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PREFACE 

This document represents the final report from the Applied 
Physics Laboratory (APL) of The Johns Hop 
efforts on behalf of the Division of Geothe 
the Department of Energy (DOE). 

ersity on its 

- For the past four years, the Laboratory has been fostering 
development of geothermal energy in the Eastern United States. 
While the definition of "Eastern" has changed somewhat from time to 
time, basically it means the area of the continental United States 
east of the Rocky Mountains, plus Puerto Rico but excluding the 
geopressured regions of Texas and Louisiana, 

During these years, the Laboratory developed a background 
in geology, hydrology, and reservoir analysis to aid it in estab- 
lishing the marketability of geothermal energy in the east. Con- 
trary to the situation in the western states, the geothermal re- 
source in the east was clearly understood to be inferior in acces- 
sible temperature. 
ous quantities of water in various aquifers to carry the heat energy 
to the surface. 
tively dense population and numerous commercial and industrial en- 
terprises, so that thermal energy, almost wherever found, would have 
a market. 
for geothermal energy in the east would be for process heat and 
space conditioning - heating and cool electrical production 
was out of the question. 

sources. This task met with modest success on the Atlantic Coastal 
Plain, 
the prospective beneficiaries, ,and an inten ! ive "outreach" campaign 
was mounted to persuade the potential users to invest in geothermal 

The lack of demonstrated hyd r othermal resources with energy. The major handicaps were 

known temperatures and expected longevity; and 

2. The lack of a "bellwether" installation for entre- 

On the other hand, there were known to be copi- 

More important still, the east possesses a rela- 

Thus, very early on it was clear that the primary use 

The task then shifted to finding us rs colocated with re- 

A great deal of economic and demogr phic analysis pinpointed 

1. 

preneurs to see, tou , and emulate. 
It is only at the present time that 
on the way to resolution by DGE user-coupled programs in the east. 

ese two issues appear to be 

1 - iii - 



THE JOHNS tIWKINS UNIVERSITY 
APPUEO PHYSlcS LABORATORY 

UUREL. MARYLAND 

Despite the understandable reluctance of entrepreneurs to 
commit resources to the use of geothermal energy in the presence of 
the preceding handicaps, the most recent Laboratory effort has been 
in  technology transfer. We have devoted engineering effort Po pre- 
liminary design for geothermal installations and conversions for a 
score of schools, hospitals, and other enterprises, who can use the 
designs :for costlbenefit analyses that, if favorable, could lead 
to detailed engineerfng y coupling these efforts -with those of 
local architectural /eng ring groups, the beginnings of a geo- 
thermal industry infrastructure have been accomplished. 

While-the future of g 1 energy in the 
with any certainty, teady increase in 

oil, coal, gas, and electrici 1 surely one day 
groups to turn to geothermal heat for-space-conditio 
trial processing. 
army will join in. 
beginning. 

As the parade forms, we believe that a-small 
We at APL are pleased to have been in at the 
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.i 

1 EXECUTIVE SUMMARY 

Physics Laboratory (APL) its geothermal 
gional Center for the Eastern United States, 
r geothermal development by market studies and 

atter comprise a sort of checklist 
ncluding institutional, legal, and 
to a few actual developments, not- 

6, 
development prospectuse 
and timetable fo 
economic factors 

1 ’  ably in South Da S. 

istics bf geothermal energy in 
of APL gradually shifted to a 
g on preliminary engineering/ 

s effort was accompanied by 
1 infrastructure by sub- 
to local engineering firms. 
dies were carried out and 

dressed in some detail; consider- 
able interaction took place among the state legislatures of Dela- 

state geothermal 
roposed in Dela- 

in space heating or ai 

assistance of 
Center for Metropolitan Planning and Research (Metro Center) was 
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solicited to develop a sophisticated computer model for geothermal 
space heating. 
stages, culminating in the Geothermal Resource Interactive Temporal 
Simulation (GRITS). This model involves costs in many areas: re- 
source development, distribution, conversion equipment, the addition 
of a fossil-fuel peaking plant, reinjection, drawdown, 
time, the resource assessment period, and the degradat 
resource over time. The model allows a comparison of a geotherinal 
heating system with an alternative fossil-fuel system. 
the equipment lifetime is allowed to differ from the debt service 
period of the equipment.. This simulation will be acc 
users as magnetic tape or by a telephone link with th 

The modeling went through several evolutionary 

y and 
f the 

Finally, 

In exercising the GRITS model, sensitivity analyses were 
carried out by varying the basecase parameters for a hypothetical 
geothermal space-heating system at Salisbury, Md. (later compared 
with ones at Thempolis, Wyo., and Boise, Idaho). After rUnning 
the basecase, which showed a discounted average cost (DAC) over 
20 years of $13.69 per million Btu's, the resource temperature and 
flowrate were varied. Other parameters varied were drawdown, re- 
injection depth, transport distance, costs of fossil fuel and elec- 
tricity, percent demand, household density, and percent industrial 
utilization. For each condition, the sensitivity of the DAC to the 
parameter is documented in Ref. G.15 in Appendix D. 

Since the demand factor is of fundamental importance to 
the economic viability of geothermal energy, the question of market 
penetration was addressed by the Metro Center. 
tal stock of heating systems is the main obstacle to market pene- 
tration despite the fact that unit Btu reductions are avazlable 
with the use of geothermal energy. 
an aggregative model of the residential sector. 

The existing capi- I 

This was formally modeled in 

The broad result is that the geothermal provider 
pursue new developments, since the owners of existing ho 
stock will be slow to convert unless substantial financial incen- 
tives are created. 
the anticipated future life of a conventional heating system, can 
be devised to achieve any desired penetration rate. 
in the practical sense, the developer would be advised 
construction as the market for geothermal energy. 

A sliding scale of incentives, depending on 

Nevertheless, 

Definitions of the size, composition, and location of po- 
tential markets for geothermal energy are of vital importance for 
the formulation of a plan for the commercialization of geothermal 
resources. A detailed examination of energy usage in the Atlantic 
Coastal Plain was therefore undertaken in the most promising hydro- 
thermal areas. 
available geothermal gradient data and U.S. Geologic Survey (USGS) 

Resource temperatures were determined using 

- 2 -  
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estimates of depth to "asement. 
resource temperatures down to 90°F were considered. Temperatures 
required for various energy end-uses were ascertained. 
sus tract data and the heating demand per person, the residential 
space-heating and hot-water demands .were calculated. 
demands were similarly calculated from commercial employment figures 
for each area. The Standard Industrial Classification Code (SIC) 
information was used to establish direct contacts with over 500 

S,nce heat pumps are availa le, 

Using cen- 

Commercial 

ded first, targeting the indus- 
particular, the Delmarva Peninsula seemed to af- 

Pinpointing future DGE prospecting ef- 

Such strategies require information not only 

ford the best opportunity, although uncertainties in the resource 
presented a major obstacle. 
forts required a systematic quantitative technique for evaluating 
suggested strategies, 
on geologic and engineering factors, but also on socio-economic 
ones. 
Accumulating the information invol 
by amalgamating several bases of 
weigh$ing factors. A computer-pr 
energy use, the number of towns and cities, the number of heating 
degree days, and the value added in manufacturing to arrive at a 
tabular rank order. 
can easily be 

Such data are readily available only at the county levels. 

sily be varied and new data 

2. TION GE 

een five Technical Inf 
e interested in geothermal energy in the Eastern 

tlon Intercha 

United States have exc technical fnformation. 

The first info interchange meet eastern geo- 
thermal programs, the Near-Normal Gradient Workshop, was held in 
March 1975 under the aegis of the Energy Research and Develbpment 

nd, Techhical-Information Pleeting, was 
1978 under the auspices of the Divisio 

epartment of Energy (DGEIDOE). A-symposi 
b 

on Geothermal Energy and Its Direct Use in the Eastern United States 
Council in Roanoke, Va., 

re on Geothermal 
urth was sponsored by 
t, DOE, in the fall 

hi 

ii/ 
Li 

ii 1979. The fifth, aga ored by the Division of Geo 
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3. SUPPORTING TECHNICAL DEVELOPMENTS 

In the course of the four to five years of %nvolvement in 
promoting moderate-temperature geothermal resources, several innova- 
tive technical excursions were made. 

The first concerned a new method of prospecting for deep 
3 
i 

hydrothermal reservoirs by. means of a variation of magnetotelluric 
techniques using the extremely low frequency (ELF) signals broadcast 
from the Navy's experimental ELF facility in Wisconsin. The details 
are given in Chapter 10. 
thermal community, financial support for further investigation was 
not forthcoming. 

Despite the interest shown by the geo- 

The other two innovations concerned the use of geothermal 
energy for air conditioning. 
low-temperature resource in this field would dramatically improve 
the economics. An ammonia absorption cycle was devised 
ammonia-water solution could be used either for heating 
tion of ammonia in water) or for cooling (by adiabatically expanding 
gaseous ammonia). With the chosen parameters, it was demonstrated 
that air conditioning could be provided by a resource with a geo- 
thermal temperature of about 150'F or higher. 

The possibility of increased use of a 

The second air-conditioning scheme was an adaption of an 
Einstein-Szilard invention where ammonia is used as the "pusher" 
gas and butane as the refrigerant. This system also can operate 
properly at 150°F, or perhaps a little less. 
further support for these developments has not been forthcoming. 

As in the ELF case, 

4. STATE PLANNING 

It was early recognized how important it was to provide 
I state and local bodies with a geothermal "road map," including the 
i resource prospects, market prospects, and institutional and govern- 

mental hurdles to be addressed. The state scenario was the tool de- 
vised for this task, and five such scenarios were issued. 
assist the State of Maryland's Department of .Natural Resources, as 
well as other agencies of state or local governments, APL prepared 
and issued a tutorial narrative that became the prospectus for the 
Delmarva Peninsula. 
from state agencies. 
geothermal teams in the east ?o coordinate state efforts. 
and Virginia, with APL assistance, obtained DOE funding to establish 
state teams. 
vented implementation here. 
APL assistance, the legislatures of Delaware, Maryland, and Virginia 

The essential feature was significant input 
This led to APL involvement in setting-up state 

Delaware 

Maryland State perception of geothermal energy pre- 
Finally, as of mid-1981, with NCSL and 

- 4 -  
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I '  & 
had passed geothermal acts. 
ernor, Maryland's act is in the process of amendment, and Virginia's 
act has yet to be thoroughly scrutinized. 

