several target 
areas for moderate-temperature geothermal fluids in the Rincon and Radium springs 
areas. 

Newcastle Svste m (UT) - The State of Utah, Geological and Mineral Survey, completed 
a multidisciplinary study of the Newcastle resource (Blackett, 1990). Geological, 
geophysical, and geochemical studies have characterized this hidden resource in 
detail. The study suggests new approaches for the discovery of other hidden Basin 
and Range geothermal systems (Ross, et. al, 1990). 

FEODIM Model (WA] - No activity reported. 

cade RanFe fWp3 - The State of Washington, Department of Natural Resources, 
completed drilling eight 152 meter temperature gradient holes to better define the 
Southern Washington Cascade Range heat flow anomaly. Four holes had 
temperature gradients of 50 to 58 OC/km. A related study evaluated volcanic 
production rates of the Indian Haven Quaternary volcanic field through the study of 
K-Ar age dates, geochemistry and volcanic stratigraphy (Korosec, 1989). 

Therm a1 Mode ling: (WYI University of Wyoming continued work on an improved 
three-dimensional modeling scheme for solving the combined heat conduction and 
forced convection equations for determining subsurface temperatures. A model will 
be developed for either the Cody or Thennopolis hydrothermal systems (Heasler, 
1990). 

AU activities have received no-cost time respond to issues raised in reviews 
of draft final reports and to offset other delays and problems encountered. Completion of 
the Hawaiian silica deposition study was delayed by the shutdown of the HGP-A well, the 
only source of fluids for the study. The Hawaiian grant was modified to extend the silica 
reatment study to North American geothermal systems With high silica fluids. 

15 



0 See above section for reference to completed papers and reports. 

Rogms Towad Meet@ Objectives 
Interim and final results so far indicate this phase of the State Cooperative Program has 
been extremely productive in terms of new resource information (Washington Cascades; 
Newcastle, Utah; Rio Grande Rift, New Mexico), reservoir monitoring and evaluation, and 
in addressing production problems (Hawaii silica studies). 

Direct Heat Participation 

Q 

Objectives 
The objective of the Direct Heat Participation Project is to encourage the direct use of 
geothermal resources by providing technical assistance to businesses and individuals for 
geothermal resource development using low- to moderate-temperature brines. Direct heat 
applications include space and district heating systems, greenhouses, enhanced oil recovery, 
aquaculture applications, and geothermal heat pumps. 

Q 

Fiscal YemAdivitier 

direct-use industry with: 
The Geo-Heat Center at the Oregon Institute of Technology continued to provide the CI 

e 
e 
e 

Engineering, technical and development assistance 
Research to aid in resource and technical development problem 
Information and educational materials to stimulate development 

L 
The program provided strong support to state energy offices, potential and existing users, 
the engineering consulting community, and the public. The Center responded to over 260 
specialized requests pertaining to particular direct-use projects as well as several hundred 
requests for general information. The Center also conducted research in the performance 
of materials and equipment used in 13 geothermal district heating systems, interactions 

exchangers. 
between the aquifer and well bore, and the worldwide utilization of downhole heat Q 

Heber Binary Demonstration Power Plant 

O b j e h a  trr 
The Heber Binary Demonstration Power Plant is a cost-shared project involving DOE, San 
Diego Gas and Electric Company (SDG&E), and the Electric Power Research Institute. 
With the objective of demonstrating the technical feasibility of a large-scale (45 Mw) 
geothermal binary plant, the facility was completed in 1985 near Heber, California. 
However, the geothermal resource owner, Chevron, experienced difficulty providing an 
adequate supply of brine to the plant. After operating at reduced capacity for two years cc 
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the plant was shut down in 1987. The future of the plant depends on pending litigation 
between the participants. The current objective is to facilitate negotiations between the 
resource owners, plant owners, and prospective buyers with the expectation that the plant 
will resume operation in the future. 

Fiscal Yem ActivitKs 
DOE participated in discussions aimed at achieving a purchase agreement between the 
interested parties and returning the plant to operational status, 

ting the technical feasibility of a large-scale binary geothermal 
plant was delayed by resource-related technical problems and subsequent litigation between 
the parties involved. 

A.ogress T m d  Meering Objectives 
During M90, progress was made in reaching a purchase agreement between Chevron, 
SDG&E, and other interested parties. Such an agreement must precede resumption of 
operations at the plant. 

HARD ROCK PENETRATION 

A sig the cost of generating electricity from geothermal resources is 
associated with drilling and completing wells for exploration, production, and injection. 
Current drilling and completion technology is derived primarily from the oil and gas 
industry and often does not perform well in the hostile geothermal environment which 
includes high temperatures, hard rock, and highly corrosive fluids. The Hard Rock 
Penetration task addresses these elements and assists in the development of drilling and 
completion technology that will result in a considerable reduction in the cost of geothermal 
wells in order to achieve the Level I1 objective to : 

through improvem 

lling is lost circulation, 

cs project investigates 
The instrumentation 

project develops sophsticated tools and probes for operating in high temperature boreholes 
and for identiwng fractures and formation boundaries. Those items which are anticipated 
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to make near-term contributions to geothermal drilling or have near-term commercialization 
potential are often sponsored by the Geothermal Drilling Organization, a nonprofit 
consortium whose membership is drawn from the geothermal and drilling industries. 

Lost Circulation Control 

Objectives 
Approaches to controlling lost circulation include the development of lost circulation 
materials, pumpable setting fluids, polyurethane foams, cements, and the placement of lost 
circulation materials. The Level 111 objective of the Lost Circulation Control project is to: 

Reduce costs associated with lost circulation episodes by 30 percent by 1992. 

Methods for lost circulation control and recovery will be pursued to reduce drilling time 
lost in diagnosing and ameliorating lost circulation problems in zones dominated by minor 
fractures as well as those consisting of large fractures, vugs, and caverns. The R&D efforts 
include evaluating the high-temperature plugging characteristics of specific lost circulation 
materials; characterizing lost circulation hydraulics and zones by developing wellbore 
hydraulics models for evaluating drilling fluid losses; developing hardware/soEtware to 
acquire and analyze on-site drilling data; comparing hydraulic model predictions with 
physical attributes: and conducting full-scale laboratory and field tests using foams, cements, 
and pumpable setting fluids. 

Many potential lost circulation materials have been tested for high temperature and 
pressure durability, and fracture plugging capabilities. Recent tests indicated that lost 
circulation material performance is often improved by using a mixture of different 
materials, sizes, and shapes. 

Filial Year Adivities 
FY90 Activities included High-Temperature Materials, Fracture Fluid Loss Control, and 
Loss Zone Characte 

m-Temperature Materials - A parametric study was conducted using the generalized 
mathematical models of two-particle bridges developed earlier. The study simulated 
the performance of ground rubber tires and eastern black walnut particles. The 
simulations involved a variety of fracture thicknesses and particle sizes and shapes. 
Analysis of the resuits is expected to lead to establishing guidelines for optimizing 
the particle size, distribution and mixture for this combination ground rubber 
tire/eastern black walnut loss circulation control material. Industry, using Sandia 
designs, have built similar loss control material testers to evaluate other materials. 

Fracture Flu id Loss Control - Development of cementitious mud formulations, a joint 
project with Brookhaven National Laboratory, yielded promising viscosity-vs-time 
profiles to ensure pumpability, and several potential encapsulation materials were 
identified to prevent the cement from prematurely setting up in the drillstring. The 
development of cementitious mud flow models was completed and a final report is 
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in preparation. 

A patent disclosure was filed on the downhole injector system for downhole 
emplacement of cementitious muds. The injector system is pictured in Figure 6. 
Design of the injection sub was completed, and a detailed design analysis was 
initiated, and a system feasibility study, including economics, was initiated. 

rous packer concept is designed to mechanically seal a loss circulation zone 
temporarily and provide a means for the controlled emplacement of a fast-setting, 

' expandable material to permanently seal the zone. A facility was constructed for the 
testing of porous fabrics for use in porous packers, and test operating procedures and 
software were developed. 

A patent disclosure was submitted on the drillable straddle packer concept, and 
components were designed and fabricated. In addition, a packer emplacement 
feasibility study was initiated. A facility for testing full-scale drillable straddle packer 
and porous packer assemblies was designed and constructed. 

ss Zone Characterization - A simple transient model was developed to simulate 
wellbore hydraulics during a lost circulation event. Such models could be used to 
guide the evaluation of flow tests conducted to determine loss zone characteristics 
such as location, permeability, and pressure. The results indicate that more rigorous 

de on the development of the Wellbore Data Acquisition System for 
acquiring, analyzing, and displaying wellbore hydraulics data for use in diagnosing 
lost circulation events. A patent disclosure was filed for the Velocity-Level (V-L) 
meter which was designed and constructed as part of the system. The V-L meter 
measures the outflow rate of drilling fluid from the wellbore in order to determine 
the amount of fluid being lost. The Wellbore Hydraulics Test Facility was designed 
and constructed and is being used to test the V-L meter and other commercial 
inflow and outflow transducers currently in existence. 

cessary to represent all the significant transient effects. 

A laboratory scoping s was completed to investigate techniques for using the 
acoustic borehole televiewer .(BHTV) to provide quantitative measurement of 
fracture apertures downhole. It was found that fracture apertures as small as 0.15 
nch can be measured within about 15% accuracy. . 

tic techniques for loss zones 
, very little effort was expended in the 

Milpsrones rmd Delivembles 

0 Development of downhole material injector hardware was initiated. 
_ *  
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e Development of wellbo 

A report was completed on the evaluation of two-component polyurethane 
*foam for lost circulation control (Loeppke, et.. al, see bibliography). 

initiated. 

h g m s  Towad Meeting Objectha 
Progress was achieved in all three activities. The development of High Temperature 
Materials is approximately 50% complete. Work in the Fracture Fluid Loss Control activity 
is 25% complete. The Loss Zone Characterization activity is 30% complete. It is estimated 
that the program has completed approximately 30% of the development necessary to 
achieve the Level III objective to reduce costs associated with lost circulation episodes by 
30 percent by 1992. 

Rock Penetra 

ObjectiLes 
ing fluids, drill strings, and hole stability are adversely affected by deep, 

drilling wells in this environment is costly. This project supports studies 
of advanced drilling concepts, improvements in coring technology for exploration, and 
investigations of methods for transmitting data to the surface while drilling. The Level I11 
objective of the Rock Penetration Mechanics project is to: 

ce costs of deep wells and directionally drilled wells by 

By directly measuring the envi es, better tool design, selection 
of components and drilling parameters, and trajectory predictions are conceivable. 
Research efforts include the development of advanced data transmission methods for 
measurement- ) systems and incremental advancements in drilling and 

g times and costs. Mud pulse 
alf to one bit per second are the only reliable, 

commercially available telemetry systems. The key to improvement of this technology is 
to increase data transmission rates between the downhole duces a d  the surface rig. 
The transmission characteristics of metal drill strings are well understood and have 

acoustical telemetry syste ous efforts have provided 
aracteristics and have enabled the design and fabrication 

may be capable of transmitting data through drill string at 
d pulse technology. 

asked development of a program plan for exploratory 
coring and reducing the cost of installing the ground loops for geothermal heat pumps. 



i 

t 

Fiscal Y w  Adivirier 
Activities during FY90 included Acoustic Data Telemetry System, Advanced Drilling 
Concepts, and Televiewer Casing Inspection: 

c 
Acoust ic Data Telemetrv Svstem - Testing was completed of scale-model transducers 

which can send and receive a continuous acoustical signal through the drill string and 
perform active echo suppression. A total of four patent applications have been filed 
for this technology. 

on the assumptions that small holes yield adequate information to define a 
reservoir's productivity, and that core rigs can achieve rates of penetration 
comparable with rotary rigs at much lower cost. This concept has received favorable 
comments and support from Sandia's industry based geothermal advisory panel. 

Geothermal Heat Pumps - Investigators became familiar with geothermal heat pump 
(GHP) ground loop installation practices. The Rural Electric Co-op Association and 
some electric utilities are very interested in developing a space saving, drilled ground 
loop system which can be installed in one day for a residence. Sandia developed a 
cooperative agreement with Charles Machine Works to extend their shallow boring 
equipment to greater depths and include various sampling/monitoring strategies for 
accessing regions beneath DOE waste sites. This is a spinoff of the GHP drilling 
review and may yield advancements for GHPs.- 

Advanced Dn 'Ilin e Co nceD ts - A program plan for exploratory coring was developed based (I 

Q 

e 

V* 
Targeted milestones regarding insulated drilling pipe were postponed due to the delay in 
drilling the Long Valley exploratory well. Redirection of the advanced drilling concepts 
activity emphasized exploratory coring and drilling systems for geothermal heat pumps. 

Milerroner ami Delivembler 
fl 

Construction of full scale transducers was completed. 

Design and testing of telemetry systems signal processing was completed for 
scale-model transducers and drill string. 

The Geothermal Heat Pump Drilling R&D was initiated. 

4 

Prognw TowdMeetingobjecrives 
The fundamental development work for the data telemetry system has been accomplished, 

expected to take several years. 
but fuil development of the system is only about half complete. Commercialization can be G 

e 
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Instrumentation 

Objectives 
The research activities conducted in the Instrumentation project focus on the development 
or modification of technology for geothermal exploration. Efforts include the development 
of probes to operate in very high temperature environments and tools to map fractures and 

Decrease the cost of drilling production-related geothermal wells by about 5 
percent by 1992 through better identification of fractures. 

Decrease the uncertainties in measurements of downhole and wellhead 
temperature, pressure, and flow measurements for moderate temperature 
reservoirs by 25 percent. Decrease the uncertainties for similar 
measurements at reservoir temperatures greater than 250"C, by 50 percent 

Some wells have been drilled as close as 100 to 300 feet from a commercial producer and 
have failed to encounter commercially productive fractures. This inability to identify and 
locate fractures near a wellbore indicates a need for a high-resolution, fracture-mapping 
technique. Once Eractures can be located, directional drilling may turn a dty hole into a 
producer. Conventional seismic techniques do not provide the necessary resolution. A 
radar fracture-mapping tool and flow meters will be developed to improve the drilling of 
the borehole near fracture zones, and thereby improve completion-zone siting. 

w 

r boundaries. The Level In objectives are to: 

0 

0 by 1992. 

0 

Q 

The development of advanced downhole logging instruments capable of withstanding high 
temperature hydrothermal environments is being pursued. Downhole flow measurements 
using propeller and turbine type flow meters often fail due to the high flow rates and 
erosion/corrosion. All downhole measurements above 300°C are difficult since this is the 
practical upper limit for wireline tools. 

Y 

A series of "slickline" tools was developed to me temperature, pressure, and flow in 
the DOE Salton Sea Scientific Drilling Project at temperatures up to 400°C. These tools, 
which store data downhole for later retrieval at the surface, included mechanical Kuster 
tools for measuring temperature, pressure, and flow; a temperature and pressure tool built 
around an electronic memory; and a timing and control unit to power a downhole sampler. 
The electronic tools with downhole memory were found to offer the most promise for 
future development. The concept of self-contained downhole memory tools wil l  be 
expanded to develop a modular downhole instrumentation system. This modular system 
wil l  be designed to meet future instnunentation requirements of high temperature 
geothermal wells (temperatures up to SWC). Also, fiber optic cables and sensors will be 

ilities. 
U 

FY90 Activities included Radar Fracture 
Televiewer Casing Inspection: 

ownhole Memory Tools, and 
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Radar Fracture Mapp ing - In an effort to better define the operating characteristics that 
will be required of the eventual field system, a numerical model was developed that 
predicts the magnitude of reflected radar signals as a function of the host rock 
electrical properties and the fracture characteristics. Model studies indicate that a 
significant improvement in system dynamic range will be needed for locating 
fractures in most geothermal reservoirs. Engineers redesigned the antenna system 
for the radar tool to enable a better coupling of electromagnetic energy to ground 
material. This effort was cost-shared with nuclear treaty verification projects. 

r)ownhole Memory Tools - Investigators began development of a modular concept for 
downhole memory tools that uses as a foundation a general purpose controllmemory 
module. A complete design and circuit board layouts were completed. 

G 

h 

Televr 'ewer Casing  ins^ - ection - The value of the borehole televiewer for casing inspection 
was demonstrated by logging problem wells in The Geysers. 

Vmimscer 
Assembly of the second generation downhole radar was begun but was delayed due to cost 
overruns. A decision was made to complete manufacture of the partially completed tool 
in-house, but this activity was subsequently put on hold to await evaluation of continuous 
wave radar systems. All associated milestones regarding testing the second generation tool 
were likewise delayed. 1 

0 Design of control/memory module was completed. 

Printed circuit board layouts were completed and parts ordered. 

Progress T o w d  Mizting Objecther 
One prototype radar tool was built and tested, but performance under conditions expected 
in geothermal reservoirs was not sufficient to justify commercialization. This activity is 
about 50% complete. The development of downhole memory tools is approximately 25% 
complete. e 

Geothermal Drilling Organization 

Objdvts  

and DOE jointly fund activities which are designed to transfer techno€ogy to industry 
vendors. GDO members often become extensively involved in the field-test phase of these 
activities thus improving the transfer of technology to industry. The Level III objective of 
this project is to: 

The Geothermal Drilling Organization (GDO), a non-profit consortium of industrial firms, c 

Develop and transfer other related technology to effect an additional 5 
percent reduction in well costs by 1990 and 10 percent by 1992. 

24 
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GDO activities currently include acoustic borehole televiewer, a downhole air turbine, and 
high-temperature elastomer products. Acoustic borehole televiewers are used in 
water/mud-filled wells to map formation fractures in open boreholes and to inspect internal 
casing surfaces in cased wells. Two high-temperature televiewers have been fabricated and 
were initially tested successfully in a 4,000-foot well at 260°C. After additional testing, a 
logging company will be able to adopt the technology and offer it to the geothermal 
industry. 

High-temperature elastomers will be fabricated and tested for use as drill pipe protectors, 
rotating head seals, and blow-out preventors. 

Fiscal Yem Adivities 
Activities during FY90 included High Temperature Borehole Televiewer, Drill Pipe 
Protectors, and Rotary Head Seals: 

decision was reached concerning 
commercialization of the televiewer for geothermal operation. Unocal Geothermal 
will take possession of all GDO equipment and assume responsibility for 
maintenance. Unocal will then provide commercial televiewer service to support 
their worldwide geothermal operations. 

A demonstration of the televiewer to one of the GDO participating members 
resolved serious f casing separation and corrosion. 

clude incorporating a new high pressure electrical 
a leakage problem found during earlier testing. Also, 

new magnetometers were built that operate satisfactorily at temperatures up to 
300°C. The computer graphics were also improved. 

JIiuh TemDeratu re Bore hole Televiewer - 

d with the Unocal agreement. 

2s 



0 Redesign of rotary head seals resulted in significant improvement in the 
lifetime. c 

plogrerr Towad Meeting Objectives 
The Borehole Televiewer Activity is approximately 90% complete. Transfer of the 
equipment and commercialization by Unocal is expected to occur during FY91. The Drill 
Pipe Protectors Activity is about 90% complete and will be finished in 1991. Development 
of Rotary Head Seals is about 80% complete and should be completed in 1991. c 

RESERVOIR TECHNOLOGY 

The Reservoir Technology Research task supports basic and applied research to solve 
reservoir characterization problems which hinder the widespread use of geothermal 
resources. Task activities focus on the development and verification of new technology 
for exploration, fluid production and injection, and prediction of reservoir lifetime. These 
activities are directed at accomplishing the Level I1 objective to: 

c 

Reduce the lifeqcle cost of hydrothermal electricity by 15 to 22 percent 
through improvements in exploration and reservoir confirmation technology 
and procedures by 1992. c 

The efforts combine laboratory and analytical investigations with field testing to develop 
various reservoir techniques and evaluate their utility. Exploration and reservoir assessment 
techniques developed by the petroleum, mining, and groundwater industries are reviewed 
and selected for potential application to geothermal systems. New exploration and 
analytical techniques are developed for specific application to the unique geothermal 
environment. Validation in the field is critical in determining the usefulness of new 
technologies developed by the research efforts. 

, 

B 

Most of the Resexvoir Technology research is conducted by national laboratories, 
universities, and industrial research organizations. Idaho National Engineering Laboratory 

in various aspects of reservoir engineering and the physics of fluid flow. Lawrence Berkeley 
Laboratory, Lawrence Livermore National Laboratory (LLNL), and University of Utah 
Research Institute (UUFU) provide innovative research in geophysics. University of Utah 
Research Institute and Oak Ridge National Laboratory (ORNL) conduct research in 
geochemistry and chemical thermodynamics, and University of Utah Research Institute 

The 
Reservoir Technology Research program is coordinated with and makes use of the ongoing 
geothermal research conducted by the U.S. Geological Survey (USGS). 

The Reservoir Technology Research project is divided into five interrelated projects. 
Reservoir Analysis research seeks to reduce the risks associated with reservoir 

and predictive models of the reservoir. Exploration Technology aims to provide better 

(INEL), Lawrence Berkeley Laboratory (LBL), and Stanford University provide research (s 

provides a geologic framework for the understanding of geothermal resehroirs. e 

characterization and reservoir evaluation through the development of analytical techniques b 
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tools and methods for resource identification through the development of integrated models 
for both exploration and reservoir analysis and the improvement of methods for exploration 
and reservoir characterization. The research conducted in Brine Injection strives to gain 
a better understanding of fluid injection into producing reservoirs. The Geothermal 
Technology Organization supports cost-shared cooperative research with industry which has 
a high probability of attaining results in the near term. The Salton Sea Scientific Drilling 
Project (SSSDP) offers insight into the geochemistry and productivity of hot, hypersaline 
brines found in the deeper portions of the Salton Sea hydrothermal reservoir. 

Reservoir Analysis 

Objectives 
This project provides analytical and interpretive tools for determining reservoir 
characteristics and reservoir performance with greater certainty. Research efforts included 
in this project are the development of geothermal reservoir models based on field and 
laboratory data; the evaluation of geophysical methods to locate and characterize fractures 
in geothermal reservoirs; the development of conceptual geologic models which incorporate 
observed fracture parameters and fluid chemistry; and improvements in numerical models 
to interpret well measurements and laboratory data. These activities strive to achieve the 
following Level III objectives: 

Reduce the number of weiis needed to define the resource by 33 percent by 
1992. 

By increasing the accuracy and precision of information required for models 
of reservoir characteristics and performance, decrease uncertainties in 
forecasting short-term and long-term reservoir changes in fluid temperature, 
pressure, flow rate, and chemistry by 10 percent by 1992. 

Reduce uncertainties in predictions of reservoir capacity by 15 percent by 
1992. 

improving reservoir uation methods, decrease uncertainties in 
forecasting short-term and long-term reservoir changes in ff uid temperature, 

d chemistry by 15 percent by 1992. 

wells needed to evaluate a reservoir by 10 percent by 
1992. 

Y ir Analysis project pursued e objectives with particular 
on research directly related to The Geysers. Substantial input from the 

geothermal industry was incorporated into formulating research designed to provide 
methods, tools, and technical information which will enable industry to better understand 
and manage the resource at The Geysers. 

Y 
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F W  Year Adivities 
Activities during the year included Fracture Detection & Mapping, Reservoir Processes, and 
Predictive Modeling: t 

I Fracture De tection & MaD - ping - Nothing Reported. 

Reservo ir ProcesseS - Efforts concentrated on understanding processes in fractured 
reservoirs. Investigators initiated the development of a mathematical formulation 
of fluid flow and imbibition in fractured reservoirs and designed and built laboratory 
apparatus for visualizing and measuring such flow. Predictions of fracture relative 
permeabilities were improved by including effects of pore space accessibility and 
hysteresis. Laboratory equipment was developed and tests initiated to determine the 
distribution of hydrogen chloride between liquid and vapor phases in geothermal 
systems. 

documented code features and use, and reieased under the name 'TOUGH2." Case 
studies of several U.S. and foreign geothermal fields was continued to document 
their characteristics and response to production and injection. Fields being studied 
include Palinpinon, Philippines; Casa Diablo, CA; Cerro Prieto, Mexico: The 
Geysers, CA; and Long Valley, CA. Current production data and information on 

c 

Predictive Mode ling - A major subset of MULKOM modules was prepared, with Q 

stand-by wells was incorporated into the model for the Cerro Prieto reservoir. fl 

V i  
Performance was impacted by the change to an emphasis on Geysers related research. This 
shift diverted funds from other projects, and delay in initiating the Geysers research was 
experienced while DOE and industry reached agreement on focus and participation. A 

research. 
benefit of the delay was increased time for researchers to complete reports on previous Q 

0 Focus was shifted to concentrate on Geysers research. 

The 'TOUGH2" reservoir model was completed and released. 

Laboratory measurements of hydrogen chloride solubility were initiated. 

c 

P p p s  Tow& Mcering Objectives 

experiments and obsemtion have contributed to the ability to determine reservoir 
characteristics and reservoir performance with greater certainty. The initiation of a major 
research program related to increased understanding of The Geysers reservoir refocused 
efforts to understand vapor-dominated reservoir characteristics and mechanics in complex, 
highly fractured structures. 

Continued development of analytical and interpretive tools through laboratory and field G 

QI 
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Exploration Technology 

Objectiva 
Through the study of active and former hydrothermal systems, better generic models can 
be developed and used to devise new exploration methods, techniques, and strategies. The 
activities conducted within the Exploration Technology project are associated with 
accomplishment of Level III objectives to: 

w 

Increase the success ratio of wildcat exploration wells, especially in frontier 
areas such as the Cascades, by 20 percent by 1992. 

Devise better methods and strategies for discovering hidden hydrothermal 
systems, and for exploring the deep extensions of known systems so that 
industry can locate three such hidden reservoirs by 1992. 

43 

w 

w 

Researchers will develop new rock, water, and gas geochemical techniques to identify 
hidden hydrothermal systems and will improve regional geophysical methods and 
interpretive techniques for exploring to depths greater than 2 km. Cost-shared R&D 
between DOE and industry, especially in frontier areas, will be pursued. 

GD has worked with industry to drill and core several holes to depths of 1.2 to 1.5 km to 
obtain accurate heat flow values. Geophysical logs and surface electromagnetic surveys are 
being examined to determine which correlates best with critical parameters of geothermal 
reservoirs. Low resistivity has been correlated with both low-temperature and high- 
temperature alteration mineralogy, and physical measurements of cores show subtle 
differences in the electromagnetic response. Combinations of several geophysical methods 

e being tested to identify characteristics of high-temperature geothermal systems, and to 
reduce the ambiguity of individual methods. New equipment and interpretation methods 
are being developed for magnetotelluric surveys, electromagnetic measurements, remote 
ensing for structural analysis, and conceptual models of geothermal systems. New 

ochemical geothermometers are being evaluated thiough laboratory and field studies and 
w refinements in sampling and analysis of surface water samples are being investigated. 

el, Geophysical Methods, and 
F K d  YemActivith 

was operated at Long 

zones, and to test Achauer's prediction of a shallow magma chamber. Construction 
began for a *field demonstration system of borehole-to-borehole geophysical * 
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instrumentation suitable for geothermal wells up to 3,000 feet deep and 260 "C. 
Researchers demonstrated the effectiveness of a detailed magneto-telluric transect 
in exploration €or deep geothermal resources at Long Valley. t 

Peochemistry - Nothing reported. 

Vmirmces 
Research was impacted by a reduced budget. 

0 Seismic studies at Long Valley were reported (Romero, et. al.). 

pllogrest T o d  Meeting Objectives 
Little progress was made in the project, reflecting the low emphasis placed on this area. Q 

Brine Injection 

Objectives 
The Brine Injection project involves the improvement of methods for detecting and 
mapping fractures and permeable zones to optimize well siting and addresses industry needs 
for effective and environmentally acceptable injection systems. The activities aim to satisfy 
Level III objectives to: 

Increase the success ratio of in-fill wells for production and injection, i.e., 
decrease the dry-hole ratio for in-fill wells for production and injection by 33 
percent by 1992. 

c 

Improve methods for positioning and designing geothermal production and 
injection wells in order to reduce the aggregate cost of wells by 15 percent 
by 1992. 

Improve reservoir monitoringrnethods to decrease uncertainties in forecasting 
short-term and long-term reservoir changes in fluid temperature, pressure, 
flow rate, and chemistry by 10 percent by 1992. 

Reduce the number of low-flow and short-lived production and illjection wells 
drilled after production begins by 15 percent in 1992. Improve the efficiency 
of the pmdaction and Iqjection schemes to reduce the number of make-up 
wells by 10 percent by 1992. 

Reduce uncertainties related to long-term reservoir changes in fluid 
temperature and injection breakthrough by 10 percent by 1992. 

Reduce the number and severity of unexpected environmental problems, 
especially those related to potential seismicity and subsidence. 

c 

30 



The project involves increasing the reliability and reducing the cost of downhole 
instrumentation for use in high-temperature wells up to 3SVC, including emphasis on 
drilling and completion I information, methods to couple wellbore models to reservoir 
numerical simulation models, improved well designs, and better methods to monitor well 
performance. Other efforts are directed toward the development of low-cost tracers for 
liquid- and vapor-phase flow: new techniques for conducting and interpreting tracer tests; 
methods for monitoring subsurface changes due to production, such as encroachment of 
cold water: new geochemical methods for detecting changes in the reservoir as production 
proceeds; and methods to predict and trac emical and thermal fronts in the reservoir. 

Theoretical and numerical models have been used to identify geophysical methods to map 
fractures from the surface and between boreholes. Several of these methods look 

field testing. Instruments using fiber optics are being investigated for long- 
le monitoring of ,pressure, temperature, and water chemistry in high- 

wells. Tracer testing has proven useful in one field for the selection of 
optimum sites for production and injection wells. Numerical models have been developed 
to predict the results of various sites for injection wells, and these models are being tested 
with field data. Chemical tracer tests are being used to determine actual flow paths 
through a reservoir and to determine parameters needed for modeling. Geophysical 
methods are being tested for the possibility of tracking injected fluid. 

F K d  Y w  Adivities 
-90 activities included Tracer Development, Geophysical Monitoring, Fluid Migration 
Modeling, and Tracer Interpretation: 

w 
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shifted from liquid- to vapor-phase tracers due to 
the need to evaluate injection strategies at The Geysers. Hydrochlorofluorocarbons 
were found to be suitable as tracers for geothermal vapor-phase environments, and 
a laboratory was set up 'to test and analyze these compounds and established 
methodologies €or injecting, sampling, and analyzing tracers in a vapor-dominated 
reservoir. Efforts to develo 

- A high-resolution seismic monitoring array at Coldwater Creek 
operational status by joint industry/DOE researchers, and data 

el to characterize injection-related processes. 

lied a reinjection optimization algorithm to 
field data from Palinpinon field in the Philippines: efforts are focused on delineating 
parameters that are representative of injection breakthrough. The response of 
vapordominated systems to cold brine reinjection and the migration of the injectate 
plume were modeled. Numerical Simulations showed that injection into superheated 
zones yields much greater recovery of the injected fluids than injection into two- 

effects with cold water injection into 

search was performed to evaluate the 

dditional liquid-phase tracers were also continued. 

stabilities and solubilities of the potential tracers. 
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Vmipnces 
Shifting emphasis from liquid- to vapor-phase tracers has slowed activity somewhat and 
delayed targeted milestones. The lack of any significant seismic activity at East Mesa 

cancellation of some tracer field tests. 