5 .  REMAINING TASKS AND RECOMMENDATIONS 

Delaware's act was vetoed by the gov- 

C '  

id 

u 
13 
u 
c 

Of the tasks remaining to complete the first phase of ef- 
fort in introducing low-temperature geothermal energy t o  the East- 
ern United States, the twcrmost important are the reduction of the 
costs of geothermal walls and the provision of expertise to manage 
geothermal fields. The first includes the development of reliable 
and low-cost downhole pumps to raise the water out of the well. 
The second involves understanding the hydrogeology at geothermal 
depths by drilling additional deep wells and performing the neces- 
sary geophysical and engineering tests to determine the hydrologic 
characteristics of the resource. Finally, the demonstration of a 
functional geothermal community heating system will go a long way 
to convince skeptics or the uninformed of the geothermal reality. 

The following recommendations are made in the light of the 
above: 

1. Reservoir modeling and management techniques are 
needed to support the fragile economic bases of geo- 
thermal usage. 

The government should mount a program to develop geo- 
physical, geologic, and geochemical techniques to 
discover the hydrologic conditions in deep sedimen- 
tary basins. 

\ 

2. 

I '  
hili 
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Chapter 1 

INTRODUCTION 

1.1 THE OBJECTIVES OF THE WORATORY PROGRAM 

In 1976, the U.S: Energy Research and Development Agency 
Division of Geothermal Energy established regional centers for the 
following purposes: 

1. 

2. 

Assistance in planning the federal geothermal program; 

Assistance to individual states in identifying their 
geothermal potential and the steps required to develop 
the resources and use them to displace fossil fuel; 

Identification of federal research and development ef- 
forts required to stimulate and expedite use of geo- 
thermal energy; 

Assistance in the development of an infrastructure and 
transfer of technology until a viable industry should be 
in place to serve all groups seeking technical assist- 
ance in assessing the feasibility of geothermal energy; 

3. 

4. 

5. Performance of market surveys in selected areas, identi- 
fying and quantifying the users of energy potentially 
convertible to geothermal energy and their locations 
relative to potential or known geothermal resources; and 

Analysis of methods or incentives to aid geothermal 
penetration of identified markets in order to displace 
fossil energy. 

~ 

6. 

APL was the regional center assigned all of-the states east 
of the Rocky Mountains, except Texas and Louisiana. At about the 
same time, a contract was given to Virginia Polytechnic Institute 
and State University (VPI&SU) to assess and target geothermal re- 
sources under the Atlantic Coastal Plain. 
established Resource Assessment Teams in the west and initiated con- 
tracts for resource assessment in selected areas in the Eastern 
United States. endix A lists the efforts in the east. 

At a later time, DOE/DGE 

- 7 -  
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In 1976, other than the resource assessment effort just be- 
ginning by VPI&SU (Ref. l) and the information in USGS Circular 726 
(Ref. 2), little was known about geothermal energy in the east, and 
there was no recovery of geothermal energy except for the heating 
of a high school at Midland, S.D. (Ref. 3), the conversion of the 
administration building at Hot Springs National Park, Ark., to geo- 
thermal space heating (Ref. 4), and the development of a number of 
hot springs for balneology. There was no industry or infrastructure 
available nor state laws determining ownership or a€location of geo- 
thermal resources, nor the pedtting of geothermal development, 
Although geothermal energy was well known in  the west and electrical 
energy was being produced by geothermal energy at The Geysers near 
San Francisco, little had been done to use the modest-temperature 
hot water (hydrothermal) resources so abundant in the west. 

1.2 TEE STATUS OF GEOTHERMAL ENERGY IN THE EAST TODAY 

APL and the other regional centers have worked with DOE/DGE, 
state and local bodies, and individuals on the mechanics of the 
development and application of geothermal energy and the ameliora- 
tion of the financial and institutional hurdles that existed. In a 
similar manner, knowledge of the elements that affect costs and the 
overall economics of geothermal energy has evolved with time as ex- 
perience was gained in resource definition and as technical studies 
of the engineering feasibility of geothermal energy for specific 
applications were performed. 
ble in both the west and the Eastern United States, as is a legal 
and institutional understanding of geothermal energy. Appendix B 
lists some elements of the geothermal infrastructure in the east. 
The status of geothermal energy in the Eastern United States is 
summarized in the following subsections. 

The skeleton of an industry is visi- 

1. South Dakota (Ref. 5) Four 
have been undertaken: 

a. High School, Midland 
b. St. Maries Hospital, 

space-heating projects 

Pierre 
c. 
d. 

School and part of downtown Philip 
Farm building; grain drying and warm stock water 
at Diamond King Ranch near Midland. 

All of the above, with the exception of the Plidland High 
School, were subsidized by DOE in the development of geothermal 
energy. 

2. Hot Springs, Arkansas (Ref. 6). The Hot Springs Nation- 
al Park Headquarters Building is heated geothermally, and it is 
planned to extend the use of the thermal waters to space heat se- 

! 
i 
7 
i 
tm 

L 
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lected bathhouses. 
developments. 

Th&'Ir;S. Park Service had funded these energy 

3. Delaware (Refs. 7, 8, and 9). A well will soon be 
drilled to determine the hydrothermal resource and water chemistry 
at Lewes, Del. 
successful, the hydrothermal energy will be used for industrial 
process heat and space heating. 

The costs of the well are being paid by DOE. If 

4. New York State (Refs. 10 through 17). A well may soon 
be drilled to determine the hydrothermal resource at the Clinton 
Corn Projects Plant of Standard Brands at Montezuma, N.Y. 
of the well will be paid by DOE. If successful, the hydrothermal 
resource will contribute process heat in the manufacture of fruc- 
tose - a high density corn syrup. In an alternative plan, a well 
may be drilled on the grounds of the high school or the community 
college in the town of Auburn, N.Y., next door to Montezuma. 
either case, the geothermal well will confirm whether or not a hy- 
drothermal resource exists in Cayuga County. 

The cost 

In 

5. Texas (Ref. 18). Space heating and an augmented supply 
of domestic hot water at the Torbett-Hutchings-Smith Memorial Hos- 
pital, Marlin, Tex., will be available in 1981. 
of geothermal energy at the Navarro College Union Building and the 
Navarro County Memorial Hospital, Corsicana, will be operational in 
1982. The detailed engineering for these two projects, including 
drilling of geothermal wells, was paid for by DOE. 

Multiple direct use 

1.3 LEGAL STATUS OF GEO 

hermal Legislation in 

st of the states in the geothermal laws 
that tend to deal with the utilization of resources capable of 
manufacturing electricity and with the utility aspects attendant 
on such capability. 
thermal resources are not the type to generate electricity, and, 
therefore, some of the legal questions are quite different. 

1.3.2 

In the eastern part of the country, the geo- 

Geothermal Legislation in the East 

re no geothermal laws in the east, and 
the issue was not even under consideration. Since then, some 
states have, on their own initiative, considered geothermal legis- 

ference of State Legislatures (NCSL) has offered assistance to - 

selected state legislatures who wish to look at the need for geo- 

Beginning in 1978, under DOE support, the National Con- 

- 9 -  



TIE  JOHNS W I N S  UNIVERSITY 
APPLIED PHYSICS LABORATORY 

UUREL. MARYLAND 

thermal legislation. 
the issue: 

The following states have seriously considered 

Maryland - The State of Maryland passed the Geothermal Re- 
sources Act in 1978 and, in 1981, passed several 
amendments to this Act, together with amendments 
to other acts to clarify and aid in the develop- 
ment of geothermal energy (Ref. 19). In this 
instapce, the original act was passed prior to 
any effort by NCSL. 

Virginia - The State of Virginia passed a Geothermal Re- 
sources Act (Ref, 20) in the 1980-1981 Legisla- 
tive Session. It i s  now law. 

Delaware - The State of Delaware's Legislature passed a 
Geothermal Resources Act in 1980, but it was 
vetoed by the Governor. 
reported out of committee Sn 1981. 
will be considered at the next legislative session. 

A revised bill was not 
The issue 

Chapter 4 enlarges on the discussion of legislative issues in the 
east. 

1.4 INFRASTRUCTURE DEVELOPMENT 

As the detailed characteristics of geothermal resources in 
the east have developed - for example, shallow gradient wells, the 
resource confirmation well at Crisfield, Md., and attendant market 
studies along the Atlantic Coastal Plain - people have become in- 
terested in the application of these resources. 
of the utilization of this new energy source further stimulated in- 
terest, and consulting engineers are now being asked to perform de- 
tailed engineering studies. 
reconnaissance has occurred (i.e., the Atlantic Coastal Plain) and 
the subject is publicized, an infrastructure is developing. 
pendix B lists those engineering organizations and allied groups in 
the east that are active in geothermal development and engineering. 

Feasibility studies 

In areas in the east where resource 

Ap- 

It should be noted that hydrothermal geothermal engineering 

All that is required is the appropriate interaction of the 
does not involve research or development of new engineering disci- 
plines. 
following engineering disciplines: geothermal resource assessment 
and targeting; deep water well drilling and completion; 
testtng the well for hot water recovery and reinjection 
design of the distribution system, the peaking plant, and the central 
and individual heat exchangers; and finally, the treatment of geo- 
thermal water, if required to minimize scaling throughout the sys- 
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tem plumbing, and the ging of the reinj tion well. The state 
or regulatory body responsible for resource allocation or permitting 
must have available the disciplines of reservoir engineering, model- 
ing, and resource management. 

REFERENCES 

1. J. K. Costain and L. Glover, "Evaluation and Targeting of 
Geothermal Energy Resources in the Southeastern United 
States," Progress Reports 1 through 8, VPI&SU. 

2. USGS, "Assessment of Geothermal Resources of the United 
States," USGS Circular 726, 1975. 

id' 

3. R. A. Schoon and D. J. McGregor, "Geothermal Potential in 
South Dakota, Report on Investigations, No. 110," South 
Dakota Geologic Survey, 1974. 

Id 4.. "Report on Heating of Administration Building, Hot Springs 
National Park, with Geothermal Energy," Internal Memorandum 
of Hot Springs National Park, 1976. 