Milerrtones and DelivaableJ 

delayed a report on seismic monitoring of that area. Environmental considerations forced Ql 

0 Researchers initiated several studies related to injection at The Geyser and 
identified tracers apparently suitable for use in vapor-dominated systems. 4 

A.ogress T m d  Meeting Obj&a 
Several studies of injection have yielded preliminary results which could have significant 
impact on field operations, particularly in vapor-dominated systems. 

Geothermal Technology Organization 
c 

Objedivver 
This project stem from an agreement with the Geothermal Technology Organization 
(GTO), an association of firms with interests in geothermal development, and the DOE. 

and share the costs with DOE. The participants ffom GTO fund at least 50 percent of the 
costs of each activity; and they have the right to royalty-free licenses in any ensuing patents. 
The objective is to increase geothermal research by encouraging the involvement of 
industry. 

Two or more GTO members select priority geothermal research and development activities 4 

F i d  YemActivities 
Cooperative Research was the only activity during FY90 

4 

cooperative Research - INEL initiated agreement with several Geysers operators through 
the GTO to assist interpretation of tracer tests at The Geysers. LBL coordinated 
DOE interaction with Geysers operators related to the ptanning of future joint 
research and field activities at The Geysers. LBL also assisted the Geothermal 
Resources Council in planning courses devoted to technology transfer to industry. 
Several lectures in these courses were presented by LBL scientists. 

4 

i 

Vmimrces 
None reported. 

Mikjronermrd-h 

e Agreement was reached with the Geothermal Technology Organization for 
joint interpretation of data from an impending tracer test conducted by 
operators at The Geysers. 
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Progress Toward Meeting Obj&es 
Joint DOE/industry involvement was achieved for interpretation of tracer tests. 

Salton Sea Scientific Drilling Project 

. .  
W 

w 

0 

w 

Q 

Y 

Objectives 
The Salton Sea Scientific Drilling Project (SSSDP) was performed through the Interagency 
Accord on Continental Scientific Drilling whose signatories include the Department of 
Energy, the National Science Foundation, and the U.S. Geological Survey. All three 
agencies provided support during execution of the project. ’The project was designed to 
study the physiochemical properties of deeply buried’rocks and fluids of the Salton Sea 
Known Geothermal Resource Area, located in California’s Imperial Valley. Activities 
centered around the drilling and testing of a deep well coupled with sampling and analysis 
of rocks and hydrothermal brines. The objectives of the SSSDP were to: 

reported in journals and at 

hued on a final 
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Vmimrces 
Due to a default by a contractor, the planned workshop was cancelled, and the final report 
for the Project was not completed as scheduled. 

Milertoneandmrdembles ~ 

C 

e A SSSDP archival reference report was drafted and revised. 

c lkgmss T o w d  M .  
To the extent permitted by the circumstance of drilling, t in& and analysis over the course 
of the SSSDP, all objectives were achieved. The degree to which objectives were achieved 
will be documented in the final report scheduled for late FY91. 

CONVERSION TECHNOLOGY 

Because of the variable nature of geothermal resources, a variety of technologies can be 
used to convert geothermal heat to electricity. Dry steam conversion technology is mature 
and has been in commercial use for many years. The basic technology for flash steam 
plants is also well advanced and is usually used when the resource temperature is over 
200°C (400°F). Binary cycles are more thermodynamically efficient than flash cycles below 
200°C (400°F); however, the larger sizes and higher costs of equipment required for lower 
temperature fluids and the economic advantages of developing hotter resources first have 
inhibited the deployment of binary systems. Conversion TechnoIogy research activities are 
expected to lead to advancements in binary technology and other surface systems that will 
permit more efficient operation in the more abundant moderate-temperature reservoirs. 

producing and handling chemically aggressive geofluids. Special muds and cements are 
needed to drill wells into hydrothermal reservoirs. Within plant systems such as brine 
gathering systems, steam separators, and heat exchangers, the combined effects of thermal 
stress, corrosion and scaling of equipment and components limit plant durability such that 
availability, lifetime, power output, and heat exchange capability may be seriously affected. 
These problems reduce the profitability of the operation through increased initial capital 
costs, unscheduled downtime and costly capital replacement. Conversion Technology 
research is developing new materials and methods for overcoming these barriers. 
Conversion of hazardous geothermal wastes to non-hazardous wastes has potential for 
increasing the cost-effectiveness of geothermal power production. Operating expenses may 
be reduced by employing biochemical detoxification processes currently being developed. 

The Conversion Technology task is separated into three research projects. Heat Cycle 
Research seeks to improve conversion cycle efficiency and focuses on binary cycle 
technology. The Advanced Brine Chemistry project addresses problems associated with the 
production, use, and disposal of highly saline brines. Efforts in the Materials Development 
project are directed toward finding materials capable of withstanding geothermal 

Technology task are focused on achieving the Level II objectives to: 

4 

Of major concern to geothermal power producers are the problems associated with fl 

I 

I 

environments (high temperatures and highly saline brine). The projects in the Conversion c 
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Reduce the life-cycle cost of hydrothermal electricity by 10 to 13 percent 
through improvements in fluid production technology, 

Reduce the cost of power by 17 to 28 percent for binary plants at reservoirs 
in the temperature range of 150°C to 200°C through improvements in 
efliciency and in operation and maintenance (O&M). 

Reduce the cost of power up to 4 percent for flash plants through 
improvements in materials and equipment subject to scaling, corrosion, and 
other brine-handling requirements. 

eses objectives are pursued through a variety of Level ID objectives within each research 

Heat Cycle Rese 

Obi&es 
The emphasis of the Heat Cycle Research project is directed primarily at the utilization of 
liquid-dominated, moderate-temperature hydrothermal resources for the generation of 
electric power. The project investigates and develops the technology required to improve 
conversion cycle efficiency, as well as to expand the resource base to include subeconomic 
and marginally economic resources that are not being developed because of technical or 
institutional barriers. The Level III objectives for Heat Cycle Research are to: 

Increase net geothermal fluid effectiveness of binary plants by 20 percent. 

Increase net geothermal fluid effectiveness of binary plants by an 
additional 8 percent through the use of supersaturated vapor turbine 
expansions. 

0 Reduce heat rej n system cooling wat ake-up requirements for 
thermal power plants by 20 percent. 

research activities include: Heat Cycle arch Facility (HCRF) Operations, 
Analysis and Systems Studies, Advanced Heat Rejection, and Polymer-Concrete-Lined 
(PCL) Tube Investigations. Figure 7 depicts progress achieved in development of polymer 

fluid effectiveness of 
binary plants 'by 20%. hieve this objective the HCRF is used to generate field data, 
which is then used t ate engineering tools and methods required to design the 
advanced plant capable of achieving the higher level of performance. The activity also 
strives to increase net fluid effectiveness by an additional 8% by determining whether or 

Analysis and Systems Studies continues the endeavor to increase plant performance. 
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are associated with supersaturated vapor turbine expansions. 



c 

Investigators identify and evaluate proposed advanced concepts such as the Kalina cycle 
and the Trilateral cycle. 

To improve feasibility for geothermal binary systems in arid areas the Advanced Heat 
Rejection activity is developing heat rejection schemes that require less cooling water 
make-up without incurring significant performance penalties. Theoretical studies and 
analysis will be used to select one or more schemes for field testing. 

The PCL Tube Investigation activity is closely related to the Materials Development project 
but is conducted as part of the Heat Cycle Research project because HCRF personnel and 
equipment are employed in testing the material. The goal of the activity is to develop a 
corrosion-resistant and low-fouling heat exchanger tube material costing no more than one- 
third the cost of high-alloy tubes (See Level I11 objectives €or Materials Development). 

F W  Yer~Adivities 
FY 90 activities included Heat Cycle Research Facility Operations, Analysis and Systems 
Studies, Advanced Heat Rejection, and PCL Heat Exchanger Tubing: 

Heat Qc le Resea rch Facility Ope rations - Analysis of the data collected at the first non- 
vertical condenser orientation was completed and reported. In analyzing the data 
from the HCRF operations, it was determined that the design codes of Heat 
Transfer Research hc. (HTRI) provided acceptable accuracy predicting performance 
of the supercritical heaters and the condenser in the vertical orientation. A flaw 
in the HTRI code was discovered when modeling the condenser performance in the 
non-vertical orientations. Field investigations continue at the non-vertical condenser 
orientations to provide the data base to allow for more accurate modeling of the 
condenser performance at these positions. 

Compliance with environmental, safety and industrial hygiene regulations were 
assessed. Increased efforts in this area during FY90 included updating related 
documentation to reflect operation at the new site, testing and inspection of tools 
and equipment, posting signs and warning labels, establishing a hazard 
communication program, establishing methods for controlling and disposing of 
hazardous wastes, and training facility operators in various safety, health, and 
environmental issues. 

Analysis & Systems Stud ies - Using thermodynamic second law analysis, investigators 
determined the practical limit of second law efficiency to be 70% to 75% for binary 
power cycles within the resource temperature range being considered. Evaluation 
of the supercritical cycle, Kalina cycle and the Trilateral cycle indicated each 
approaches the practical limit of performance. 

To simulate supersaturated turbine expansions, a two-dimensional expansion nozzle 
was obtained along with a laser droplet illumination system to detect the presence 
of condensate. INEL engineers initiated the design of the modifications to the 
HCRF to install the laser system and two-dimensional nozzle. INEL engineers also 
completed the revision of the turbine specification prepared by North Carolina State 

t 
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A&T in order to meet HCRF design criteria and INEL procurement criteria. 

- Minimal effort was expended on this activity during FY90. Advanced Heat Reiection 
A study was completed, and a paper presented (Bliem and Mines, 1989, see 
Bibliography for complete citation) which addressed the reduction in the cooling 
water make-up requirements achieved by the advanced designs under investigation 
in the project. 

. .  

PCL Heat E xchaneer Tub ing - A solicitation was issued seeking cooperation from 
operating commercial geothermal plants for a site investigation of polymer concrete 
lined (PCL) heat exchanger tubing. Red Hill Geothermal's Del Ranch plant near 
the Salton Sea was selected, and contract negotiations were completed. 

The PCL fouling test unit was installed at the HCRF, and a series of baseline 
performance tests was conducted to establish performance of the PCL tube with the 
relatively benign East Mesa brine, and to check out the operation of the test unit 
prior to shipping it to the Del Ranch site. Upon completion of the baseline tests the 
test unit was shipped to Del Ranch, and HCRF operators initiated installation. 

V d  
During FY90 the INEL Heat Cycle Research Facility (HCRF) resumed operation after the 
relocation of the facility in FY89 to the B.C. McCabe plant at East Mesa. Initial problems 
with insufficient brine supply and unexpectedly high levels of sand in the brine were 
overcome. Early in FY90, a tube in the HCRF vaporizer failed; a replacement tube was 
obtained and installed. In February 1990, after completing the final phase of the 
supercritical cycle investigations with the pure isobutane working fluid, a tube failed in the 
preheater. Because the HCRF heaters had been in operation for the predicted service life 
of the tubes, HCRF operations were suspended and replacement tubes were ordered for 
both heaters. As a result, HCRF operations activity was slowed. 

Because priority was given to HCRF compliance, and this exercise exceeded both the 
budgeted cost and the anticipated scope, all project activities were impacted. In addition, 
all activities were hampered by delay in receipt of funding. The PCL fouling investigations 
were delayed due to the originally intended test site becoming unavailable for use. 
Solicitations for a new site and subsequent contract negotiations delayed testing until FY91. 

An interim report on the near-horizontal condenser performance was 
completed and distributed (Bliem, see Bibliography). 

HCRF operations resumed at the McCabe plant. 

The final phase of the supercritical cycle investigations were completed with 
the single component isobutane working fluid. 

Kalina cycle studies were completed and reported (Bliem, see Bibliography). 
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Evaluation of the practical limits of performance of binary geothermal power 
cycles was completed and reported (Bliem and Mines, see Bibliography). 
Procurement of the two-dimensional expansion nozzle was completed. 

Solicitations for a site to test the PCL tubing resulted in a contract with Red 
Hill Geothermal to conduct the test at the Del Ranch power plant. 
The PCL fouling test unit was moved to the Del Ranch plant. 

w 

A.qgms Towad Meeting Objectives 
The project is presently nearing the realization of the Level In objective of 20% 
improvement in net geothermal fluid effectiveness in binary plants, an effort begun in the 
mid-1980s. Investigations validated the thermodynamic assumptions used in making the 
projections of improved performance. The engineering methods for predicting properties 
of the working fluid mixtures and for designing for countercurrent supercritical vaporization 
of these mixtures are adequate. Although the investigations indicate the performance 
improvements are thermodynamically possible, the technology base is not yet available to 
take advantage of the improvements. Thus far the project has achieved approximately 75% 
of its objective to improve net fluid effectiveness by 20%. 
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Acquisition of the two-dimensional n o d e  and the laser droplet illumination system for 
detecting condensate will allow investigators to begin studying supersaturated turbine 
expansions in -91. If experiments indicate no adverse effects, the Level 111 objective of 
increasing fluid effectiveness by an additional 8% can be achieved through adoption of this 
technology. This project activity is approximately 10% complete. 

v 

Y 

The objective of reducing the consumptive use of cooling water by 20% can be achieved 
by adopting advanced technologies such as supercritical cycles. Advanced cycles are more 
efficient and reject less heat, thus cooling water requirements are also less. However, this 
improvement cannot not be realized by existing facilities unless they are modified with 
advanced plant technology. Nor does it apply to flash-steam power cycles. Efforts planned 
for FY 92 and FY 93 will examine innovative heat rejection schemes which have the 

the make-up wate quirements without significant performance 

polymer-concrete-lined heat exchanger tubes has demonstrated that 
corrosion resistance can be provided to an inexpensive base material. However, to meet 
the Level III Materials Development objective the tubes must have an acceptable thermal 
performance and resistance to fouling. Preparation of the PCL test unit and arrangements 
for a testing location achieved during FY 90 will allow testing of thermal performance and 

0 

w 

to begin in FY 91. Tests are expected to be concluded in FY 91. 

A serious problem in the development of geothermal resources has been the lack of cost- 
effective durable materials of construction for handling hot brine, steam, cooling water, and 
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binary fluids. Hot brine and other geothermal fluids frequently are highly corrosive, 
especially when aerated, and they attack many' conventional materials of construction. 
Corrosion and scaling have been encountered in all geothermal plants and, to various 
degrees, they adversely affect plant availability, lifetimes, power output, and heat exchange 
capability. It is expected that these problems will become more acute as hotter, chemically 
aggressive fluids are encountered. 

The purpose of the Materials Development project is to provide the technical and 
managerial basis for the development of materials that will perform in the thermal and 
chemical regimes encountered in the production and utilization of geothermal fluids. The 
Level III objectives are to: 

Reduce costs associated with lost circulation episodes by 30 percent by 1992. 

Develop well cementing materials with a service lifetime of 30 years at 200"- 
300°C by 1993. 

Develop a corrosion-resistant and low-fouling heat exchanger tube material 
costing no more than one-third the cost of high alloy tubes by 1993. 