E. G. DiBello, "South Dakota Demonstrations Projects," 
Sect. XXIII, Geothermal Energy and the Eastern United 
States - Fifth Technical Information Interchange Meeting, 
Minutes, JHU/APL QM-80-185, Dec. 1980. 
be designated 5th TIIM in future citations. 

R. H. Maeder, "Past, Present and Future - The Hot Springs 
of Arkansas," Sect. XXXIX, 5th TIIM. 

7. stern Geothermal Drilling 
Project, Lewes, Delaware," Sect. XX, 5th TIIM. 

8. K. Woodruff, "Geoth re,-and Comments 
Relating to Application at the Town of Lewes," Sect. XXV, 
Geothermal Energy and the Eastern United States - Fourth 
Technical Information Interchange Meeting, Minutes, JHU/APL 
QM-79-261, Dec. 1979. 

S. M. Kane, "Industrial Application of Geothermal Energy in 
Lewes, Delaware: An Economic Analysis," Annual Meeting, Geo- 
thermal Resources Council (to be published, Transactions, 

5 .  
u 
I: 
i 

6; 

This document will 

6.  

1 '  
k This document will be designated 

9. 

u 1981). 

- 11 - 



THE m S  W K l N S  UNIVERSITY 
APPUED PHYSICS LABORATORY 

UUREL.  MAAYUND 

10 . 
11. 

12 . 
13. 

14 . 
15 . 

16. 

17 . 

J. R, Dunn, "Lebanon Springs (NY) Progress Report," Sect. 
XI, 5th TIIM. 

M. R. Sneeringer, "Progress of New York Capital District 
Geothermal Exploration," Sect. XII, 5th TIIM. 

D. S. Hodge and K. G. Hilfiker, % i d  and Western New York 
Geothennal Resources," Sect. XIII, 5th TITM. 

H. G. Wilflker, "Geothermal Studies, Western -New Pork," 
Sect. XXIII, 4th TIIM. 

J. R. Young, "Geothermal Studies, Saratoga Springs, N.Y.*" 
Sect. XXII, 4th TIPI. . 

M. R. Sneeringer, "Exploration Nethods Used in the Capital 
District of New York," Glenwood Springs Technical Confer- 
ence Proceedings, Vols. I and 11, pp. 232-237, Earth Sci- 
ences Laboratory, University of Utah Research Institute, 
DOE/ID-12079-40, ESL-60, Hay 1981. 

J.  R. hnn, "Analysis of Potential Geothermal Resources 
and Their Use, Lebanon Springs Area, New York" (to be 
published by the New York State Energy Research and Devel- 
opment Authority, 1981). 

M. R. Sneeringer and 3. R. Dunn, "Exploration for Geothermal 
Resources in she Capital District of New York" ( to  be 
published by the New Pork State Energy Research and Devel- 
opment Authority, 1981). 

18. M. F. Conaver, "Hydrothermal Geothermal in Texas," Sect. 
XXV, 5th TIIM. 

3ills concerning geothermal energy passed by she Maryland 
1981 Legislative Session: 

8.  

19 . 
Tax Credits - Geothermal Energy Equipment and Energy 
Conservation Components, An Act Concerning, 3ouse 
Bill 344. 

Geothermal Resources, An Act Concerning, Rouse Bill 
651 . 
Board of Public Works - Geothermal Resources - State 
Lands, An Act Concerning, House Bill 652. 

b. 

C.  

- 12 - 



f 4  

ii 
THE JOHNS HOPKINS UNIVERSITY 

APPLIED PHYSICS LABORATORY 
LAUREL. MARYLAND 

\ -; 

d. A Senate Joint Resolution Concerning Geothermal Re- 
sources - Access and Allocation, Senate Joint Reso- 
lution No. 9. 

e. Energy Financing, An Act Concerning, Senate Bill 832. 

20. Geothermal Energy, State of Virginia House Bill 1663, 1980- 
1981. 

t 



THE .JOHNS WOPKINS UNIVERSITY 

UUREL. MARYUND 
APPLIED PHYSICS LABORATOF4Y 

Chapter 2 

REMAINING TASKS 

2.1 REDUCTION OF GEOTHERMAL WELL COSTS 

Most geothermal wells drilled to date have been 

1. Wells drilled by private developers in anticipation 
of geothermal fluid capable of producing electrical 
energy, or 

2. Wells subsidized by the government for resource char- 
acterization or exploration. 

Only a limited number of wells have been drilled in anticipation of 
modest-temperature geothermal water. 

The costs of these wells, both on a per foot basis and 
completed (including testing and well plumbing), have been very high 
(Ref. l), running on the average at least three times those of oil 
and gas wells of comparable depth drilled in the Appalachian Basin 
(Ref. 2). 
different from a well in the Appalachian Basin because the sediments 
are not as competent (i.e., composed of well consolidated and un- 
fractured rock). In time, it is expected that they will be drilled 
and completed by water-well drillers. The costs of the two types 
of wells should approach each other with experience in drilling and 
testing geothermal wells. 

A geothermal water well on the Atlantic Coastal Plain is 

2.2 DEVELOPMENT OF FU3LIABLE.AND LONGLIVED GEOTHERMAL PUMPS 

Most modest-temperature geothermal resources must be pumped 
to insure an economic output of hot water. 
table is drawn down during the pumping cycle, the pump must be lo- 
cated below the lowest point reached by the dynamic water table. 
Vertical line-shaft turbine pumps, where the motor is at the sur- 
face and connected to the pumps by a long shaft, have been used in 
most geothermal installations to date; however, there is a practi- 
cal limit to the depth at which these pumps may be used - probably 
1000 to 1500 feet. 
under the series of pumps and the assembly placed in the well. 
This submersible pump has a modest life expectancy and must be re- 
covered periodically, e.g., every year or two, and substantially 
reworked. 

Because the local water 

Below these depths, the motor must be placed 

The cost of this rework adds substantially to the annual 
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c 
d operation and maintenance costs. The industry apparently feels 

that the market potential does not yet warrant the effort required 
to develop a type of equipment with a longer life expectancy. 

A further consideration is the requirement for variable 
!hi 

L 

b; 

pumping speed. 
where a variable speed drive is mounted at the surface between the 
motor and the shaft to the pumps. 
mersible motor, the speed must be varied electrically, which adds 

This is no problem for the vertical turbine pump 

However, in the case of the sub- 

f u 
2.3 COMMUNITY HEATING DEMONSTRATION 

The'greatest potential for displacing fossil fuel in the 
east is found in the use of geothermal energy for community heating. 
Although it could be argued that this is a simple and straightfor- 
ward engineering job, a demonstration is, we feel, necessary to il- ir 

geothermal ener !J 
I; -TEMPERATURE 

L 
L 

ti 

otential hot 

om-hole temperatures were 
measured. 
analyzed by a joint progr 

state programs have analyzed oil and gas well-aata in given states 

Reference 3 calls attention to the data compiled and 
I of the American Association of Petroleum 

&ifi Geologists (AAPG) and the USGS. More recently, DOE/DGE-funded 
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to provide a more det rmal gradient map. The-data exist 
for: 

1. The lower half of sissippi (Ref. 4) and 

2, Alabama (Ref. 5 ) .  

Programs in the following areas have carri the process a 
step further with geophysical measurements; additional geothermal 
gradient and rock thermal conductivity measurements; and the drill- 
ing of deep test wells. ". 

3. Nebras fs. 6, 7, and 8), , 

4. ' Kansas (Ref. 91, 

5 .  The Atlantic Coastal Plain from new Jersey 
Georgia ( R e f s .  10 and 11), ~ 

6. A 100 square mile'area from Crisfi Md., to Wdllops 

7. New York State fs. 13 through 21). 

The measurement of geothermal gradients, together with a 

' Flight Test Cen , Va. (Ref. '121, 

i 

reasonable estimate of the type of sedimentary rocks and their ther- 
mal conductivities below-the strata usually reached 'by shallow grad- 
ient wells, can provide an estimate of the temperature near the 
bottom of the sedimentary sequence. 
the deep hydrology, Le., the productivity o f  water-saturated sedi- 
ments. 
almost without exception, require deep test wells. 
drilled by DOE/DGE at Crisfield, Md. (Refs. 22, 23, and 24)  
such wells have been drilled, one at Norfolk, Va. (Refs. 25, 26, 
and 27.), one in western New Pork (Ref. 28) to test waste disposal, 
and a limited number in Ohio, Pennsylvania, Illinois, Kentucky, and 
West Virgixiia f o r  the disposal of liquid industrial waste (Ref. 29). 
However, these do not provide sufficient and adequate data eo allow 
the assessment of the economic or basic practicality o€ providing 
geothermal energy other than in areas very proximate to the test 
wells. We would suggest the following possible approaches, which 
are, to some ,=tent, patterned after the French and Icelandic ap- 
proaches (Ref. 30). 

However, just as important is 

The data concerning this are much harder to come by and, 
Such a 

The government fi.e., the USGS) should obtain the general 
resource characteristics in each sedimentary basin and other large 
resource areas through a.geophysics heat flow and deep drilling 
hydrologic program. In addition, the government should continue 
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its user-coupled resource confirmation program to extend these data 
to other parts of each resource area or to new unexplored areas. 

An alternative to the postulated USGS program is the re- 
source determination program for the Atlantic Coastal Plain. 
SU under DOE/DGE sponsorship has conducted a detailed program of 
geothermal resource assessment and targeting. 
the coastal plain from New Jersey to Georgia. 
of the area and the known.differences in geology, several wells were 
planned to confirm projections of temperature at depth from the 
shallow gradient measurements and, more significantly, to measure 
the hydrologic characteristics of deep aquifers and the chemistry 
of their waters. 
Crisfield in 1978 - the only well of its type in the east. It is 
suggested that a second deep confirmation well in the southeastern 
coastal plain be supported by DOE to provide additional data on 
reservoir assessment and eng 

VPI& 

The effort covered 
Because of the size 

A resource confirmation well was completed at 

ering for the Atlantic Coastal Plain. 

France and Iceland have had an insurance program for geo- 
thermal developers where 75% of the cost of a well in a new area 
is loaned to the group wishing to drill a geothermal well. If the 
well is successful, the 75% is repaid; if the well is not success- 
ful, it need,not be repaid. Questions asked of the French about 
their programs and success and the answers can be found in Refs. 
31, 32, and 33. The significant points of the answers were: 

1. Loans are forgiven (i.e., become grants) if the temper- 
ature is too l o w  or the output insufficient. The terms 
are negotiated prior to the loan; the geothermal com- 
mittee makes the final determination. 

All French geothermal efforts to date (a dozen or so) 
have obtained government loans. 

to grants (see item.1 above). 

2. 

e loans have had to be converted 

4. The present tr d the ownershTp of all geo- 
hermal enterprises b ernmental entities, mainly 
icipalities, new city planning agencies, low-cost 
sing bureaus, and so on. 
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' 2.5 TRANSFER OF TECHNOLOGY 

In the resource assessment program just discussed and in 
other complementary efforts, a considerable amount of information 
is developed, and it is no simple task to correlate, compile, and 
simplify the data and make them available to prospective users of 
geothermal energy. The state prospectus outlined in Ref. 34 was 
proposed as a method for each'btate with an exploitable resource to 
compile all the available-information in one place. 
Delaware is preparing the first state prospectus similar to that 
outlined in Ref. 35. 
state agencies for other areas. 

2.6 

The State of 

We hope this will be emulated by appropriate 

STANDARDS FOR GEOTHERMAL DEVELOPMENT UTILIZATION 

In October 1979, the American Society for Testing and 
Materials (ASTM) organized a committee (designated E-45 in ASTM 
terminology) to promote the development of standard definitions, 
test methods, specifications, and practices for the exploration, 
production, and use of geothermal energy. 
the committee had held four meetings, the proceedings of which are 
reported in ASTM minutes. 

By the spring of 1981, 

A n  APL representative attended all four meetings. 
mittee is naturally western oriented since that is the area where 
both government and private activity is the greatest, and APL saw 
its task as representing the public interest in the development of 
the moderate- and low-temperature hydrothermal resources of the east. 
To that end, the APL representative served on the task groups for 
Logging and Surface Geophysics (E45.1004) and for Energy Utilization 
Systems (E45.2003). 

The com- 

At the request of these task groups, APL submitted two docu- 
ments for consideration at the committee meeting in May 1981. 
first (Ref. 36), for task group E45.2003, summarized the economic 
models for geothermal feasibility developed by or under the auspices 
of JHU/APL. This request by ASTM arose from the realization that 
the economic models in existence used different methods, had differ- 
ent objectives, and used different definitions of economic feasibil- 
ity. However, a general ruling by the Executive Committee of E.45 
has forbidden (for legal reasons) any ASTM discussion of standards 
for the pricing and billing of geothermal energy, and while this 
ruling does not forbid the discussion of economic models for feasi- 
bility studies, it did put a damper on any such discussions at the 
May 1981 meeting. 

The 

The second submission (Ref. 371, for task group E45.1004, 
was a procedure for testing the pumping of hydrothermal wells. The 
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procedure, which is g in Appendix C, was%ritten for the pumping 
testing of moderate-temperature resources and attempted to prescribe 
procedures that would assist the assessment of typical eastern hydro- 
thermal resources. At the May 1981 meeting, the task group decided 
not to consider pump testing procedures further both because of the 
wide variation in geothermal fluids, temperatures, and flow rates, 
and because the requirements of reservoir analysis made it impossible 
to write a concise pump test procedure of general interest to Com- 
mittee E.45. 

The work of the ASTM committee on geothermal energy has 
proceeded slowly, as is usual with new ASTM committees. To date, 
the only test procedure that has been written and submitted for 
voting is one for the proper installation and use of the valve at 
the well-head of a geothermal steam well. APL participation on 
this committee ceased as of the end of Fiscal Year 1981. 
the requests that APL has received for assistance in specifying 
pump test procedures and performing economic evaluations indicate a 
continuing need on the part of geothermal developers for these ser- 
vices. To what extent this information can be standardized and 
promulgated by ASTM may be, and is, arguable but the desirability 
of continuing this effort is substantiated by the APL experience. 

2.7 RECOMMENDATIONS 

2.7.1 Resource Engineering and Management 

However, 

A prospective user of geothermal energy in the Eastern 
United States will find today that there is little known about the 
engineering details of geothermal resources, with the exception of 
the Madison aquifer in South Dakota, a limited area around the geo- 
thermal test well at Crisfield, and at Cambridge, Md. Further, they 
will find that there are no plans or procedures for resource man- 
agement that insure that the economics of their use of the resource 
is protected against drawdown or thermal pollution by other users. 
Many people have discounted both*of these problems on the bases that 
the user must do his own resource engineering and thgt the first 
one to exploit the resource has legal protection through the rule 
of capture. In regions where geothermal resources are high in tem- 
perature and geothermal wells are productive, it is true that there 
is enough financial incentive for the potential user to bear the 
cost of geothermal resource assessment, determining the detailed 
engineering characteristics adequate for each use. 
with the case of the oil and gas developer, there 
financial incentive for the developer to absorb litigation about 
resource ownership and usage effects by others. However, there are 
few, if any, resources in the east where the economics are such 
that they can provide for either of these contingencies. 
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Town 

Salisbury, Md. 

Thermopolis, Wyo. 

Boise, Idaho 

A fu r the r  consideration that should be noted is the  d i f f e r -  
ence i n  the  economics of the  use of geothermal hot water f o r  indus- 
trial process heat as opposed t o  r e s iden t i a l  o r  commercial space 
heating. The indus t r i a l  process heat is  usually the  more economi- 
cal s ince it is  used year-round in contrast  t o  space heating where 
the  u t i l i z a t i o n  fac tor  of the  heating system is  based on the  heating 
degree days, which results i n  probably less than 40% u t i l i z a t i o n  
annually. 
t i o n  f ac to r  of t he  geothermal w e l l  can be increased; however, i n  no 
way can it approach the  indus t r i a l  u t i l i z a t i o n  factor .  
38 and 39 document the  analysis,  and Table 2.1 i l l u s t r a t e s  t h i s  point. 

By the use of a peaking o r  s torage system, the  u t i l i za -  

References 

Degree Discounted average 
heating Ut i l iza t ion  
days factor* ( X )  cost  per 10 Btu 6 

4300 42.8 $17.5 

7500 47.4 10.0 

5800 36.3 4.5 

* A peaking plant  is  used t o  increase the u t i l i z a t i o n  of the geo- 
thermal w e l l  and minimize discounted average cos ts  (see Ref. 40). 
The u t i l i z a t i o n  fac tor  is  defined as the quantity of geothermal 
w e l l  flows divided by the  flow i f  the w e l l  is  pumped continuously 
throughout the year. 

The cos t  of i ndus t r i a l  process heat f o r  comparison, assum- 
ing several u t i l i z a t i o n  factors ,  is shown i n  Table 2.2. The resource 
conditions are the  same as assumed i n  Table 2.1; however, it should 
be noted that normally a simpler d i s t r ibu t ion  system is required f o r  
t he  indus t r i a l  heat case. 
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30% 

Table 2.2 

Cost of geothermal energy for industrial process heat 

50% 70% 

$8.5 

I 7  Resource 

kl 
Sailsbury , Md . 
Thermopolis, Wyo. 

Boise, Idaho 

6 Discounted average cost per 10 Btv 
Utilization factor 

I I 

$13.1 
I 

$6.5 

7.7 1 5.1 I 4.0 
I I 

1.7 1.1 0.9 

The above discussion i strates the point that the econom- 
ics of the moderate temperature resources, as found in the east, are 
fragile, particularly when considered solely for community space 
heating. It should also be noted, h er, that much of the resi- 
dential and commercial space heating the Eastern United States is 
by gas or oil, and, accordingly, if ermal is to have an appre- 
ciable impact in displacing them, it should be considered seriously 
for community space heating because that i 
usage is. 

u 
I; 
L 
i: 

G 
ii 
i, 

the substantial 

In regard to reservoir management, Ref. 41 proposed a pro- 
grap for the east. In essence, the program called for the modeling 
of the resource in one of the eastern states planning to use geother- 
mal energy and for instrumentation of the wells to provide data for 
use as input to the resource management model. 
to illustrate the mechanics of resource dynamics under use and could 
be used by other state bodies to determine regul 

2.7.2 Location of Areas of Increased P 

This would be used -. 

b 

Figure 2.1 shows the geothermal regions in the Eastern 
United States with potential for geothermal energy. The shaded 
areas indicate sedimentary sequences deep enough (Le., 4000 feet 
or more) that, even with geothermal gradients close to or greater 
than normal (>20 to 25OC/km), temperatures at the bottom of the 
sequence are useful in direct applications of geothermal energy. 
Reference 3, on which Fig. 2.1 is based, ws thermal gradients 
in the northern North American continent 

4 

iled from bottom-hole 
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Basement depth greater than 4000 ft below 
surface (based on Ref. 3). 

Approximate areas of investigation by VPl&SU (Ref. 42). 

-- 
* Contours adapted by APL from basement map of North.America {Ref. 3) 
** From Gruy Federal report (Ref. 42) 

Limit of coastal plains sediments. 

Fig. 2.1 Potential geothermal resource areas in the Eastern United States. 
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temperature data on oil and gas wells; the same data are available 
at a greater scale for AAPG regions. Individual maps are available 
for almost every state with oil and gas activity. Figure 2.2  shows 
the gradient data for the Eastern United States. Reference 43 is a 
new map of the United States of American compiled by the Los Alamos 
Scientific Laboratory. 

DOE/DGE has contracted for a number of resource assessment 
programs in many eastern areas. 
are shown as approximate areas overlying sedimentary basins and 
coastal plains in Fig. 2 . 3 .  The USGS has a program (Ref. 4 4 )  in- 
tended to revise Circular 790 (Ref. 4 5 )  to include lower tempera- 
ture geothermal resources (down to 5OOC) in the United States. 

They are listed in Appendix A and 

Almost without exception, these resource assessment programs 
have concentrated on geology, thermal gradients, and heat flow. We 
suggest a systematic effort to add the data on deep water availabil- 
ity in each of these areas to complete the hydrothermal assessment. 
It is surprising how much data are available on this subject in many 
of the areas. For ex- 
ample, in the five-state region of Ohio, diana, Western Pennsyl- 
vania, Illinois, and Kentucky, there is greement for disposal 
of industrial waste in deep basal aquifers (Ref. 2 9 ) .  Accordingly, 
permeability and transmissibility measurements have been made 
throughout the eight-state region of Illinois, Indiana, Kentucky, 
New York, Virginia, Ohio, Pennsylvania, and West Virginia; as a 
result, a first-order definition of hydrothermal resource is avail- 
able. 