Work is being done to develop rapid-curing, high temperature chemical systems that can 
be introduced through the drill pipe into lost circulation zones. This will eliminate the 
need to remove the drill string, reduce downtime (and therefore cost), and aid in the 
location of the fractured zone. To date, two promising formulations have been identified 
and characterized in the laboratory. Larger-scale tests are planned in a cooperative effort 
with private industry. 

Improvements in the effectiveness of geothermal well completion procedures by the 
development of C02-resistant, lightweight, high-temperature cements will help to transfer 
limitations on well life from materials constraints to reservoir productivity. Work is being 
performed as a cooperative research effort with the New Zealand Department of Scientific 
and Industrial Research (DSIR). Researchers are developing the cement formulations 
and performing physical, chemical, and mechanical evaluations. DSIR is conducting the 
downhole tests in wells at their Rotokawa geothermal field. 

The development of high thermal conductivity, corrosion-resistant, nonmetallic liners on 
carbon steel substrates will reduce the costs of binary plants operating on chemically 
aggressive brines. Heat exchanger economics can be improved with low-cost, corrosion- 
resistant, low-fouling heat exchanger tubing. Tubing liner formulations based on polymer- 
concrete materials are being developed and fabricated for testing. The intent of this 
research is to minimize cost while maintaining adequate thermal conductivity and resistance 
to chemical attack from geothermal brine. Field tests of polymer-concrete lined tubes, in 
cooperation with the Heat Cycle Research project, will be performed to measure corrosion 
and fouling rates at temperatures and fluid velocities typical of binary plants. 

FiscalYcarActivitieS 
Activities during FY90 included High Temperature Lightweight Cements, Drill Tool 

'i 
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Elastomers, Lost Circulation Chemical Systems, Thermally Conductive Polymer Concrete, 
and Corrosion Mitigation at The Geysers: 

- Work to formulate and test lightweight C0,- 
resistant cements continued. Results from laboratory studies during the year 
confirmed that all calcium silicate hydrate-base well cements undergo carbonation 
reactions when exposed to hydrothermal fluids containing CO,. Investigators 
identified a phosphate modified dum aluminate cement as the most probing 
C0,-resistant formulation. 

Drill Too 1 Elastomen - Brookhaven National Laboratory provided liaison service to 
Sandia National Laboratory and the Geothermal Drilling Organization in order to 
enhance the transfer of completed high temperature elastomer technology to 

- Experiments were performed with a previously 
polyphosphate-borax-magnesium oxide system to 

the curing rates, and therefore, pumpability. The 
formulations were optimized with respect to placement and formation temperatures 
and the resultant mechanical properties of the cured cements. 

Six potential methods for placement of the advanced chemical system into fractured 
zones were identified, and work was initiated to determine optimum formulations 

- A modified surface formulation was selected, 

- Brookhaven National Laboratory initiated cost- 
shared work with the Coldwater Creek Operator Company to determine the 
technical feasibility for the use of previously developed polymer cement composites 
for corrosion protection. Two test sections were installed at The Geysers at 
locations where failure of 0.5 in. thick wail steel casing generally occurs within 5 
weeks. Neither test section failed during a five week test, but some chemical attack 

e formulation in regard 

corrosion protection of 
ies in obtaining a field 

0 The most promising high temperature lightweight cement formulation was 
identified. 
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Downhole testing of high temperature lightweight cements was commenced. 

A modified surface formuIation was selected for conductive polymer cement 
liners. 

The autoclave evaluation of surface-modified conductive polymer formulation 
was completed. 

Mud displacement tests were performed in small-scale laboratory tests. 

A bentonite-ammonium polyphosphate-borax-magnesium oxide material was 
selected for testing. 

A cost-shared polymer cement liner test program was planned and 
implemented with steam producers at The Geysers. 

Preliminary polymer cement liner feasibility tests were completed at The 
Geysers. 

Progrw Toward Meeting Objectha 
Success of the Materials Development project is attested to by the fact that some 
applications of elastomers and polymer concrete have become common place in geothermal 
industry operations. Development of lost circulation control materials, CO, - resistant 
lightweight cements, and thermally conductive corrosion- and scale-resistant protective liner 
systems has reached the final stages, and cost-shared field tests are planned for FY91 and 
FY92. Preliminary cost-shared field tests performed at The Geysers established the 
technical feasibility for the use of polymer cement liners to provide corrosion protection for 
the upper portions of well casing and steam collection piping. 

Advanced Brine Chemistry 

Objechbes 
Many of the most significant problems limiting the development of geothermal power are 
related to the chemical properties of the high-temperature, high-pressure formation fluids 
from which the energy is extracted. When the pressure and temperature of these fluids are 
reduced during the production and extraction phases of the operation, chemical equilibrium 
of the brine is disturbed causing dissolved minerals to precipitate, forming scale which 
builds up and restricts flow in the formation, production tubing, distribution system, and 
plant equipment. Various strategies (e.g, binary cycles, crystallizers, scale inhibitors) are 
available to control scaling problems, but these strategies increase operational and/or 
capital costs. Therefore, alternative low-cost strategies, such as development of brine 
models and waste minimintion schemes, are primary concerns the Advanced Brine 
Chemistry Project. 
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The Level III o of the Advanced Brine Chemistry Project are concerned with 
geothermal brines. Specific objectives are to: 

maintenance costs related to scale 
deposition by 20 percent by 1992. 

Reduce geothermal field surface equipment costs related to scale deposition 
by 20 percent by 1992. 

Reduce geothermal power plant maintenance and equipment replacement 

osal of sludge from geothermal brines by 25 

1 costs related to scale deposition by 20 percent by 1992. 

determine the theoretical chemical equilibrium state 
duction tubing, distribution system, power plant, and 

the geothermal resource occurs. Chemical models 
ee of chemical disequilibrium and the amount of 

lant operation. These same models are also useful 
in predicting possible problems associated with injecting brines into chemically incompatible 
rock formations. When fully developed, these models will provide the geothermal industry 
with valuable process design tools that can be used to control brine chemistry and avoid 
problems due to scaling and/or corrosion. 

Currently, a d y n d c  model of brine chemistry th a and kinetics is being 
formulated which synthesizes the obs d behavior of major ionic species at temperatures 
up to 250°C and provides reliable tes of scaling potential. A model of brine 
chemistry in a system (from 25°C to 200°C) composed of sodium, calcium, chlorine, sulfate, 
carbonate, carbon dioxide, and water has almost been completed. Comparison of the 
model i4th laboratory data has shown the model to be highly reliable. Additional benefit 
may be derived from the model as other species, including corrosive gases such as hydrogen 
sulfide, are included. 

Project involves developing 
able metals from solid waste 

The biotechnical detoxificatio geothermal waste are based on 

strategy involving this emerging technology is depicted in Figure 8. Using waste samples 
supplied by various geothermal developers, bench-scale laboratory experiments have been 
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conducted using biochemical processes. Different strains of microorganisms have been 
studied that have the ability to efficiently remove'metals, including copper, chromium, zinc, 
lead, and arsenic from geothermal wastes. Research has also been conducted with mixed 
cultures. Preliminary results indicate that metal removal efficiency can be greatly enhanced 
by the use of selective mixed cultures of toxic metal-resistant microorganisms. A fully 
operating 100 gallon laboratory unit is planned, with large-scale experiments planned in the 
future to study scale-up kinetics. 

G 

Fhcd Year Activities 
FY 90 activities included Brine Chemistry Model and Biochemical Processes: 4 

Brine Chemistry Model - Researchers initiated efforts to model gas phases in the ternary 
system C02-CH,-H20j the non-ideal behavior of these gases is important to the 
prediction of the scaling tendency of geopressured-geothermal systems. Extensive 
testing resulted in a new equation of state which can predict the thermodynamic 
properties of this ternary within experimental accuracy. The new equation of state 
is the first that can model a system from the two phase region through the critical 
point to the homogeneous region and is considered a breakthrough in 
thermodynamic modeling of natural processes. 

Improvements were also made on the model of calcite scale formation. Refinements 
improved the reliability of the model when applied to brines of unusual composition 
such as the high Ca brines from the Gulf Coast H u h  well. 

The user/model interface was further developed along with a set of course notes, 
which include both an explanation of the model and illustrative problems with 
solutions. The notes have been released to prospective users for review. 

Efforts to parameterize the seawater system continued. Researchers were able to 
expand the model to include Mg-Cl and Mg-SO, interactions with sodium and 
potassium. When completed the model will provide an important design tool for 
geothermal engineering. 

6 
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Biochem 'cal Processes - A second comparative study of agitated tank vs. fluidized bed 
type bioreactor was completed, and a second relative economic evaluation was 
conducted with consideration of the two bioreactor designs. The results further 
stress the importance of loading, residence time and the type of bioreactor, as well 
as process quality control and appropriate monitoring. 

rates of metal removal (greater than 80% in less than 25 hours) can be achieved. 

Due to environmental and economic considerations, a study of metal recovery 
processes was initiated. Preliminary results are very promising and indicate that an 
80% to 90% metals recovery is possible. 

An induced coupled plasma mass spectrometer was purchased and installed, and 

e 

Temperature, sludge loading and residence time studies indicated that at 55°C fast i; 

ru 
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FIGURE 8 

ADVANCED BIOCHEMICAL PROCESSES FOR GEOTHERMAL BRINES 
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calibration studies were initiated. 

Vmimtces c 

in disposing of hazardous aqueous effluent generated during the research. Because the 
toxic metal concentration of the fluid is too high to allow disposal in the sewer system, an 
effluent detoxification process is being developed although it is not called for 
programmatically. 

The Biochemical Processes activity must comply with BNL environmental considerations ‘c 

Milestones and Delivembler e 

0 

0 

An interim user-oriented brine model was produced. 

A new equation of state was developed and is considered a breakthrough in 
thermodynamic modeling of natural processes. 

Evaluation of alternative bioreactor designs resulted in selection of the best 
candidate design for generating a bench-scale model. 

c 

0 The second relative economic study of bioreactors was completed. 

plogress T o w d  Meeting Objectives 6 
Progress made in understanding and modeling the complex thermodynamic and chemical 
relationships in brine systems will lead to improved processes and methods for handling 
geothermal brines. The laboratory achievement of metal removal rates of 80% indicates 
that biotechnical detoxification processes being developed may lead to reduced operational 
costs associated with disposal of hazardous geothermal wastes. 
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GEOPRESSURED-GEOTHERMAL RESEARCH 

The geopressured-geothermal resource consists of large reservoirs containing moderate- to 
high-temperature pressurized brines saturated with dissolved methane. The U.S. Geological 
Survey estimates the geopressured-geothermal energy in Gulf Coast sandstones to a depth 
of 7 km (approximately Z S O O  feet) to be 5,700 trillion cubic feet of methane and 11,000 
quads of thermal energy. Research efforts are focused on evaluating the geopressured 
reservoirs and developing the technology for extracting and using the thermal, chemical, and 
hydraulic energy from the resource. The activities support the Level I objective to: . 

Improve the technology for producing energy from the geopressured- 
geothermal resource at a cost equivalent to 6 to 10 cents/kWh by 1995. 

The strategy for the program has been to identify a significant number of sites having the 
most promising reservoirs within the Gulf Coast and to test them by drilling and completing 
design wells. Previous work has confirmed the size of the resource, demonstrated the 
capability to produce brine and recover gas using conventional technology, and 
substantiated the feasibility of long-term, high-rate brine production. Significant progress 
has also been made in developing technology for controlling calcium carbonate scale and 
in injecting spent brine into saline aquifers. 

Additional research is still needed to reliably predict the life and productivity of a 
geopressured reservoir and to perfect the technology needed to determine overall economic 
factors. To address these issues, the Geopressured-Geothermal Research program is 
organized into four interrelated tasks which contain a total of 11 projects. This 
organization is presented in Figure 9. University-based research supports the current 
program activities which are focused on long-term testing at two design wells. 

WELL OPERATIONS 

The Well Operations research t lves field experiments which demonstrate the 
viability of long-term fluid production for commercialization of geopressured-geothermal 
reservoirs. The associated research includes studies of the injectability of large volumes of 
spent brine, fiuid handling facility improvements, material specifications, and 
environmentally acceptable disposal methods. The activities strive to achieve the Level I1 
objectives to: 

Prove the long-term iqjectabflity of large volumes of spent fluid at multiple 
sites by 1992. 

Determine environmental acceptability of production and disposal of fluids 
by 1995. 

.. 
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FIGURE 9 

GEOPRE23SURED-G- RESEARCH 
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Develop technology for automated operation of geopressured production 
systems by 1993. 

Initially, a "Wells of Opportunity" test program was established whereby geopressured 
reservoirs were tested using wells drilled by industry in search of petroleum or natural gas. 
These wells were flow tested for short periods of time to determine brine flow rates, 
natural gas content, brine chemistry, reservoir pressures and temperatures, and other 
parameters. Since 1977, ten wells of opportunity have been tested successfully; nine of 
these wells are now plugged and abandoned or returned to their previous owners. The 
tenth well, the Willis Hulin, remains a candidate for further testing. 

Between 1979 and 1982, four "Design Wells" were drilled to investigate long-term, sustained 
flow from geopressured aquifers. Testing at two of the wells has been completed, and the 
wells were plugged and abandoned. The remaining two design wells, the Gladys McCall 
well in Louisiana and the Pleasant Bayou well in Texas, are still being tested. Figure 10 
shows the location of the initial "Wells of Opportunity" and "Design Wells." 

Currently, there are three projects in the Well Operations task. These projects are 
comprised of activities at the Gladys McCall well site in Cameron Parish, Louisiana; the 
Pleasant Bayou well site in Brazoria County, Texas; and the Hulin well site near Erath, 
Louisiana. Because of the interrelated characteristics of their objectives and activities 
these three projects are presented in a single section in order to avoid redundancy. 

Gladys McCall, Pleasa 

Objectives 
Activities associated with these three projects include long-term injectability studies; the 
establishment of specifications for high availability of equipment; investigations of sanding, 
scaling, and corrosion problems; an evaluation of the effects of turbulence on corrosion; 
and the acquisition of reservoir data. The Level 111 objectives for these projects are to: 

Bayou and Willis Hulin Wells 

Prove the long-term injectability of large volumes spent fluid into injection 
wells by 1992. (Objective of all three projects) 

Develop material specifications, equip specifications, and maintenance 
procedures which will guarantee over 95 percent annual availability with only 
a two-week annual shutdown for by 1993. (Objective of 

arators, valves, compressors, 
te monitoring location by 1993 (Hulin 

0,OOO to 40,000 barrels per day from 

etc.) which can be safely operated from a 
Well Project Objective). 

! 

Geopressured brine is produced in large 
a single well. After the dissolved methane is removed from the brine and the thermal 
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FIGURE 10 
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GEOPRESSURED-GEOTHERMAL 

WELLS-OF-OPPORTUNITY AND DESIGN WELLS 

1. Edna Delcambre #l 
2. Fairfax Foster Sutter #2 
3. Buelah Simon P2 
4. Wainoco Girouard #1 
5. bar Koelemay #1 
6. Riddle Saidana #2 
7. Prairie ranal#l  
8. Pauline Kraft #1 
9. Crown Zellerbach #2 
10. Wdlis H u h  #1 (active) 

11. Pleasant Bayou #2 (active) 
12. Amoco Fee #1 
13. Gladys McCall #1 (active) 
14. Sweey #1 
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energy is recovered, the brine must be disposed. As depicted in Figure 11, this is 
accomplished by injecting the spent brine through a disposal well into a normally pressured, 
shallow formation. The spent brine should be at a sufficiently high pressure to allow 
injection without the use of pumps. Operators of such injection wells can minimize 
operating costs and prevent potential problems by using inhibitors to prevent scaling, 
filtering the brine to prevent particulates from plugging the receiving formation, and 
preventing backflow into the injection well. 

ly 
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e injection well at Gladys McCall was drilled originally as a hydrocarbon exploratory 
prospect in 1965. The well was plugged back to 3,460 feet and recompleted with 
perforations between 3,050 to 3,500 feet. From October 1983 through October 1987, 27 
million barrels of brine were injected into the disposal well, demonstrating that long-term 
injection of large volumes of spent fluids is possible at th’e Gladys McCall site. 