They provide a first-order synoptic view. 

In addition, information relating to e occurrence of 
water is available in the records of deep bor s in many of the 
eastern states. It has been proposed in Ref. 46 to systematically 
analyze these data together with the general synoptic geologic as- 
sessment of potential deep r-bearing sediments. 

It should be noted easonable assessment of the 
utility or cost-effectiveness of a geothermal well is possible with- 
out definitive measures of well productivity, water temperature, 
and chemistry. 

,tail, and Ref. 46,  cited above, was informally proposed to USGS as 
a part of its extramural program, and, at the Survey' 

Reference 47 discusses these factors in greater de- 
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Approximate areas o 

Limit of coastal plains sediments. 

igation by VPI&SU (Ref. 42). 

-- 
ontours adapted b 
rom Gruy Federal 

Fig. 2.3 Potential geothermal resource areas in the Eastern United States showing 
reservoir confirmation areas. 
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Chapter 3 

TECHNICAL ASSISTANCE 

APL's Geothermal Tec cal Assistance Program for ERDA/ROE 
was essentially started shortly after APL was asked to promote the 
use of geothermal energy in the east. 
Eastern United States is shown' in Fig. 2-1 of Chapter *2. Informa- 
tional visits were made to state geologists' ener ffices and to 
users or potential users of geothermal energl. I on became ob- 
vious that some sort of handbook or manual was needed for the po- 
tentiil user that would explain the geological, physical, and en- 
gineering terms that-most frequently occur in the field. 
the first draft of a geothermal handbook was completed. 
page handbook (Ref. l), printed in 1977, consists of three parts: 

The area encompassing the 

In 1976, 
The 86- 

1. A glossary of roxhktely 500 terms, 

2. 
_. 

A fact sheet section that defines such subjects as 
geothermal gradients, rock classification, 
logical time scales, and 

A section of conversion tables for the physical quan- 
tities of interest for energy research in general and 
geothermal research in particular. 

3. 

As of July 1981, over 700 copies have been distributed. 

carried out by APL during 1976, 1977, and the early part of 1978 by 
the preparation of planning scenarios for major potential resource 
areas to assist the states and DOE in planning for geothermal de- 
velopment. 
accompanied by a probable timetable. They included methods on how 
the geothermal resource would be used, the available and potential 
market/economics for the resource, and the timescale 
resource could be developed. 
in Chapter 11. 

Geothermal technical assistance, in a broad sense, was 

The scenarios were essentially macroscopic master plans 

They are summarized and 

In 1979, geothermal Technical Assistance (TA) took a more 
formal stance (Ref. 2). APL was designated a Center for Technical 
Assistance for individuals, groups, or organizations interested in 
the applications of geothermal energy. The Laboratory's response 
to a request for assistance is in the form of limited engineering 
and/or economic feasibility study and is not a substitute for de- 
tailed design - the province of the consulting engineering community. 

- 30 - 
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Laboratory efforts include 

1. Counsel on known information concerning geothermal re- 
sources in an area and DOE programs in process there, 

2. Preliminary estimat of the hydrologi roperties of 
geothermal resources as functions of time and usage, 

3. Advice on recovering geothermal energy in a specific 
case - an engineering feasibility study, for example, 
The estimated life-cycle cost of applying geothermal 
energy in a specific case, 

The legal, institutional, and other requirements for 
the application of geothermal energy, and 

Advice on available federal government opportunities 
or other federal programs that bear on the use of geo- 
thermal energy. 

u 

u 
ld 
li 
I; 

Ij 

4. 

5 .  

60 

TA requests had been coming to APL almost from the first I’ 

b 

c 
u 
c1 
Li 
L 

day the Laboratory started working on the eastern geothermal program. 
The majority of these requests could be dealt with by a visit to the 
prospective user or by a simple telephone call or letter. 
quests - in the hundreds - were taken care of t , far too many 
t o  mention specifically in 

On the other hand, 

Many re- 

lished formal technical as- 
tance reports for serious potential users of geothermal energy. 

One of the first re ility of space heating- 
the local high scho first eastern DOE/DGE 
geothermal test we1 s. 3, 4, and 5). Other 

lished as formal reports 

-- 

school (Ref. 9), 
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I ,  
i 

5 .  Space heating the Naval Air Rework Facility in Norfolk, 
Va. (Ref. lo), 

Space heating and cooling base housing at McGuire Afr 
Force Base, N.J. (Ref. 11). 

Space-heating evaluation for a community center and 
apartment complex in Ocean City, Md. (Ref 12) (TA study 
contracted to D'Appolonia Consulting Engineering Co . ) , 
Feasibility study using geothermal energy for the vac- 
uum distillation of ethanol fuel (Ref. 13) (TA study 
contracted to Carltech Consulting Engineering Co.). 
Reference 14 is an extension of the data showing re- 
quired geothermal water flow rate versus vacuum 
pressure, 

6 .  

7. 

8. 

k 
b 

L 
L 

9 .  Feasibility study using geothermal energy for heat at 
Dover Air Force Base, Del. (Ref 15). (TA study con- 
tracted to Solar Energetics Consulting Engineering &.), hl 

10. TA consultation as to how geothermal energy might be 
exploited for space heating at the Naval Submarine Sup- 
port Base, Kings Bay, Ga. (Refs. 16 and 17), and 

Publication of a desk-top computer program to estimate 
geothermal well drawdown and cost for assumed water 
withdrawal rates (Ref. 18) to assist those considering 
geothermal energy. 

The analysis of geothermal community heating, Cape 
Charles, Va., (Ref. 19). 

11. 

12. 

The process of the transfer of technology is exceedingly 
slow when it concerns new alternate energy forms such as applica- 
tions of B modest temperature geothermal resource. An energy ex- 
tension iervice to bridge this gap is recommended, patterned after 
the DOEIDGE Technical Assistance Center effort, 

Low-temperature geothermal water at times may not meet the t 
direct-use heating requirements of the intended user, such as when 

source only provides 120'F. 
raised to 160'F by burning fossil fuels. 
frequently recommended alternative is the use of a heat pump to 
raise the temperature of the water. 
applicable to TA programs to warrant further discussion. 

160'F water is required for space heating and the geothermal re- $ -  

L 

L 

The 120'F water may, of course, be. 
However, an effective and 

I *  This method is sufficiently 

L 

t 
id 
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L 
A heat pump is a device that extracts heat from a body at 

It can one temperature-and amplifies it tb a higher temperature. 
be used for either heating or cooling, but the term is generally , 

gerator or air- 
conditioner is ed' in a 'cooling operatibn.' A h ump can extract 
and deliver several times the amount of energy r ed to dr$ve it 
and at temperatures appreciably greater than the thermal source 
from which it draws energy. ability of the heat pump to a&plii 
fy temperature increases the er of ways in which a hydrothermal 
source of rhoderate temperature can be utilized. 
source in turn enhances the performance of a heat pump. 

ia the case.of a heating operation while a 

A good hydrothermal 

e the heat load is a few mfllion Btu's per 

r geothermal source to obtain the required 
Initial cost in the case of a deep well system'proba- 

with a shallow well may be less costly 

temperature. 
bly will be higher than for a heat pump/shallow well system; how- 
ever, operating costs for the heat pump system are likely to be 
more than that of a deep well system. 
tions and requirements can vary greatly with location and applica- 
tion, each situation needs to,be examined to determine the best 
alternative. In g ere the heating load is relatively -11, 
a deep well will n justified; where the heating load i 
tively high, a heat pump will not be the economical choice. 

I' 
u As the combinations of condi- 

Most of the inquiries directed to APL about'heat pumps have 
dealt with the feasibility of us 
source* for space heating. The 
vary 1ittle.seasonally gives a g 
over an atmospheric-air-source hea 
ing operations. The performance 
loop) heat pump systems has been 
ground-water (open water loop) heat pump systems because  of^ insuffi- 
cient design data. However, this situation is changing as more data 
are gathered. 
past because'of the lack of information 
conditions needed to sure satisfactory performance. Nevertheless, 

heat pump an advantage 

Both types of systems hav en neglected in the 
round and ground-water 

in origin rather than geothermal, but this technical distinction is 
not made here. 
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Much of the aforementioned is discussed in an overview of 
current heat pump'te 
(Ref. 21) prepated by APL as a suggested position paper for DOE in 
May 1979. In May 1980, the Laboratory was requested by the National 
Conference of State Legislatures to review and comment-on its pro- 
posed "Guidebook to Ground Water Heat Pumps." Use of a chemical ab- 
sorption type heat pump 
geothermal heat- source 
(Ref. 16) was examined early Ln the program and appears technically 
feasible.' More recently, the Einstein-Szilard refrigerator has been 
examined with respect to its.use with a geothermal heat source. 

ogies, problem areas, and new technologies 

nia absorption Cycle) with a 
strict heating and air condi 

Industrial process uses have been Investigated with varying 
results. 
was found to be an application particularly suited to the use of a 
deep well because of load size and temperature. 
cost for poultry processing ranged from $2 to $4 per 10 Btu de- 
pending on the well conditions, as compared with $5 per 30 
a heat pump/shallow well system. 
to be more expedient in the case of ITT Bakeries because of the 
modest heat load and the fact that none of the company's plants is 
located in the areas with enough geothermal potential to meet tem- 
perature requirements. 

Poultry processing on the Delmarva Peninsula (Ref. 22) 

Deep well energy 
6 

6 Btu for 
The use of heat pumps was found 

In summary, heat pumps can be used to increase the utility 
of ground and geothermal heat sources of moderate temperature; geo- 
thermal sources with temperatures of 140'F or more can be used t o  
power chemical absorption heat pumps for heating or cooling opera- 
tions; and, when given a choice between a heat pump with shallow 
well and a deep well, the economical choice will depend on the size 
of the heat load, with the deep well system behg the more economi- 
cal in the case of a large load. 
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Chapter 4 

INSTITUTIONAL AND LEGAL ISSUES 

4.1 INTRODUCTION 

Development of geothermal energy in the Eastern United 
b 
E; 
E; 
L 
0 

States requires the evolution at the state level of new statutes, 
legal precedents, and management practices to deal with the unique 
aspects of the resource. 
issues : 

The states must address four sets of 

1. How to establish or determine the rights to use the 
resource. This issue has been addressed in terms of 
characterization, ownership, access, and allocation. 
Basically, however, the question reduces to who can 
make use of the resources 

How to manage the resource to protect it over time and 2. 
its efficient 

3. How to prevent or min e adverse environmental effects IJ as a result of geothermal energy development; and 

4. How to encourage, support, facilitate the develop- 
ment of geothermal energy. 

The functions corresponding to th issues may be charac- 
terized as: 

1. 

2. Managerial 

3. Regulatory 

. .  4. Promotional 

There are unavoidable links between the different classes 
of issues. Most important, the questions surrounding access have 
implications for all the other issues and for future government 
action. They have for this reason received a good deal of atten- 
tion in the discussions relating to geothermal energy development 
on the Delmarva Peninsula and will be discussed in more detail in 
Section 4.2. 
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4.2 RIGHTS TO THE RESOURCE (ACCESS) 

Much has been wr i t ten  and debated, both na t iona l ly  and with- 
in the  states of t he  Delmarva Peninsula, as t o  the  character izat ion,  
ownership, and r i g h t s  of access t o  geothermal resources. 
r i g h t s  have been the  focus of much of t he  ins t i tu t iona l - lega l  t a sk  
of APL over the  past  several  years, a s  w e l l  as of t he  work of the  
National Council of State Legislatures and representat ives  of the  
states themselves. However, because of t he  complexity of t h e  i ssues  
and the  f a c t  t ha t  they can only be f i n a l l y  resolved through ac tua l  
experience (expressed i n  j u d i c i a l  decisions,  agency regulations,  and 
l eg i s l a t ion ) ,  t he  i ssues  remain as clouded on the  Delmarva Penin- 
su la  as they do i n  much of the  rest of the  country. Experience on 
Delmarva points  t o  two major reasons why the  answers t o  the  i ssues  
remain problematic. 
vocabulary and understanding with which the  various p a r t i e s  t o  t h e  
discussion can proceed. 
t ra ined i n  property and water l a w  t o  agree on basic  points  of l a w  
and semantics. 
t o  include l e g i s l a t o r s  (many of whom are lawyers and have t h e i r  own 
concepts of property l a w ) ,  s c i e n t i s t s ,  resource managers, and gov- 
ernment lawyers. 
s t i t u t e s  "ownership" vary widely and have not been c l a r i f i e d  t o  any 
degree. Thus, there  has been much discussion of possible  asser t ion  
of state "ownership" without a common understanding of what t h i s  
means, both l ega l ly  and prac t ica l ly . )  

These 

F i r s t ,  it is  clear t h a t  t he re  is no common 

It would be d i f f i c u l t  t o  ge t  l e g a l  scholars  

The problem is  compounded when the  debate i s  widened 

(Just  t o  ci te one issue - concepts of what con- 

Second, there  has been a basic conf l i c t  of object ives  re- 
l a t i n g  t o  t h i s  i s sue  i n  a t  least four  areas. 
is the  object ive of finding the  legal-const i tut ional  formula t h a t  
would best  reduce uncertainty,  minimize the  chances of l e g a l  con- 
f l i c t ,  and reduce the  cos t  of access t o  t h e  resource (e.g., pre- 
clude roya l t ies ) .  
Competing with t h i s  is the  incentive t o  f ind  an approach t h a t  is 
equi table  and cons t i tu t iona l  f o r  t he  owners of t he  resource (assum- 
ing tha t  the  state is not  the  so l e  owner). This i s  both a moral 
and a p o l i t i c a l  consideration. 

On t he  one hand, t he re  

The motivation here is t o  f a c i l i t a t e  development. 

A t h i r d  object ive is t o  f ind an approach tha t  allows f o r  
sound management of the  resource over i t s  l i f e t ime  and t o  put the 
approach i n  the  hands of the  agency bes t  equipped t o  handle it. 
Final ly ,  there  has been the temptation t o  adopt an approach t h a t  
would provide income t o  the  state i n  the  form of roya l t ies .  

owever, perhaps the  most important aspect of any discus- 
e lega l - ins t i tu t iona l  i s sues  is its academic nature. It 

is  d i f f i c u l t  enough i n  fac tua l  cases t o  address t h e  complex i ssues  
of property and water law.  The d i f f i c u l t y  is aggravated when there  
is  no concrete case upon which t o  focus and very l i t t l e  i n  the form 
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of technical information on the general nature of the resource. It 
would be most helpful for furthering the debate in Delmarva, as 
elsewhere, if participants attempted to focus on a clear hypotheti- 
cal or potential case of the ownership-access issue. Only then can 
the kind of airy circularity that has characterized discussion of 
this set of issues in Delmarva be avoided. 
thermal resource need to proceed on the basis of what the baby is 
going to look like, not on the basis of abstractions. 

c 
The midwives of a geo- 

Notwithstanding difficulties in clarifying these issues, 
the three Delmarva states have attempted legislative action. 
case of Maryland, a geothermal law has been on the books for three 
years. In Delaware, a law was vetoed by the Governor in 1980 and 
reconsidered in 1981; it failed to emerge from the Legislature. In 
Virginia, a bill was passed by the Legislature and signed by the 
Governor. The approaches in the three bills present an interesting 
array of what can be done on the ownership question. 
the law is silent on ownership; a 1981 attempt to amend the bill to 
include a provision for asserting state ownership failed in commit- 
tee. 
tion belong to the surface owner. 
in the resource by regulating the appropriation; in effect, the 
state "owns" the right to regulate and ensure proper use of the 
resource, much as it does with groundwater. 
joint House-Senate resolution of the Maryland Legislature directed 
the Department of Natural Resources to study and recommend speci- 
fic regulations for the access and allocation of geothermal resources. 
These recommendations, which are requested in the calendar year 
1981, would, if acceptable to the Legislature, become the opera- 
tional law for the State. 
the fact that Maryland defines the resource to include byproducts. 
that might be extracted from the heat-bearing medium (i.e., water). 
It is easy to imagine a clear conflict with mineral rights, although 
it remains to be seen whether this is a real issue. 
sumably require the presence of both a marketable mineral plus a 
situation where the mineral rights owner was different from the 

In the 

In Maryland, L 
Ii 
I' 
lj 

li 
i; 

Id 
L 
ii 

However, it would appear that the rights to resource extrac- 
The state asserts its interest 

In its 1981 session, a 

(An interesting side issue is raised by 

It would pre- 

1 surface owner.) 

The proposed Delaware law declares the resource to be owned 

It 
by the state, to be sui generis, and to be accessible only to the 
surface owner, who may lease the right of extraction to others. 
appears that the sole net effe of the ownership by the state is 
to give it the right to impose royalty on the extraction of the 
resource from private land. Virginia defines the resource as - sui 
generis, owned by and available only to the surface owner, and ap- 
portioned accor g to the doctrine of correlative rights. 
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In reviewing these three approaches, it is difficult to see 
where any one is superior to the others in meeting the objectives 
outlined above. It could be argued that the Maryland approach is 
the most straightforward, the least likely to engender lawsuits, and 
the least burdensome on the potential developer because it estab- 
lishes a prior appropriation basis for exploitation. It would allow 
for a predictable supply unencumbered by concern about correlative 
rights of others or the necessity of establishing a production unit 
or some other pool-sharing mechanism. 

4.3  MANAGEMEXT 

The question of the appropriate management of the resource 
has not been addressed in detail, partly because a useful management 
plan could only be evolved on the basis of more detailed knowledge 
of the resource than now exists for the Delmarva region. Technical 
assistance on this issue to date has stressed the need for the state 
to acquire adequate information so that it could develop a model of 
the resource in a given area. Of course, once a physical model is 
available, it will still be necessary to develop a management proy 
gram based on some theory of "the public interest." 
the state could elect to maintain a sustained yield of the resource, 
to allow periodic depletion and restoration, or to allow mining 
(i.e., in a practical sense, permanent depletion at an economically 
efficient rate). As a practical matter, the evolution of a manage- 
ment plan will depend on a combination of market forces (which will 
motivate the developer), increased knowledge of the resource, state 
precedent in the rate of extraction of groundwater or oil ar,d gas 
(or some other roughly analogous resource), and, finally, a con- 
scious development of a resource management scheme specific to the 
resource. The three state statutes in their present forms are es- 
sentially silent on this issue, allowing broad administrative dis- 
cretion. (Note that this is a different issue from that of allot- 
ment of the resource, which has to do with who extracts. 
sues of extraction and use are, of course, joined in most real cases.) 

3 

In essence, 

The is- 

4 04 REGULATION 

Consideration of environmental effects of geothermal energy 
development in Delmarva has ranged from issues of air quality to 
subsidence. The most clear-cut concern to date is the issue of 
the impact on potable groundwater of the extraction of the geo- 
thermal liquid or the disposal of the energy-depleted fluid. 
nificant legal and institutional questions do not seem to enter into 
the picture at this time because there is general agreement that 
groundwater resources are not to be damaged (i.e., geothermal energy 

Sig- 
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development would not be allowed if there were significant impact 
on potable groundwater), and there are in-place mechanisms dealing 
with the possible disposal of fluids to surface waters. The issue 
of subsidence is a possible matter of concern, but there has been 
little incentive to address it in detail because the general tech- 
nical opinion to date is that it would not be a problem under the 
kind of geothermal energy development presently envisioned for 
Delmarva. 
of side effects, the general feeling seems to be that the states 
and local governments could make the necessary responses to any en- 
vironmental or land use problems brought on by a proposed or exist- 
ing geothermal rgy development, 

Although it has been useful to enumerate possible kinds 

4.5 PROMOTION 

A wide variety of issues f 
and they have been widely discussed in Delmarva. 
research and development role of the states (a promotional function 
to the extent that additional knowledge would reduce costs to pri- 
vate developers), the formation of district heating authorities, 
the relation of tax law and policy on geothermal energy development, 
and the accessibility of state lands to private exploitation. Prob- 
ably the most important promotional function at prese 
the formation and maintenance of some entity at the s 
has a clear mandate to promote progress on geothermal energy issues 
across the board. In other words, a continued activity at the state 
level is required to deal with legislative and legal issues, R&D in- 
formation to potential developers, development of financial incen- 
tives, coordination of the regulatory and managerial functions of- 
the state, and liaison with federal and neighboring state programs. 
It is difficult for any outside group, however effective, to main- 
tain the wide variety of intergovernmental and private sector con- 
tacts that are required to move geothermal energy development from 
promise to reality. 

s into the promotional category, 
Among them are the 

The entity needed (it could be a division of an existing 
agency, a new group, an interagency committee, or a single person) 
must be part lobbyist, part interagency coordinator, part educator, 
and part marketeer. Given the reluctance of all governments to in- 
volve themselves financially in a major way because of the general 
cutback of government programs and staffing, it is in the estab- 
lishment of a visible and competent promotional entity that scarce 
resources could be best spent. 
of geothermal energy in Delmarva at present seems t o  be from the 
direction of the private sector, 
greatly aided by an agent within the state government who has a 
clear mandate to work for the development of the resource. 