In order to formulate reservoir models which will predict the long-term productive capacity . 
of a geopressured-geothermal reservoir, extensive data must be gathered. Long- and short- 
term flow tests and pressure build-up tests at the test wells are designed to provide data 
for this purpose. , 

Reliability of surface facilities allows for the effective use of the facilities and results in 
increased revenues. Researchers will use the experience gained from the operation of 
surface facilities at existing sites to develop materials specifications, equipment 
specifications, operational methods and maintenance procedures that will ensure a high 
degree of reliability. The surface facilities at Gladys McCall operated with greater than 
98 percent availability during the period February 1986 through October 1987. This 
successfully completed the Level I11 objective pertaining to annual availability for the 
McCall reservoir. 

Research activities at the Hulin reservoir, the deepest and hottest geopressured reservoir 
in the research program, involve characterizing the reservoir. Parameters to be measured 
are the gas/water ratio, brine composition, temperature, pressure, permeability, hydrocarbon 
composition, and the pressure decline and buildup of the reservoir. 

Fiscal Year Activiries 
Activities during the year included: 

Gladys McCall Well 
Long-Term Pressure Buildup - Continued of the shut-in tubing pressure at 

the wellhead provided data relevant to understanding the reservoir and predicting 
its performance. After being shut-in for two years, the well continues to build up 
pressure. During FY 90 the tubing pressure increased from 4,997 psia to 5,217 psia. 
Investigators believe the shut-in surface pressure may return to its original value of 
about 5,900 psia. 

Decommissioning - An offer was obtained to take over the well and wellsite from DOE. 
A proposal will be submitted at the completion of DOE testing. 
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FIGURE 11 

GEOPRESSURED-GEOTHERMAL POWER PRODUCTION SITE 
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Pleasant Bayou Well 
bne-Term Flow Teg - Continuous flow testing of the well, surface equipment and 

disposal well provided various data for understanding and predicting the performance 
of the reservoir, surface facilities and injection system. Data were obtained at 
varying production rates up to about 24,800 barrels of brine per day. 

The well successfully supplied brine to the Hybrid Power System (HPS) for eight 
months, allowing completion of all the HPS objectives. 

&J 

ry 
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Y 

The disposal well was successfully reworked and recompleted to comply with Texas 
Railroad Commission regulations. The surface facilities and the HPS were modified 
as necessary and actions were taken to comply with environmental and safety 
regulations. 

It was learned that Corrosion was 
determined to be due largely to turbulent brine flow, and efforts were initiated to 
reduce the turbulent flow to the HPS heat exchangers. 

ding can be controlled by flow rate. 

Willis Hulin Well 
Well Clean Out a nd Recomp letion - Having been shut-in for ten years, the Hulin well 

was successfully reworked in FY89. Bottom hole temperature and pressure 
measurements were obtained. Gas content of the brine was estimated to be 34 
scf/bbl and total dissolved solids are about 194,000 mg/L. 

Monitoring of the shut-in facility continues. 

Test Facilities Installation - Temporary production facilities were installed. 

Flow Test ins - A s was conducted, and the production and injection 
wells were placed on standby for future long-term flow tests. 

Varimrces 
Budget expenditures were generally as scheduled. Technical support was increased to 
comply with the necessity to provide additional technical expertise for various programmatic 
activities, including expanded ed to environmental, safety and quality 
compIiance. 

supplied the Hybrid 
eight months. 

Long-term production and injection at Pleasant B 
demonstrating feasibility of injecti 

0 
e volumes of brine over extended 
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PIogresr Towani Meeting Obj&ves 
The continued injection of large amounts of brine at the Pleasant Bayou well has 

of the test wells, as well as the HPS,  provided experience and data which will contribute 
to the development of material specifications, equipment specifications and maintenance 
procedures designed to maximize availability of the facility. This experience will also be 
instrumental in designing surface facility systems which can be safely operated from a 
remote monitoring location. 

contributed to proving the long-term injectability of brines into injection wells. Operation i 

@I 

GEOSCIENCES & ENGINEERING SUPPORT 

a 

This task provides geoscience and engineering support to complement well operations and 

driving the production of geopressured fluids are not well understood. This lack of 
understanding creates a barrier to commercial development of geopressured-geothermal 
resources by limiting the ability to predict the long-term productive capacity of the reservoir. 
The Level I1 objectives for the Geosciences & Engineering Support task are designed to 

Improve the understanding of how geopressured reservoirs behave over 
extended periods of time by decreasing uncertainty in reservoir performance 
to enable predictions of characteristics (Le., reservoir size and longevity, 
hydrocarbon content, salinity) with 90 percent confidence over a 10-year 
operating period by 1993. 

Determine environmental acceptability of production and disposal of fluids 
by 1995. 

adequately characterize geopressured-geothermal reservoirs. At present, the mechanisms e 

address these issues. The objectives are to: c 

The research activities are conducted in five interrelated projects: e 

The Rock Mechanics project investigates basic rock properties. Analyses of produced 
hydrocarbons to determine the source rock are conducted in the Liquid Hydrocarbons 
project. The Reservoir Engineering project synthesizes operational data and develops 
reservoir models to gain an understanding of the reservoir drive mechanisms. 
Improvemenq in wireline log interpretation methods to identify geopressured resources are 
being developed in the Logging project. The Environmental Effects project evaluates the 
ramifications of producing and injecting large volumes of brine. 

e 

Rock Mechanics 

Objectives 
The Rock Mechanics project addresses the effects of compaction and tension on 
geopressured-geothermal reservoir rocks, the wellbore stability, stress/strain relationships, 

Q 
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and basic rock properties. This work provides basic data for future well development 
programs and is the source of data for use in reservoir modeling studies. The Rock 
Mechanics project supports the Level 111 objec U 

Determine the drive mechanisms for the design well reservoirs by 1993. 

Develop a test procedure which has sufficient accuracy to predict the 
capability of any geopressured reservoir to be produced for a period of five 
times as long as the test period by 1993. 

The compaction and tension tests provide data which are specific to the geopressured test 
wells. These data,are incorporated into the reservoir models to better define the most 
realistic reservoir drive mechanisms. Tensile measurements enhance the modeling of near- 

U 

llbore rock failure. 0 

Testing and Wellbore Stability Analysis: 

geothermal rock compaction mechanics 
was prepared. It summarizes the behavior of rock properties as reservoir pressure 

reduced due to production of reservoir brine. The properties covered include 
lk, pore and matrix compressibilities; uniaxial compaction; porosity; permeability; 

formation factor; static and dynamic rock properties; and rock strength. It includes 
representative values for rock mechanics compaction parameters and examples of 

re pressure loading and control system was designed, 
led on the Torsion apparatus to facilitate the study of stress- 

s, and failure conditions. 

Qs ile strengths of samp the Pleasant Bayou well, and 
analyses of moduli strength data on Gladys McCall and Pleasant Bayou samples 

69 

ure depletion. 43 

A review of creep studies and deformation tests on geopressured-geothermal 
43 
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&ogress Toward Meeting Objedvves 
Tension and torsion tests are continuing to provide data which will aid in determining the 
rock mechanisms driving production in geopressured-geothermal design wells. Better 
understanding of these mechanisms will lead to development of refined well tests and 
reservoir models. 

ci 

Liquid Hydrocarbons 
c 

Objectives 
Geopressured brines contain cryocondensates (aromatic hydrocarbons), primarily benzene, 
toluene, and xylene, in small quantities. The gas streams from all the DOE design wells 
contain these compounds, and archival brine samples from the “wells of opportunity” 
contain the more soluble, lower molecular weight aromatic compounds. Laboratory 
analyses of the samples will be conducted to determine the composition .of the . 
hydrocarbons in the produced brine, the solubility of the aromatics and their distribution 
coefficients, and the relationship of hydrocarbon production and cryocondensate properties 
to the geopressured reservoir. These activities will assist in achieving the Level I11 
objective to: 

Gi 

Determine source and flow mechanisms for the liquid hydrocarbons and 
methane being obtained from producing geopressured reservoirs by 1993. 

Monthly sampling at the Gladys McCall well indicated variations in cryocondensate 
concentrations with time. Aliphatic hydrocarbons (heavy oil) were also produced at Gladys 
McCall. Researchers currently hypothesize that the oil is released from the shale when the 
reservoir pressure is reduced enough to cause oil migration from the shale to the sandstone. 
A low flow rate of l0,OOO barrels of brine per day at Gladys McCall in 1987 allowed the 
reservoir pressure to recover partially, and oil production at the surface facilities ceased. 
Apparently, the pressure gradient across the sandstone (the producing formation) and shale 
interface was no longer large enough to allow the oil to migrate, 

4 

Fiscal Year Activitb 
FY 90 activities include Fluid Sampling and Analysis, Aromatic Solubility, and pH Meter 
Development: 

Fluid SamplinP and Analysis - Monthly cryocondensate measurements at the Pleasant e 
Bayou well were correlated with well operations. The dependence of cryocondensate 
production on time and brine production rates was determined. A benzene 
scrubbing system was operated on the gas stream after the separator. The scrubbing 
system revealed day-to-day variations in cryocondensate content. 

Aromatic Solubility - The solubility and distribution coefficients of certain aromatic 
hydrocarbons was measured at elevated temperatures. 

e 

pH Meter Development - Investigators designed a harsh environment pH probe based on 
an ion sensitive field effect transistor, and testing is in progress. Construction of a 
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high pressure test c 
begun. 

as completed, and elevated temperature measurements have 

Progress T o w d  Meeting Objectives 
Cryocondensate measurements at Pleasant Bayou are compatible with the hypothesized 
migration of cryoconde 

Reservoir Engineering 

Objectives 
The activities in the Reservoir Engineering project include the analysis and synthesis of 
operational test data from the design wells, synthesis and integration of geoscience data into 
the reservoir model, development of improved reservoir simulation techniques, site-specific 
geological research on geopressured-geothermal reservoirs, and evaluation of the 
interrelationships of well chemistry and corrosion. These efforts are aimed at achieving two 
Level I11 objectives: 

tes from the shales to the sandstone production zone. 

Determine the drive mechanisms for the design well reservoirs by 1993. 

Develop a test procedure which has sufiicient accuracy to predict the 
capability of any geopressured reservoir to be produced for a period of five 

sured reservoirs are: 

f the fluid-rock matrix: 

cross flow from overlying/underlying sands; 

leakage across boundary faults; and 

, (2) irreversible rock compaction; 
(3) long-term formation creep; 
(4) 
(5 )  shale water recharge; 
(6)  

drives most g 
without pumping. While this force certainly contributes to the production of geopressured 
brines, models based on elastic compression alone have been unable to predict the 
observed long-term production of geopressured brines. Parametric simulations of the 
Gladys McCall well suggest that irreversible rock compaction’is not a major pressure 
maintenance mechanism. 

Shale water recharge as a pressure maintenance 
volume of shale ediately adjacent to the Glady 
enough to account for pressure maintenance. G 
Gladys McCall reservoir, A 1987 drawdown test at Gladys McCall, in which the wellhead 
pressure was substantially decreased, did not detect any free gas in the reservoir. 
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Cross flow from other sands and leakage across boundary faults seem the most likely 
pressure maintenance mechanisms. They are consistent with reservoir drawdown data. 
Pressure testing of adjacent sands at the end of the long-term pressure buildup test may 
determine if cross flow is occurring. 

The proposed scientific testing program at Gladys McCall for FY91 includes measuring the 
pressure in adjacent geopressured brine zones, a short-term flow and pressure buildup test, 
and logging the well. The computer simulator will be updated to include the most likely 
pressure maintenance mechanisms. This should increase the accuracy of predicting long- 
term well performance on the basis of short-term tests which will decrease the risk of 
developing the resource. 

Fiscal Yem Adivities 
Activities during FY 90 included Well Test Data Analysis, Reservoir Data Integration, 
Geologic and Geochemical Studies, and Drive Mechanisms Analysis: 

Well Test Dat a Analvsis - Reevaluation of the Hulin reservoir volume indicated a 
volume much smaller than previously thought based on flow test of the lower portion 
of the geopressured sand. Pressure buildup data from Gladys McCall and flow data 
from Pleasant Bayou were analyzed. 

Reservo ir Data I ntenr - ation - Geoscience and well operations data were integrated into 
reservoir models of Gladys McCall and Pleasant Bayou. A three-dimensional 
heterogeneous reservoir simulation model for the Pleasant Bayou reservoir was 
developed. A reservoir simulation model representing total test history of Gladys 
McCall was developed. A model of the Hulin Well reservoir was constructed. A 
new simulator including nonlinear reservoir formation responses was developed. 

Geologic and Geoche mica1 Stud ies - The Pleasant Bayou brine was sampled and analyzed. 
Investigators reviewed the co-location of geothermal and heavy oil in south Texas 
and the role of hot-water flooding in recovery of heavy oil. The Hulin geologic 
structure map was revised. 

Drive Mechanisms An alvsis - Analysis indicated Pleasant Bayou flow test data are 
consistent with the current reservoir model which utilizes conventional petroleum 
reservpir engineering methods. The Gladys McCall data continues to be consistent 
with a cross flow drive mechanism. 

V- 
None reported. 

Milestones anti Delivembles 

0 

0 

A topical report on the Pleasant Bayou reservoir analysis was completed. 

Total test history of Gladys McCall well was integrated into a reservoir 
simulation model. 
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e "Co-location of Geothermal and Heavy Oil Resources: A South Texas 
Update" was published in the 1990 Proceedings of the Industrial Consortium 
for the Utilization of the Geopressured-Geothermal Resource. 

Progress Toward Meeting Objectives 
Successive iterations of well tests and integration of well test data into reservoir simulation 
models have contributed to understanding the dynamics of geopressured-geothermal 
reservoirs and to designing we test procedures that will accurately predict the productive 
capacity of the reservoir. 
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Logging 

Obje&es 
Routine geological informati (e.g., logs, geophysical surveys, cores, fluid samples) is 
available for most Gulf Coast wells. Methods are being developed to synthesize the 
information in such a way that geopressured resources may be identified and evaluated 
more readily. The techniques will be combined into a standard procedure that operators 
can use during or immediately after drilling operations to indicate resource potential. 
These efforts will assist in satisfying the Level I11 objective to: 

Develop techniques to increase confidence in the ability to locate and evaluate 
geopressured resources by 1992 such that at least 90 percent of wells 
recompleted for geopressured-geothermal development are subsequently 

(P shown to be economic. 

DOE has co-sponsored ogging research with Phillips search Center, Tenneco Oil 
Exploration & Product n, Schlumberger Well Service ResTech, M o n  Production 

oration, Schlumberger-Doll 
ving the interpretation of electric 
variations in mud resistivity and . Uncertainties in mud filtrate 

ures. Studies showed that 

IID 

w 
h thermal neutron 

W 

peutron LOP Interoretation - The collection of boron-containing well material and analysis 
of boron effect on thermal neutron log was completed. A state-of-the-art Elan log 
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analysis on the Hulin Well was completed, resulting in an increase in the estimated 
gas production from the well. 