The best promise for the advancement 

The potential developer would be 

Mary- 
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land has created an Energy Supply Financing Administration within 
the Department of Economic and Community Development. 
assist developers of any alternative energy source but currently is 
limited in staff and funds. 

It is to 

4.6 SUMMARY 

The institutional and legal issues surrounding geothermal 
energy development are numerous, complex, and interdependent. 
could be debated and analyzed from now until the oceans boil away 
from geothermal heat. Although there is still a good deal of am- 
biguity and confusion surrounding the issues in Delmarva and each 
of the three states is approaching the issues in a different way, 
the general contours of the issues are now understood in the re- 
gion as a result of the debate and analysis of these issues over 
the past several years. 
tional analysis for the near future would take the form of evalua- 
tion of a concrete development proposal, based on the best techni- 
cal understanding and the most reasonable assumptions. If such a 
specific proposal is not forthcoming, it would be useful to develop 
one of several hypothetical cases and work through the legal, in- 
stitutional, and managerial aspects of them in each of the states. 
Officials in the states, aided by available outside technical and 
legal assistance, could then conduct realistic and worthwhile "geo- 
thermal energy games" on the basis of the elevated legal-institu- 
tional understanding that has been developed. 

They 

'it is likely that the most useful institu- 

4.7 DOCUMENTATION 

There has been extensive correspondence with state offices 
The cor- on issues relating to legislation for geothermal energy. 

respondence is too extensive to list here; however, it may be found 
summarized in chronological order in the Laboratory's Quarterly 
Reports (Ref. 1). 

The geothermal laws and related acts €or Virginia and 

Virginia 

Geothermal Energy, State of Virginia House Bill 1663. 

Maryland are the following: 

L 
t 

L 

'L 
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Maryland 

Bills concerning geothermal energy passed by the Maryland 
1981 Legislative Session: 

1. Tax Credits - Geothermal Energy Equipment and Energy 
Conservation Components, An Act Concerning, House 
Bill 650, Senate Bill 344. 

Geothermal Resources, An Act Concerning, House Bill 
651. 

2. 

3. Board of Public Works - Geothermal Resources - State 
Lands, An Act Concerning, House Bill 652. 

A Senate Joint Resolution Concerning Geothermal 
Resources - Access and Allocation, Senate Joint 
Resolution No. 9. 

Energy Financing, An Act Concerning, Senate Bill 
832. 

4. 

5 .  

REFERENCE 

1. JHU/APL Energy Programs Quarterly Reports, Sep 1976 through 
Jun 1981. c 

li 
4 
u 
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Chapter 5 

ECONOMIC ANALYSIS TOOLS 

i 
The Metro Center and APL worked closely together on the 

development of economic analysis tools appropriate for the evalua- 
tion of low-temperature geothermal resources. S i x  computer models 
have been formulated since research began in this area, namely, 

1. 

2. 

3. 

4. 

5. 

6. 

GTCOST, 

GREES (Geothermal Resources Economic Evaluation System), 

GRITS (Geothermal Resource Interactive Temporal 
Simulation), 

DSM (Demand Specified Model) , 
BIGMAC (Basic Interactive Geothermal Model with 
Aquifer Characterization), and 

CRA (Capital Recovery Assessment) . 
Of these programs, GRITS is the most sophisticated and has the 
greatest flexibility. 
briefly below to highlight the evolution of the GRITS model. 
summary of the sensitivities analysis conducted on the GRITS model 
will be discussed in the next chapter of this report. Arrangements 
for the availability of the GRITS computer program when the current 
JHU geothermal effort ends will be outlined at the end of this 
chapter . 

Each of the computer models will be described 
A 

5.1 THE EVOLUTION OF ECONOMIC ANALYSIS TOOLS 

The first geothermal resources examined were those located 
in South Dakota (Ref. 1). Aquifers studied could provide potable 
warm water at 141OF (61'C). 
(the wells would be artesian) and the rate of flow could be high, 
i.e., 1500 gallmin (341 m3/h). 
to calculate the cost of a rudimentary geothermal heating system, 
comprised of a well, a hot water distribution subsystem, and a heat 
exchanger in each building, in order to estimate the town size 
required for feasible exploitation of geothermal energy for space- 
heating purposes. 

No pumping costs needed to be included 

Financial analysis was performed 

i 
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The bulk of the economic research conducted therefore con- 
centrated on the more typical geothermal resources of the Eastern 
United States. 
basins and along the Atlantic and Gulf Coastal Plains. Analyses to 
estimate the range in the size and cost of district heating systems 
using geothermal energy that could be competitive with conventional 
fuels were begun with GTCOST (Ref. 2). 
GTCOST model reflected advances made in understanding geothermal 
resources in the Eastern United States: 
ble pump, trade-off between pumping water and cost of recovery, and 
the need for reinjection of geothermal fluids. 
up system acting as a peaking plant was found to allow optimization 
of the cost of the system by increasing the number of residences 
served by each well, since the geothermal design need not cover 
the lowest possible ambient temperature. 

These are located in deep interior sedimentary 

Assumptions built into the 

the need for a submersi- 

In addition, a back- 

The need to simulate more complex relationships led to 
GREES, a detailed computer program (Ref. 3). The GREES computer 
code incorporated and documented all that was in GTCOST. 
tion, it provided the ability to calculate marginal costs, detailed 
the schedule of life expectancy and replacement cost of system com- 
ponents, expanded the weather catalogue to three areas on the At- 
lantic Coastal Plain, and provided an adjustable mix of five hous- 
ing types. 

In addi- 

The GREES computer program proved to be very useful and 
flexible. It showed that, for geothermal resources with tempera- 
tures equal to what were expected in the mid-Atlantic Coastal Plain, 
the cost of energy for community heating was competitive with the 
cost of fossil fuel; this is based on the model's assumptions that 
the cost of geothermal wells was similar to oil and gas wells, and 
that withdrawal rates of geothermal water of 500 gal/& (114 m /h) 
per well were obtainable. 
tribution system dominated capital costs. 
was a bargain because of the higher utilization factor. 

3 
The program also showed that the dis- 

Industrial process heat 

As more and field experience was obtained, however, it 
became evident that the economic analysis provided by GREES was no 
longer adequate because of the need to include a resource assessment 
period and its cost, economic discounting, and the temporal simula- 
tion of temperature, flo rate, drawdown, d market penetration. 

The GRITS model the most detail and advanced of a1 
the models developed by APL and Metro Center (Ref. 4). 
gram meets all of the needs cited above. Economic consequences of 
changes in resource characteristics as functions of usage and time 
can be traced. Costs of resource assessment that cover the engi- 
neering design and development of a given geothermal resource are 

The pro- 
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included. More realistic scheduling of the installation of a com- 
munity heating system throughout the district heating project life 
is allowed. Most importantly, the program provides for the use of 
a discount rate to compare directly streams of costs and revenues 
incurred through the life of the project. The resultant economic 
accounting measures calculated by GRITS are the discounted average 
cost of providing a million Bt,u of geothermal energy to a household 
or an industrial user and the net present value of revenues less 
costs of the project. 

7 

During the most recent period of transition for GRITS, new 
A more accurate equa- information was used to update the program. 

tion for estimating well costs has been written into the program. 
Wellhead heat exchanger design parameters were also changed. The 
capability for the user to specify a wide variety of alternative 
multiple well transmission line configurations (from production well 
to distribution system and reinjection well) was added. The model 
allows a comparision of a geothermal heating system with an alter- 
native fossil fuel system. And, as an interactive program designed 
for ease of use in exploratory analysis, GRITS was also enhanced by 
the addition of a variety of features for reporting results and 
maintaining and changing basecase scenarios. Lastly, t o  provide 
for situations where the number of years over which the debt can 
be repaid is significantly shorter than the project evaluation 
period, the useful equipment lifetime is allowed to differ from 
the debt service period of the equipment. 

The DSM and BIGMAC models are descendants of the original 
version of GRITS, developed to alleviate a few potential limita- 
tions of GRITS' original form. 
latest version of GRITS. 
sion where the demand for geothermal energy is known in advance, 
and the BIGMAC model was formulated to account for the effect on 
pumping of aquifer characteristics when they are known. It should 
be kept in mind that all of the capabilities of DSM and BIGMAC de- 
scribed below are now incorporated in the latest version, Model 9 ,  
of GRITS described in Ref. 5 .  

They have been replaced by the 
The DSM was created as a simplified ver- 

DSM, a simplified version of the commercial routine of 
GRITS, was used to analyze a system designed to meet a given heat- 
ing demand at the design temperature, whereas GRITS assumed that 
enough demand for the geothermal energy existed to consume what- 
ever geothermal energy the resource could supply (Ref. 6 ) .  An ex- 
ample of an application suitable for analysis by DSM is a geother- 
mal well that can be used to heat a limited number of buildings on 
an isolated university campus or agricultural community. 

The BIGMAC model was a modified version of DSM (Ref. 7). 
It incorporated a series of relationships that take into account 

L 

t 
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the transmissivity and storage coefficient for an aquifer whose 
characteristics are known or can be estimated. Also considered is 
whether the pumping cycle is continuous, varies semiannually or 
daily, or is of the type resulting from space heating. 