Vmimrces 
None reported. 

Milestones and Deltvembk 

Work was completed on boron effects on neutron logging. 

C 

c 

0 "Boron in West Texas Formations and in Oil Well Cements" was published 
in the July-August 1990 issue of The Log Analyst. 

P q m s  Towmd Meeting Objectives q 
By determining the effects of boron on neutron logging, researchers have contributed to the . 
ability of log analysts to correctly interpret well logs in their efforts to locate and evaluate 
geopressured resources. 

Environmental Effects 

Objectives 
Potential environmental effects associated with the development of geopressured resources 
in the Gulf Coast region are land surface subsidence, growth-fault activation, and water 
quality changes. The Level III objective of this project is to: 4 

Determine if fluids can be disposed of in an environmentally acceptable 
manner by 1995. 

Surface subsidence, induced seismicity, and water quality in fresh water aquifers above (I 
injection zones and in surface waters will be monitored both during and after site 
operations. A plan for monitoring impacts was developed before resource testing began 
and has since been implemented consistently at each of the test well sites. Regional first- 
order vertical surveys were used to determine baseline rates of subsidence in each prospect 
before well testing and to monitor changes in land surface elevation during and after 
testing. Networks of first-order elevation benchmarks were installed in the immediate 
vicinity of each test well. 

To determine the effects of fluid production and disposal on local growth fault activity, 
microseismic monitoring arrays were established in the vicinity of each test well. Each 

signals are amplified and transmitted via phone lines to the Louisiana Geological Survey 
in Baton Rouge for analysis. Microseismic networks are located at the Gladys McCall, the 
Pleasant Bayou, and the Hulin wells. 

e 

network consists of five to seven short-period vertical motion seismometers. The seismic L 

Geopressured brines are high in total dissolved solids, principally sodium, chlorine, and 

60 

calcium. These and other constituents could contaminate surface and ground water if not cr 
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handled and disposed of properly. Surface and ground water at the well sites are sampled 
and analyzed quarterly to detect any possible contamination. 

So far, no significant adverse environmental impact related to the well activities has been 
detected. Environmental monitoring will continue at the test sites until about two years 
after the completion of flow testing. A model for reservoir compression will evolve which 
should verify that no adverse environmental effects will occur from the planned production 
and disposal methods over a ten-year period of operation. 

Fircal Year Activities 
During FY 90 activities included Subsidence Monitoring, Microseismic Monitoring, and 
Water Quality Monitoring: 

Subsidence Monitoring - Continued subsidence monitoring at the test well sites found no 
evidence of detrimental environmental effects. Relevelling at Pleasant Bayou well 
site and Hulin well site was completed. 

Microse ismic Monitoring - Continued microseismic monitoring at the test well sites found 
no evidence of detrimental environmental effects. A fifth microseismic station was 
installed in the Hulin are 

Water Oua lity Monitoring - Continued monitoring of water samples at the test well sites 
found no evidence of detrimental environmental effects. 

Varimrces 
None reported. 

i u m o m  mrd Defierabler 
I 

None reported. 

Progrew T o w d  Meeting Objectivts 
Continued monitoring of the test wells has found no evidence of adverse environmental 
impacts. This contributes to confidence at fluids can be disposed of in an 
environmentally acceptable manner. 

NVERSION 

This task encompasses the Pleasant Bayou Hy Power System and Industrial 
Consortium projects. Level I1 objective is to: 

Improve meth 
ssured fluids by 1993. 

systems that c 
produce more electricity than separate power plants using the same amount of natural gas 
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and geothermal heat. The heat and methane can be used to generate electricity, or the 
heat can be used separately for direct application or electric power production, and the 
methane sold to a pipeline. CI 

Pleasant Bayou Hybrid Power System 

Objectives c This project represents the first application of a hybrid energy conversion process in which 
both the thermal and chemical energy of geopressured brine are converted to electricity. 
Activities include the construction and operation of a 1-MWe hybrid power system (HPS) 
for up to one year at the Pleasant Bayou site and analysis of the operational data. The 
Level I11 objective is to: 

Develop hybrid conversion technology with thermal emciency at least 20 
percent greater than that from separate combustion and geothermal power 
cycles by 1992. 

e 

The strategy is to conduct cost-shared utilization experiments in order to establish the t 
technical feasibility of efficient power conversion methods. They will provide a basis for 
industry to compare the advantages of electric power production versus straight sales of gas. 

DOE is evaluating a 1-MWe power system employing hybrid conversion technology at the 
Pleasant Bayou site in Brazoria County, Texas. Figure 12 illustrates the hybrid process 

generator and uses the heat from the combustion products and the brine to vaporize a 
working fluid. The vaporized isobutane is expanded through a turbine to drive another 
generator. Equipment from the DOE Geothermal Test Facility in the Imperial Valley of 
California was refurbished by the Electric Power Research Institute (EPRI) and delivered 

1989, and the system was tested and operated in 1990. The Pleasant Bayou hybrid power 
system is the first geopressured-geothermal installation to generate electricity. 

which burns the methane from the hot, geopressured brine in a gas engine to drive a 4 

to the Pleasant Bayou site. Construction of the hybrid power system was completed in 4 

Fiscal Year Adiviiies 
Activities during FY90 included Test Operations: 

Test OD - erations - Eight months operation of the HPS was completed. A final report was 
issued to DOE-ID and was reviewed by INEL 

B 

Varimrces 

difficulties limited testing to 8 months. 

Budget expenditures were generally as scheduled. Technical support was increased to 
comply with the necessity to provide additional technical expertise for various programmatic 
activities, including expanded requirements related to environmental, safety and quality 

Although the HPS was intended to operate for 12 months, operational and mechanical 4 

compliance. r; 
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Milestones mrd Defienlbles 

U Operation of the HPS was completed in May 1990. 

Progress T o w d  Meeting Objectives 
Design, development, and operation of the HPS demonstrated the technical feasibility of 
extracting useful energy from geopressured brines and contributed to the technology base 
required to develop hybrid conversion technology with thermal efficiency at least 20% 
greater than that from separate combustion and geothermal power cycles by 1992. 

MANAGEMENT SUPPORT 

Y 

0 Activities in the Management Support task include long-range planning, preparation of 
various reports, management of the program budget, technical monitoring and support of 
university research efforts, review of testing operations for adherence to safety, health, and 
environmental regulations, organization of an Industrial Consortium to encourage the use 
of geopressured-geothermal resources, and day-to-day program management. The task is 
divided into two projects: General Administration and Technology Exchange. 

General Administration 

0 

Damption 
This project encompasses the administrative activities required to manage and support the 
research effort. Activities include overall planning and budget management, report 
preparation, and the monitoring of work being conducted by the various research 
organizations. 

This project includes Technical Monitoring, Plug and Abandon Reserve, and Operations 
Management activities: 

Technical Monitoring - Environmental, safety and quality review and monitoring was 
continued, and a checklist for this purpose was developed. Technical monitoring and 
support of University research were provided. Technical monitoring and support of 
well operations were provided. A checklist for monitoring University research was 
developed. 

0 

Q Fkcal Yeat Actitdim 

Y 

Plug & A bandon Reserve - No wells were plugged in FY90. 

ODerations ManaPement - An annual operating plan and long-range research plan were 
developed. Preparation of test plans and work scopes was completed, and the budget 
for the overall program was analyzed. A panel completed review of university 
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FIGURE 12 

SCHEMATIC OF GEOPRESSURED HYBRID POWER SYSTEM 

BRAZORIA COUNTY, TEXAS 
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PRODUCTION WELL 
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research proposals and the 3-year program plan. 

Vmirmces 
Budget expenditures were generally as scheduled. Technical support was increased to 
comply with the necessity to provide additional technical expertise for various programmatic 
activities, including expanded requirements related to environmental, safety and quality 
compliance. 

l ~ e s  and Delivembles 

0 A long-range research plan, annual operating plan, budget, and work scopes 
were formulated. 

. Technical monitoring of university research continued. 

Technology Exchange 

Damptibn 
This project supports the transfer of techni 

Fiscal YemActivities 
The project is comprised the Technical Coordination activity. 

Technical Coo rdination - Various papers were published and presented (see 
Bibliography). Two meetings of the Industrial Consortium for the Utilization of 
Geopressured-Geothermal Resources was conducted. 

VbibZCU 
Budget expenditures were generally as scheduled. Technical support was increased to 
comply with the necessity to provide additional technical expertise -for various programmatic 
activities, including expanded n& related to environmental, safety and quality 

provided in the tr to the industrial 
sector through the publication and presentation of various papers (see 
Bibliography) and through the interface be 
Pr 

en researchers and industry . 
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HOT DRY ROCK RESEARCH 
e 

Estimates of the amount of potentially useful heat present in hot dry rock (HDR) at 
accessible depths beneath the United States vary widely with the assumptions made 
concerning minimum temperatures required, practical drilling depths, the characteristics of 
the geological environment, and the effectiveness of the heat recovery method. The USGS 
estimates that there are at least 500,000 quads of useful heat in hot dry rock at accessible 
drilling depths beneath the U.S. 

A concept for recovering useful heat from hot dry rock originated at Los Alamos National 
Laboratory (LANL) in 1970. As shown in Figure 13, it involves creating a heat transfer 
system by drilling two holes into the hot rock, connecting them by means of hydraulic 
fracturing, and circulating water through the resulting loop to extract and carry heat from 
the rock to the surface. At the surface, the useful heat is recovered through heat 
exchangers and the cooled water is recirculated to recover more heat from the man-made 
reservoir. 

In 1976-1980, the Phase I or "research system at Fenton Hill, New Mexico, accomplished 
the original goal of the HDR Program by demonstrating the technical feasibility of HDR 
energy systems. However, the Phase I system did not produce sufficient heat to support 
economical operation of a power plant. Phase I1 was planned to meet those more 
demanding requirements. Currently, the Level I objective for the Hot Dry Rock Research 
program is to: 

Provide the technology to enable industrial hot dry rock projects to generate 
power at 5 to 8 cents/kWh by 1997. 

Construction of a larger, hotter Phase I1 or "engineering" HDR system began at Fenton Hill 
in 1979. Two new wells were drilled and the reservoir was hydraulically fractured in 1983. 
Various short-term flow tests followed, along with extensive - reworking of both wells. 
Current efforts are almost exclusively focused on preparations for the Lung-Term Flow Test 
(LTFI') which should yield the thermal lifetime and productivity of the reservoir at near 
commercial scale. 

The two principal tasks under this category are Fenton Hill Operations and Scientific & 
Engineering Support, as shown in Figure 14. The site operations cover the drilling and 
completion operations at Fenton Hill, including installation of surface facilities, the testing 
of the reservoir, and supporting maintenance and environmental monitoring. The scientific 
effort of the Scientific & Engineering Support task entails reservoir engineering, seismic 
analyses, tracer development and application, and modeling of important reservoir 
characteristics, such as fracture patterns, fluid flow, and thermal drawdown. 
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FIGURE 13 

HOT DRY ROCK CONCEPT BLOCK DIAGRAM 
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HOT DRY ROCK RESEARCH 
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FENTON HILL OPERATIONS 

There are three projects under the Fenton Hill Operations task. The activities are involved 
with accomplishing the Level I1 objectives to: 

Evaluate the performance of the Fenton Hill Phase I1 reservoir by 1993. 
That performance consists Of system operating characteristics, including 
thermal drawdown, energy output, reservoir impedance, and water 
consumption. 

Determine the environmental acceptability of the technology. 

The Phase I1 Energy Extraction System project addresses wellbore completion and the 
surface system design, procurements, installation, and testing. Phase I1 Ancillary Activities 
includes diagnostic logging and environmental monitoring. The Site Support project 
pertains to water supply and site maintenance. 

Phase II Energy Extraction System 

Objectives 
The Level 111 objective of the Phase I1 Energy Extraction System project is to: 
Objectives 
The Level 111 objective of the Phase I1 Energy Extraction System project is to: 

Evaluate the large Phase I1 reservoir at Fenton Hill to determine its 
drawdown characteristics by 1993. 

Activities include short- and long-duration flow tests of the Phase I1 reservoir at Fenton 
Hill. During the period of thermal drawdown, parameters such as reservoir behavior, 
geochemical interactions, and fluid loss will be measured. Testing and modeling techniques 
to determine the effective energy production and longevity of fractured HDR reservoirs will 
be developed. 

Much of the activity at the Fenton HiM site, in FY 90, focused on the construction of the 
surface plant. Figure 15 is an illustrative sketch of the system as it will appear when 

mpleted in 1991. 

Fiscal Year A& 
FY 90 activities for the Phase I1 Energy Extr 
and Construction; and Reservoir Pressurization Tests: 

Design. Procurement. and Construction - E 
esign, Procure men t, 

ment ordered included injection pumps, 
make-up water pumps, a data acquisition and control system, wellhead trees and 
valves, miscellaneous valves and piping, and ultrasonic test equipment for inspection 
of various components of the surface plant. 

A visual inspection of Fenton Hill’s heat exchanger revealed scaling, erosion, and 
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FIGURE 15 

FENI'ON HILL PHASE 11 SURFACE PLANT 
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corrosion of the tubes, but not to the extent that replacement is necessary. The 
inspection determined the heat exchanger is safe to operate, and the decision 
whether to clean the scale from the tubes is being deferred until after preliminary 

A major upgrade of the 1 million gallon storage pond was completed. 

U flow experiments. 

u 
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. Reservoir Pressurization Tests - The long term pressurization study of the Fenton Hill 
Phase I1 reservoir continued throughout 1990. This test has clearly demonstrated 
that water consumption can be very low in extended operation of a deep, hot 
reservoir. It has shown that the Fenton Hill HDR reservoir is aseismic (non- 
extending) at pressures up to 19 MPa, and provided a new basis for calculating the 
effective storage volume of the reservoir under specific pressurization conditions. 

Vipirmces 
Delivery of the injection pumps was delayed by an eight-week strike by workers at the 
manufacturer, Ingersoll-Rand. The pumps had not been delivered by the end of FY90. 
Procurement of the gas/pa&cle separator was delayed when initial bids were deemed too 
expensive. The separator was redesigned and requests for new proposals issued. These 
delays like 

Milestones arrd 

o 

layed construction of the facility. 

19 MPa Pressure Plateau Study 
from 15 MPa to 19 MPa over a 
The reservoir remained asei 

pressure on the reservoir was raised 
n day period beginning in late April. 
ghout that period despite injection 
the reservoir pressure at 19 MPa. 

e plateau stages in FY90 can be 
integrated with information collected earlier in this experiment to provide a 
long-term picture of the performance of the Phase I1 reservoir at this 
pressure. After about 17 months of pressurization, water consumption at 15 
MPa dropped to less than 3 gpm 

24.8 MPa used 

Data from the three 15 

Progress Towad Meeting Objectiva 
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was about 80% complete. 

Phase I1 Ancillary Activities 

Objectives 
The Phase I1 Ancillary Activities project primarily includes efforts such as surface and 
downhole seismic monitoring during and immediately following downhole pressure/flow 
operations, and sampling and chemical/biotic analysis of site water supplies. These efforts 
support the Level I11 objective to: 

Veri0 that the environmental consequences of HDR development are 
acceptabIe by 1997. 

Monitoring provides environmental surveillance and documentation as required to satisfy 
state and federal environmental regulations and to establish an environmental baseline 
which may be used to assess environmental effects. Seismicity at Fenton Hill and in the 
surrounding vicinity is monitored continuously to determine any undesirable response from 
long-term operations. The environment at Fenton Hill has been monitored continuously 
for over ten years. Geochemical analyses have been conducted on the fluids used for the 
Fenton Hill experiments. This has been especially important during the short- and long- 
duration flow tests. In addition, samples from the area’s springs, streams, lakes, and water 
wells have been analyzed since 1975. Water from the on-site well is analyzed for organics 
on a monthly basis and a full chemical analysis is conducted annually. Seismic monitoring 
is conducted during injection and production experiments to detect any abnormal seismicity 
in the surrounding area and microseismic event monitoring is used to determine the 
presence of thermal stress cracking and the extent of the active reservoir. In addition, 
occasional noise level and illumination measurements are made during various types of site 
operations. 

F k a l  Yem Activitk 
Phase I1 Ancillary Activities at Fenton Hill in FY90 included Water Supply and 
Environmental Safety and Health: 

Water Supply - Water rights at the site were maintained and the lease for 2.5 acre-ft. of 
irrigation water was renewed. The current available supply of water amounts to 15 
acre-feet per year. 

Jkvironment a1 and Hea ltb - Environmental surveillance, including seismic and water 
chemistry monitoring, continued throughout the year. It was evident that the 
continuing pressurization tests did not induce any seismic activity. 

During a routine inspection in late November, 1989, Fenton Hill personnel 
discovered the wellhead of well GT-2, a Phase I well now used in monitoring 
seismicity? had been lifted three feet above its normal position. An optical 
televiewer confirmed that the well casing had failed at a depth of 1020 feet. Specific 
corrective actions included disassembly and disposal of damaged materials, and 
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construction of structural supports at GT-2 to prevent further movement at the 
wellhead. A review of the wellhead designs of all Fenton Hill wells was conducted 
to determine if modifications are needed to prevent occurrence of this type of 
incident at any of the other wells. 

Vbrimrces 
None reported. I 

Milestorles and Deherabh 

A risk assessment and mitigation plan for Fenton Hill operations was 
completed in March, 1990. It included a review of all environmental, safety, 
and health (ES&H) records, and updating as required. 

Documented monthly operational checks mandated either by LANL or OSHA 
regulations were made of the Fenton Hill communications equipment, cranes, 
forklifts, wellheads, emergency airpacks, vehicles, eyewash stations, and fire 
extinguishers. 

Water rights were maintained at the site throughout FY90, and the lease for 
2.5 acre-ft. of irrigation water was renewed. 

Progress Toward Meeting Objectives 
Continued environmental monitoring indicates that the environmental consequences of 
HDR development are acceptable. 

Site Support Activities 

Objectives 
Site Support Activities are focused on maintaining the site in condition necessary to 
perform the planned experimental operations. Activities include access and on-site road 
grading, graveling and snow removal, building and utility maintenance, housekeeping, 
maintenance of the flow loop, unintermptible power supply (UPS) system and freeze 
protection system, maintenance of emerge cle and facilities, maintenance of water 
storage and transfer facilities, multiple ha workover towers, site security, handling 
of visitors, and site 

Fiscal Yeur Adivities 
During FY90, a concerted effort was ma replace broken 
equipment, and install facilities or equipment needed to make the Fenton Hill facility 
perform more efficiently. Two Kobe pumps used the reservoir were rebuilt 
by the manufacturer. Measurement of the annulus EE3A well was upgraded 
to a continuous monitoring system. A leak in th lhead was discovered and 
repaired. A weld in the well's casing was found to be defective; the weld section was 
removed, replaced and successfully pressure tested. A new guard house was installed. 
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ViZ&lCCS 
None reported. 

Progress Towad Meeting Objectives 
The site continued to be operated and maintained in a manner ensuring its ability to 
function as intended. The site cleanup effort is completed for all the active work areas at 
Fenton Hill. Some cleanup of storage and peripheral areas remains to be done. 

cr 

e 
Scientific and Engineering Support 

The Scientific & Engineering Support task consists of three projects which support the 
Level I1 objectives to: 

G Evaluate the performance of the Fenton Hill Phase 11 reservoir by 1993. 
That performance consists of system operating characteristics, including 
thermal drawdown, energy output, reservoir impedance, and water 
consumption. 

Improve the performance of drilling and completion technology under 
conditions typical of hot dry rock environments by 1997. 

4 

Evaluate the economics of the technology. 

e The Tools & Instrumentation project covers downhole instrument improvements, and 
calibration and maintenance of existing system instrumentation. Modeling activities, 
analyses of microseismic, tracer and geochemical data, and the design and planning of the 
experimental program are conducted as part of the Reservoir Engineering project. The 
Technology Applications project pertains to technology transfer, report preparation, and a 
comprehensive HDR Systems Study. 

ti 

Tools & Instrumentation 

Objectives 

for fracture detection and the development of reservoir mapping techniques to locate 
production well sites. The Level III objectives for this project are to: 

The Tools & Instrumentation project addresses downhole instrument improvements needed (1 

Improve instrumentation and hardware to control, locate, and measure fracture 
propagation in hot dry rock reservoirs by 1995. 

Establish reservoir mapping techniques to locate drilling targets for 
production wells by 1995. 

4i 

Variable-pressure flow tests of the Phase 11 reservoir at Fenton Hill are being investigated 
G 
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to detect fracture propagation and fluid entry and exit locations in the wellbores. Acoustic 
techniques, particularly the study of microseismic events, are the best means by which 
direct information can be obtained about reservoir changes away from the borehole. 

Analyses of seismic data obtained during the massive hydraulic fracturing experiment 
conducted in 1983 are continuing and improved seismic systems will be tested for their 
fracture measuring abilities. Instrument requirements will be developed for measuring and 
locating seismic events using a single wellbore (injection well) during the fracturing 
operation and maybe a second wellbore (production well), which would be only partially 
completed. In order to accomplish this, new instruments, data evaluation 
systems/techniques, and software are needed. Using the results of the Long-Term Flow 
Test (LTFT) and the analysis of hydraulic fracturing activities, specifications will be 
developed and prototype hardware bench tested. 

Fiscal Year Acrivities 
Within the Scientific and Engineering Support task, relatively little effort was focussed on 
he Tools and Instrumentation project. Aside from the continual maintenance of the 

downhole equipment, additional software was written in preparation for the LTFT. A plan 
was also developed to upgrade the weatherproofing of the electronics at the permanent 
seismic network stations as the first step in improving their performance. 

Varimrces 
None reported 

Milestones and les 

0 Downhole equipment was maintained in working order. 

Progress Toward Meet& Objeciiva 
None reported. 

roseismic, tracer, and 
Fenton Hill. The geochemical analyses, and the design and pl 

activities are aimed at achieving the Level 

Develop technofogy to monitor changes in reservoir volume and temperature 

modeling of hydraulic and 
r3 '  

0 wellbore by 1991. 
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Complete studies on water-rock interactions and their effects on flow through 
a hot dry rock reservoir by 1993. 

During the Phase I energy extraction experiment, several techniques were used to estimate 
the size and lifetime of the reservoir. Methods include monitoring the changes in the 
chemical makeup of the extracted fluids and the injection of chemically reacting tracers. 
Tracers were used during the Phase I1 3&day, open-loop circulation test at Fenton Hill. 
The test helped to further the development of implementation techniques and to verify the 
tracer models designed to estimate the thermal lifetime of the reservoir. The fluid was 
filtered to reduce the number and concentration of its constituents and, because of the 
expected dilution of the fluid, laboratory measurement techniques were identified for 
measuring very low concentrations (parts per billion) of tracer species. 

Spectral analyses and fault plane solutions for seismic events generated during previous 
experiments have been carried out. The seismic data acquisition and analysis system will 
be improved. The results will be verified using data developed during the LTFT, such as 
gamma logs, temperature surveys, spinner surveys, caliper. logs, televiewer surveys, geologic 
data, wellbore cuttings, geochemical analysis, and other relevant data. Discrete fracture 
planes will be identified by application of the recently developed '3-point" method. The 
approach will increase the chance of success of any given system and reduce the cost of 
drilling wells by minimizing the need for additional wells. 

Models have been constructed to fit the available data on reservoir fluids. Ongoing studies 
of the geochemistry at Fenton Hill allow detailed reservoir analyses and modeling of 
hydraulic and thermal performance, aid in determining fracture locations, and provide 
information on water-rock interactions and their effects on flow through the reservoir. 
Assessments of the potential impact on the system from scalelcorrosionlerosion will be 
made and procedures will be developed to protect the surface system and the reservoir, if 
needed. 

Other models have been created to predict the behavior of the man-made system. As more 
knowledge is gained of the processes involved, the models have been modified to better 
represent the reservoir characteristics including heat content, lifetime, flow geometry, 
impedance, water loss, hydrochemistry, and mineral dissolution/opposition. Analyses to 
date have been sufficient to verify the HDR concept, but have not adequately reduced the 
technical and,economic risks associated with a commercial system. It is anticipated that 
analysis of the Long-Term Flow Test data, when available, will verify the hydraulic and 
thermal models developed to represent the HDR system. As the models evolve, they will 
be used as design bases for commercial systems. 

Fiscal Yem ActMks 
Activities during FY90 included Thermal/Fluid Dynamics, Microseismic Analysis, Size 
Assessment Techniques, and Geochemical Processes: 

erma I/Fluid Dvn . amics - Extensive modeling was again employed this year to better 
understand fluid flow in the reservoir. The FRACNET Model was further refined 
to more accurately simulate fluid flow and solute transport in fractured media. 
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The Dual Porosity Model, developed this year, combines the FRACNET code 
together with the finite difference code. The combined code allows the network to 
be generated stochastically in order to capture the random nature of the joint 
systems. The model also divides the homogenous medium into a series of discrete, 
finite difference grid sections in which fluid flow can occur, rather than simply using 
a series of storage volumes connected to each other with no permeability between 
the individual storage volumes. 

The Fractured Reservoir Discrete Flow Model was further refined this past year to 
better understand and predict pressure-dependent flow in a jointed rock mass. 

Microseismic Analvsis - Seismology efforts included studies directed toward improving 
the understanding of the vast amount of data collected in the HDR program over 
the years. Seismic data was used in various ways to determine the volume and 
boundaries of the reservoir. 

Size Assessment Techniaues - An estimate of the pressure-affected volume of the 
reservoir has been obtained from the measurements of the amount of water required 
to increase the reservoir pressure by 4 MPa. 

The calculation of reservoir volume relies on a simple set of equations and the 
Young’s Modulus value for the basement rock at Fenton Hill, which has been 
previously determined from seismic data. Further, it is based on the following 
assumptions: 1. The effective matrix compression in the maximum and intermediate 
stress directions is small compared to that in the minimum stress direction, and can 
therefore be neglected. 2. The pressure affected region is similar in shape to the 
seismically determined reservoir. Neither of these assumptions is scientifically 
unreasonable based on our current knowledge of the HDR system at Fenton Hill. 

Geochemical Processes - Tests using tracer fluids were performed to determine if the 
absorption of the tracer compounds would cause problems during the LTFT 
operation. Unfortunately, the opportunity to evaluate the tracer in a flow test did 
not arise this past year. 

The standard operating procedure SOP) for handling radioactive tracers was 
updated. Procedures for injecting the tracer have been modified so that tracer can 
be injected at pressures up to 35 MPa. Modifications in the equipment used to 
transport and handle the tr r have also been made to allow their use at these 
.pressures. 

v*a - 
A restructuring in 
of the tracer at Fenton Hill until after the fiscal year had passed. 

regulations governing the use of radioactive tracers delayed the use 

mui 

Modeling of 2D and 3D thermal/flui c and mass transfer was 
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completed. 

Spectral analysis of seismic waveforms accompanying the massive hydraulic 6 
fracturing experiment (Experiment 2032) was completed. 

Progresr Toward Meet& Objectives 
Although efforts to develop new models and refine existing models continues, most of the 
modeling milestones have been achieved. The FRACNET, Finite Difference, Dual 
Porosity, and Fractured Reservoir Discrete Flow models were all used to evaluate data. 6 

Technology Applications 

The Technology Applications project includes technology exchange and a comprehensive . 
HDR systems study. Efforts are directed at accomplishing the Level 111 objective to: 

Objediva e 

Determine if the performance of the Fenton Hill Phase I1 reservoir, when 
considered as a unit reservoir in a commercial-scale project, could support 
production of electricity at an economical busbar cost by 1995. 

A preliminary economic assessment of electric generation applications has been conducted 
by EPRI and several HDR economic studies have been performed by other organizations 
(Le., the Los Alamos National Laboratory; Bechtel National, Inc.; and the United Kingdom 
Department of Energy). 6 

A continuing effort is devoted to conveying system engineering and resource information, 
as well as hardware developments, from the HDR Program to the energy-producing and 
other interested industries and to cognizant government and educational institutions. Such 

Program. 

Fiscal Year Aaiviries 
During FY90 activities included Technology Exchange and HDR Systems Studies: 

liaison affords reciprocal access to current industrial technology for application in the HDR % 

Technolow. E xchanpe - Technology transfer efforts included hosting a variety of visitors c 
to the Laboratory, tours of the Fenton Hill HDR site, visits by members of the HDR 
staff to other organizations, and attendance at seminars and meetings. 

A total of 38 official visitors were briefed on the HDR program during FY90, 

Germany and the Soviet Union. 
including DOE officials and foreign nationals from Japan, the United Kingdom, h 

Los Alamos personnel visited seven private industrial organizations during the year, 
as well as a number of educational and non-federal government organizations 
specifically to discuss the transfer of HDR technology to the private sector. 
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A booth at the International Symposium on Geothermal Energy, staffed by Los 
Alamos personnel, provided interested parties with information on all aspects of 
geothermal work at the Laboratory. 

HDR Svste ms Studies - The Massachusetts Institute of Technology completed an 
exhaustive study of the economic feasibility of HDR systems. The study showed that 
in areas with thermal gradients greater than 60 "C/km, HDR systems using today's 
technology are economic. 

Vmimtces 
No variances were rep 

Mikstom mrd Deliverables 
There were no oeginal milestones for this project. 

- .  

. -  . 
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MAGMA ENERGY RESEARCH 
Thermal energy contained in magmatic systems represents a huge potential resource. In 
the U.S., useful energy contained in molten and partially molten magma within the upper 
10 km of the crust has been estimated by the USGS to be approximately 500,000 quads. 
The Magma Energy program is focused on determining the engineering and economic 
feasibility of locating, accessing, and utilizing magma as a viable energy resource, The 
feasibility is dependent on the size and depth of the magma body, drilling costs, problems 
encountered in completing the wells, energy extraction rates, and material lifetimes. The 
research activities are conducted to accomplish the Level I objective to: 

Create a technology by which energy could be produced experimentally from 
magma at an equivalent cost of 10 to 20 cents/kWh by the year 2000. 

c 
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cr 
As shown in Figure 16, Magma research is divided into two tasks. The Long Valley 
Operations task encompasses the activities required to drill an exploratory well. Laboratory 
and Engineering Support pertains to the development of drilling techniques for use in hot, 
magmatic environments and the investigation of various energy extraction processes. 

c 
LONG VALLEY OPERATIONS 

The Long Valley Operations task seeks to confirm the existence of a magma body at an 
estimated depth near the resurgent dome in the Long Valley caldera. An independent 
DOE review panel finalized the location of the Long Valley, California, drill site in January 
1988. Since that time, a drilling permit has been issued by the Bureau of Land 
Management (BLM), well design specifications have been completed, and Phase One of the 
drilling has been completed to a depth of 2,600 feet. This project will assist in refining the 
geophysical description of the caldera, verifying methods to locate magma bodies, and 
developing drilling technology applicable to very high temperature environments. The 
activities strive to accomplish the Level II objective to: 

Improve the technology for locating and characterizing magma bodies with 
90 percent confidence by 1994. 

The Drilling and Engineering project supports operations at the exploratory well site. The 
Sur; iorting Science project includes activities such as analyses of well measurements and 
evaluations of fluid and core samples. 

Drilling and Engineering 

Objectives 
The Drilling and Engineering project includes activities related to the drilling of an 
exploratory well at Long Valley, California. The caldera is a large silicic volcanic center 
typical of the resource base. An exploratory well deep into the caldera system, as depicted 
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FIGURE 16 

MAGMA RESEARCH 
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in Figure 17, will provide important new information about the current state of magma at 
this location as well as provide a test of existing geophysical models that predict magma 
at depths of 5 to 7 km beneath Long Valley. These activities will assist in achieving the 
Level I1 objective to: 

Confirm the existence of a shallow magma body with the drilling of an 
exploratory well by 1992. 

An exploration well is the only sure means to confirm the existence of a magma body. 
Observations from the well should enable precise measurements of the body’s size, shape, 
and location. The well should also enable the testing of first generation drilling techniques 
and materials required to enter into a magma body. 

The magma energy exploratory well is planned to be drilled in four phases, as shown in 
Figure 18. The aim is to drill toward, but not into, the magma body that is believed to 
underlie Long Valley caldera. The target is a depth of 20,000 feet or a bottomhole 
temperature of SWC, whichever comes first. 

Fiscal Yem Adivities 
Activities during FY90 included Phase II Drilling and Planning and Site Support: 

Phase I1 Drilling - Funding was unavailable for drilling during FY90. 

Plannine and Site Supporf - A grant application to the California Energy Commission led 
to approval of a state appropriation of $1.5 million for the Magma Energy Program. 
Most of this money will be used for Phase 11 drilling with the remainder to be used 
for Phase III. 

Vmimrces 
Lack of funding resulted in postponement of Phase 11 drilling until FY91. 

Milestorres and Delivembles 

A report on the Phase I drilling was completed. 

Operating procedures for Phase I1 were revised, and all contract language for 
-Phase 11 drilling was prepared. 

Progms Towani Meeting Objectives 
Funding was obtained for Phase I1 drilling and preliminary preparations were begun. The 
objective of completing the exploratory well to 20,000 feet is approximately 20% complete. 

i 

82 



e 

W 

a! 

-FIGURE 17 

LONG VALLEY EXPLORATORY WELL 
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FIGURE 18 

WELL DESIGN FOR LONG VALLEY EXPLORATORY WELL 
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Supporting Science 

W Objectives 
This project pursues the basic research required to confirm the presence of a magma body 
beneath the Long Valley caldera. The activities include analysis of core samples, thermal 
measurements, downhole fluid samples, seismic data, and stress measurements, and the 
establishment of baseline conditions for future comparisons with data obtained at 
progressively greater depths. The Level I11 objective for the Supporting Science task is to: 

Understand the nature of geophysical anomalies at the Long Valley caldera 
using well observations data by 1992. 

$i 

Geophysical methods have proven successful in identifying likely magma targets. Twenty- 
one potential sites were evaluated in terms of suitability for conducting a long-term energy 
extraction experiment. Long Valley ultimately was selected as the primary site based on 
the extensive geophysical, geological, and geochemical studies completed in the area. 
Dynamic evidence indicates that the caldera has undergone exceptionally large, time- 
dependent deformations since 1980, as well as intense local seismicity both within the 
caldera and regionally. However, the many studies have not resulted in any conclusive 
evidence regarding the best site to drill in the caldera. Geodetic and other data show 
anomalies in the basement beneath the resurgent dome and beneath Mammoth Mountain. 
In addition, some data support a possible magma source in the western portion of the 
caldera based largely on a high-temperature hydrothermal system. 

ed 

Until a deep exploratory well is completed, there is no way to determine the nature of 
identified geophysical anomalies at the Long Valley caldera. The Long Valley exploratory 
well, in the south-central portion of the caldera, will allow downhole measurements without 
the attenuation and structural complications introduced by caldera fill. Once the well is 
beyond a depth of 7,000 feet, geophysical measurements will be made. Results from these 
measurements will be correlated with the abundant surface data available on the caldera. 

A Magma Science Panel has been established to coordinate the scientific experiments in 
the well. Other groups, besides GD, are participating in the scientific aspects of the Long 
Valley operations and include the National Science Foundation, the U.S. Geological Survey 
(USGS), and the DOES Office of Basic Energy Science (DOE/OBES). The overall plans 
for the supparting science activities have described in the Long 
Valley Science Guide. 

Fiscal Year Act;Svities 
During FY90 activities included Scientific Measurements, Data Modeling/Interpretation, 
and Seismic Monitoring: 

0 

0 

en developed and Jrt 

w 

Scientific M easurementg - A 57 meter core hole for scientific measurements was 
completed at the bottom of the Phase I well. A suite of experiments including 
seismic, electromagnetic, hydrothermal and other investigation had to be limited 
after the core rods became stuck in the hole. However, logging and analysis of the 
core, together with temperature logging observations were completed (See 
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M&oMell and Eichelberger,l989; Shearer et. al, 1990; and Sass et. ai, 1990). 

c 
The cuttings and core log allowed the construction of the lithologic log shown in 
Figure 19. The log reveals the well began in Early Rhyolite and ended in Bishop 
Tuff. The top of the Bishop Tuff was encountered about 200 meters deeper than 
was expected on the basis of stratigraphy provided by nearby wells. 

Data Modeline /Interpret ation - Work continued on interpreting the petrology of the 
upper 840 meters of the resurgent dome of Long Valley Caldera. The work 
concentrated on analyzing the geochemical and petrologic data from rhyolite 
intrusions in order to identify their origins. 

& 

Seismic Mo nitoring - Nothing reported. 

VarimrceS ‘ii 
Seismic monitoring experiments, along with others, were cancelled or limited due to coring . 
rods becoming stuck in the core hole. 

Milestones and Deliverables 

Downhole scientific measurements were coordinated. 

Analysis of Phase I drill cuttings and core was completed. 

Precision temperature logs were obtained in the Phase I well. 

Prqgms Tow& Meeting Object&= 
As a percentage of scientific work planned, this project is approximately 5% complete. 

LABORATORY & ENGINEERING SUPPORT 

Investigations of various drilling techniques, geochemistry, materials compatibility, and 
energy extraction processes are conducted within the Laboratory & Engineering Support 
task. The activities support the Level I1 objectives to: 

Design-the first-generation technotogy needed to extract energy from a magma body 
by 1997. 

i 

c 

Drill, complete, and test a magma energy extraction well capable of 
producing 30 MWt by 1997. 

Determine design specifications of required energy conversion equipment by 
1996. 

I 

Determine the engineering feasibility of extracting thermal energy from a 
magma chamber by 1999. 
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Research in the Drilling Techniques project includes the development of insulated drill 
pipe. The evaluation of commercially available materials for resistance to corrosion in 
rhyolitic magma is the focus of the Geochemistry & Materials project. The Energy 
Extraction project addresses concepts for demonstrating the feasibility of magma energy 
extraction. 

i 

Drilling Techniques e 

Objectives 
For a prospective magma extraction process to succeed, there must be drilling technology 
and materials available to withstand the higher temperatures, pressures, and volumes of 
dissolved gases expected in a magma environment. The Drilling Techniques task focuses 
on research associated with drilling a deep hole into magma and supports the Level I11 
objective to: 

ri 

Design and develop technology capable of drilling into molten magma at 
temperatures of at least 900°C and total depths of at least 5 km by 1992. 

One area of research involves investigations of creep in viscous rock that could cause the 
wellbore to squeeze in behind the bit during drilling. The Hard Rock Penetration task is 
addressing the problem of extreme heat by examining the use of an insulated drill string to 
control drilling fluid temperatures. Drilling fluid temperature affects the performance of 
additives and the strength and corrosion rate of tubulars, bit life, and borehole stability. 
For these reasons, the design of insulated drill string has become a crucial need for magma 
research. 

Other research activities pertain to general wellbore stability and the problems of creep of 
the surrounding hot rock and reheating of the surrounding rock after circulation is lost. 

casing support are being performed. 

4 

Q 

Studies of high-temperature weighting materials for the drilling fluid and materials for c 

Fiscal Year Activities 
No activities were funded under this project during FY90. 

Geochemistry & Materials 

Objectives 
The emphasis of the Geochemistry & Materials project is on the characterization of the 

magmatic environment. The Level III objectives to be accomplished by this project are to: 

Evaluate performance of materials in the corrosive and volatile-rich magma 
environment for use in drilling tools by 1992. 

magma and the determination of materials capable of withstanding the hot and corrosive ri; 
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Predict rates for dissolution of silicate minerals and the composition of fluid 
in rock-to-water heat exchanger system, and evaluate the potential for loss 
of permeability due to precipitation of secondary minerals by 1995. 

Evaluate magma degassing hazards associated with drilling and energy 
extraction at Long Valley, California. 

Research efforts involve the performance of materials, including high-temperature casing 
support and weighting materials. The work addresses the characterization of commercial 
metals that are com tible with a rhyolitic magma environment. 

Thus far, 17 commercially available alloys have been evaluated. Research results indicate 
that the corrosion problem for most alloys tends to be oxidation. Extensive testing of 
metals using simulated magma believed to be similar to the mineral composition and 
volatile concentrations of crustal bodies in the Long Valley caldera area was conducted. . 
The test metal specimen, sealed with volatile-bearing rhyolite glass in a gold tube, was 
subjected to the desired pressure and temperature conditions to study selected parameters. 

Research is being pursued on nickel-based materials which have proven to be the most 
promising alloys. Reaction rates between alloys and silicates are also being investigated. 

Other activities strive to understand dissolution/transport kinetics by predicting silicate 
dissolution rates and solution composition in a direct-contact heat exchanger, and by 
evaluating the potential for loss of permeability due to precipitation of secondary minerals. 
An experimental facility has been built to study leaching and precipitation of minerals, 
specifically feldspars and quartz. These two minerals are expected to be prevalent in a 
magmatic system. Research focuses on determining the importance of several variables, 
such as pH, solution composition, and mineral defects on feldspar dissolution in aqueous 
solutions, and measuring quartz dissolution as a function of temperature, pressure, and 
orientation using a rotating disc autoclave. In addition, the physical processes involved in 
heat transfer fro ies will be studied and appropriate mathematical models 

amber has n n done, it is critical from a safety 
viewpoint to understand the hazards of a volatile-rich rhyolitic magma chamber. The 
degassing hazards penetrating a magma chamber believed to contain silicate-rich 
minerals and free es, particularly pressurized water vapor, will be studied. The 
geochemistry of m (with emphasis on fluid inclusions) will be characterized in order 
to understand compositional variations and phase relationships, and flow and cooling 
patterns in simulated magma will be analyzed to provide an understanding of the dynamics 

ion, and Hazards 

Materials ComD atibility - Several evaluations of the chemical compatibility of commercial 
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alloys for construction of a downhole heat exchanger were completed. Results 
appear to indicate that most superalloys, especially nickel-based ones, have sufficient 

A series of glass-metal and fluid-metal compatibility tests at anticipated operating 
conditions for a direct contact heat exchanger system indicate the glass-metal 
interface possesses excellent resistance to corrosion for most alloy compositions. 

aqueous solution and a hot, fractured rubble of silicate minerals. Compatibility tests 
have demonstrated that the rhyolite rubble is susceptible to extensive dissolution in 
hydrothermal fluids. In order to control these processes the kinetics of mineral 
dissolution are being studied. Preliminary results indicate that the rate of mineral 

general corrosion resistance after reaction with simulated Long Valley magma. 4 

Rock-Water Interaction - Downhole heat extraction involves direct contact between an i; 

dissolution in acids is dependent on mineral composition. 4 

Hazards Evaluation - Nothing reported. 

Energy Extraction 

Task Dac@ion 
The Energy Extraction project provides the research needed to demonstrate the engineering 
feasibility of magma energy extraction. The activities strive to achieve the Level I11 
objective to: 

Evaluate heat transfer effectiveness between a magma body and water 
circulating in the energy extraction wellbore. 

By appropriate cooling during drilling, a borehole protruding into a body of molten magma 
will become surrounded by solidified magma. The volume of this solidified magma is 
expected to be highly fractured due to thermal stress. Energy extraction will be 
accomplished by circulating water from the bottom of the borehole through the fractured 
volume of solidified magma. Under steady-state operation, the extracted energy is balanced 
by the convective transport of energy from the molten magma to the solidified volume. 
The energy extracted is then converted into useful work at a surface plant. The Energy 
Extraction task includes studies of the fundamental mechanisms of solidifying and thermally 
fracturing magma, convective heat transfer within the fractured, solidified material, 
convective flow in the molten magma and heat transfer from the magma to the cooled heat 
exchanger protruding into it, numerical simulation of the overall energy extraction process, 
and the thermodynamics of energy conversion in a magma power plant at the surface. 

A number of bench-scale magma energy extraction experiments have been completed. For 
example, experiments were carried out using a low-temperature simulant (plastic) to show 
that a magma-like material when solidified will produce a three-dimensional network of 
interconnected fractures. Also, a series of magma convection experiments -- using simulant 
material (corn syrup) with a viscosity of rhyolitic magma -- were conducted to provide 
additional insight for modeling the impact of magmatic convection. Research results from 
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these experiments are producing needed guidelines for projecting energy extraction 
calculations from a magma body. 

Ongoing research is directed at developing a fundamental understanding of an open, direct- 
contact heat exchanger in a crustal magma body. The energy extraction rate has a direct 
influence on the economic viability of the magma extraction concept. An open heat 
exchanger, in which fluid is circulated through the interconnecting fissures and fractures in 
the solidified region around the well, offers the promise of very high rates of heat transfer. 

Fiscal Year Adivities 
FY90 Activities included Heat Transfer, Surface Plant, and Extraction Equipment: 

Heat Transfer - Several years of work in ene traction analysis and experiments were 
reviewed and summarized. The best information describing the critical energy 
extraction processes (solidification and thermal stress fracturing; fluid circulation and 
heat transfer in the fractured, solidified magma; and convective transport in molten 
magma) was then used to update the numerical code MAGMAXT which simulates 
numerically the overall energy extraction process. 
The MAGMAXT model was then used to obtain energy extraction rates for a crustal 
magma body configuration typical of the Long Valley location. These results were 
then used with a power plant analysis routine to compute electricaf power output of 
a binary plant. The results, net power output as a function of well mass flow rate, 
are presented in Figure 20. A shaded region, rather than a single curve is presented, 
reflecting the uncertainty in estimating the energy extraction rate. Net power output 
increases with increased mass flow rate initially, but the output temperature begins 
to decrease with increased mass flow rate and the second law efficiency decreases. 
As a result, an optimal flow rate exists for maximum net energy extraction, which is 
on the order of 50 kg/s with a corresponding net power output of 25 to 45 MWe. 

Surface Plant - Nothing reported. 

Extra ction Eau ipment - Nothing reported. 
.- 

in energy extraction sis and experiments were 
reviewed and summarized. 

Progresr Tow& Meeting Objediva 
Energy extraction and power conversion concepts have been developed and analyzed. 
Hardware design for full-scale testing remains to be done. The objectives for this project 
are approximately 60% complete. 
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FIGURE 20 

MAGMA ENERGY EX'I'RACTION PROJECTIONS 
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