I At the request of DOE/DGE, the American Society of Heating, 
Refrigerating, and Air-conditioning Engineers (ASHRAE) held a spe- 
cial seminar on the comparison of economic analysis codes for geo- 
thermal space heating at its annual meeting in January 1982. 
request of the society, an analysis using the latest version of 
GRITS (Model 9) was done of selected towns in the east and west 
(Ref. 8) for comparison with other codes. A narrative description 
of the GRITS program was presented at the ASHRAE special session 
(Ref. 9). 

5.2 ARRANGEMENTS FOR FUTURE AVAILABILITY OF GRITS 

At the 

GRITS will be maintained by the Metro Center through FY 1982. 

Pro- 
However, no funding is anticipated to provide support for the main- 
tenance and dissemination of GRITS or for technical assistance. 
cedures to allow access to the'model will be arranged. 

Potential users requiring assistance in running GRITS 
should make arrangements with Sally Kane or Peter Kroll for support 
services. Levels of effort may range from introductory instruc- 
tion on the use of the model, to the provision of a brief set of 
computer runs, to a full-scale analysis. Expenses to the user 
would involve compensation for Kane and/or Kroll's time as well as 
for that of their assistants, computer costs, and mailing, dupli- 
cation, telephone, and secretarial expenses. If GRITS is trans- 
ferred to a machine other than a DEC-10, some conversion will be . 

necessary, requiring Kroll ' s time and computer expenses. 
terms and arrangements are currently being discussed and will be 
made available to interested parties once plans are finalized. 

Exact 

5.3 A PROGRAM FOR CAPITAL RECO ASSESS 

The Capital Recovery Assessment (CRA) program is a short 
program which is frequently useful as a precursor to using GRITS. 
It may also be used in place of GRITS for simple geothermal appli- 
cations, where the approximate time to pay back the initial capital 
investment using the c splaced fossi uel is desired. The 
program is docum 0. 
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Chapter 6 

SENSITIVITY ANALYSIS 

The large number of variables that influence the cost of 
providing geothermal energy can be handled practically only through 
computer modeling. 
greatly under actual field operating conditions; therefore, the 
number of possible combinations of conditions is quite large. 
this end, as discussed in detail in the previous section, GRITS was 
developed with the capability of being run under a wide variety of 
resource and economic conditions that are specified by the user 
(Refs. 1 and 2). 

Many of the parameters can be expected to vary 

To 

This section begins with a discussion of a basecase that 
was set up to simulate a hypothetical geothermal district heating 
system in Salisbury, Md. After this scenario is examined, the 
results from a study of the sensitivity of discounted average cost 
(DAC) to various resource, demand, and financial factors will be 
examined. 

6.1 DEFAULT VALUES 

Values of the parameters in the basecase are shown in Table 
6.1. Generally, each parameter was assigned a conservative value 
selected from the middle range of estimates considered feasible, 
although the values for maximum flow rate (300 gal/min), market . 

saturation (70%) ,  and wellhead temperature (150'F) represent opti- 
mistic estimates. 

The set of conditions that make up the basecase values may ' 

be described as follows: - .  

1. Housing stock is single-family dwell- 
ings, townhouses, and garden apartments in the Salis- 
bury, Md., area, with 70% of the households within the 
service area hooked up to the district heating system. 
Two types of commercial buil 
10,000 ft of average floor 
same district heating system. 

All space heating demand down to 39'F external temper- 
ature is served exclusively by geothermal energy; addi- 
tional energy demand for colder temperatures (down to 
-5'F) is served by a fossil-fuel peaking system that 

gs, with 4,000 and 

ce, are hooked up to the 2 

2, 
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Table 6.1 

Salisbury basecase scenario for residential/connnercial estimates, 
current residential/comercial parameters 

RESOURCE CONDITIONS 

Area under consideration 
Wellhead water temperature (OF) 
Depth of upwell (ft) 
Number of production wells 
Reinjection temperature (OF) 
Depth of reinjection well (ft) 
Number of reinjection wells 
Drawdown of upell ( X )  
Maximum flow per well (gal/min) 
Transport distance (miles) 

Parameter 

Salisbury, Md. 
150 
5000 

1 
90 

5000 ' 

1 
15 
300 
0.25 

DEMAND CONDITIONS 

Housing types on system 

Single family dense 
Townhouse 
Garden Apartment 

Market saturation ( X )  
Market penetration ( X )  

Initial 

Hookup cost per 
household ($) I Percentage 

20 
40 
40 

1500 
1500 
400 

70 

6 Annual change 
Domestic hot water (10 Btu/yr/h) 
Number of types of commercial buildings 

2 Average floor space (ft ) 

Average heat demand (Btu/f t /deg-day) 

Number of each type 

rype 1 
Type 2 

rype 1 
5 P e  2 

Type 1 
5 P e  2 

2 

15 
' 8  
20.10 
2 

4,000 
10,000 

9 
9 

5 
-2 
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Wells 
Piping system 
Heat exchanger 
Pumps 
Hookup 
Peaking boiler 
Storage tank 

c; 

30* 
30* 
lo* 
10* 
30* 
30* 
30* 

fl 

ij 
Y 

jJ 

G 

L 

Table 6.1 (cont'd) 

Salisbury basecase scenario for residential/comercial estimates, 
cur rent residential /comer cia1 parameters 

Rate of commercial market penetration (%) 
Initial 50 
Annual change 25 

Length of commercial distribution system 
(miles) 0.2 

System design temperature (OF) 39 
Minimum ambient temperature (OF) -5 

FINANCIAL CONDITIONS 

System selling price ($/lo 6 Btu) as a multiple of 
electricity price 70 

Study period (years) 20 
Storage tank capacity (hours of flow) . 2 

Capital equipment I Amortization period Physical life 

30 
30 
10 
10 
30 
30 
30 . 

Discount'rate (%) 4 

Inflation rate (%) 8 
Interest rate 15 

Real dollar calculations 
Cost of electricity 
Initial price (dkwh) 6 
Annual change ( w )  2 

Annual change (%) 4 
Operation and maintenance (% of capital) , 1 

Cost of fossil fuel 
Initial price ($/lo6 Btu) 9 

1500 
250 

5 Boiler cost ($/lo Btu/h) 
Distribution system pipe cost ($ thousand/mile) 
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raises the  temperature of the  c i rcu la t ing  water. 
domestic hot water heat is provided by geothermal 
energy. 

The resource is  tapped by one 5000-ft production w e l l  
that experiences an average drawdown of 15% (750 f t )  
a t  f u l l  production as t he  water is pumped t o  the  sur- 
face. 

A l l  

3. 

4. The temperature a t  the wellhead is  150°F and the water 
is  reinjected a t  90°F, implying a t  a logarithmic mean 
temperature difference across the  heat exchanger of 
60'F. 

The water is reinjected in to  the  same aquifer  a t  a 
depth of 5000 f t .  

Maximum flowrate is  300 gal/min. 

5 ,  

6. The conditions include a 15% charge f o r  borrowed funds, 
with the  system cap i t a l  components amortized individu- 
a l l y  over t h e i r  expected lives o r  the  evaluation period, 
whichever is shorter.  

7, Elec t r i c i ty  t o  operate the  pumps is purchased a t  6 . 2 ~ /  
Kwh, with an annual real increase of 2%. The f o s s i l  
fue l  f o r  the  peaking plant is purchased a t  $9.00/10 6 
Btu with an annual real pr ice  increase of 4%. Sell ing 
pr ice  i s  fixed a t  70% of the  pr ice  of f o s s i l  fuel.  

The dis t r ibu t ion  system cos ts  $250,000 per m i l e  of in- 
s t a l l e d  insulated dual pipe. 

8. 

The results of running the  basecase are shown i n  Table 6.2. 
Note tha t ,  under these conditions, 90% of a l l  space-heating require- 
ments f o r  the  approximately 355 households on the  single-well sys- 
t e m  are served by geothermal energy. 
t i on  w e l l  cos t s  represent the  s ing le  la rges t  cap i t a l  cost  through- 
out t he  evaluation period. 
of the debt setvice throughout t he  project  evaluation period and the  
increasing real cost  of purchased f o s s i l  fue l  and e l e c t r i c i t y  are 
responsible f o r  f o s s i l  fue l  cos ts  const i tut ing over 30% of the  
t o t a l  system cos ts  i n  the  l as t  year of the  evaluation period, over 
25% greater  than w e l l  costs. Cost of pumping energy ( e l ec t r i c i ty )  
nearly equals the  w e l l  cos t s  i n  t h i s  year. 
f o r  the  project  that w a s  simulated uging the  basecase showed a dis- 

6 counted average cost  of $13.69110 Btu of delivered energy f o r  
r e s iden t i a l  and commercial users  and a ne t  present value of revenues 
less cos ts  of $691,000. 
the  int ia l  cap i t a l  cost  of $2,504,000 i n  year 10. 

The production and reinjec- 

Interest ingly,  the  declining real value 

The summary measures 

Undiscounted operations cos ts  saved exceed 
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Y 

k; 

( 1  

Table 6.2 

Basecase scenario results for 
residential/comercial estimates, 
last year of the evaluation period 

Ir 
L 

I; 

'ii 

355 
Total geothermal Btu's (millions) 30868.07 
Total system Btu's (millions) 32766.14 
Geothermal utilization ( X )  39.19 
Service geothermal 90.06 
Pumping energy (million kwh) 0.54 

Well costs 

Pumping costs 49 

Heat exchanger costs 4 
Distribution sy 13 

I: Peaking boiler costs 

u Storage tank costs 

Fossil fuel costs 
Transport costs 

Total annual wellhead cos 
Total annual system costs i; 

L 
L tal cost ($ thousands) 

13.69 

i l i  

b 

C &  
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Parametric runs were made to check the sensitivity to spe- 
cific resource, demand, and financial conditions. The values for 
each parameter tested were varied systematically to capture the 
effect of the change. The rest of this chapter will outline the 
results from this analysis. 
cription that follows, any parameter not specifically listed re- 
tains its original basecase value. 

In Tables 6.2 and 6.3 and in the des- 

It should be noted that the DAC can be thought of as the 
fixed selling price of geothermal energy that, if charged through- 
out the project life, would just equate the discounted cost and 
revenue streams. That is, the net present value over the 
life equals zero, and the project breaks even at the end. 
analysis, the DAC per million Btu's of geothermal energy can be 
compared with the selling price of alternate fuels. Geothermal 
energy can be considered to be competitive with other, fuels when the 
DAC is lower or equal to the selling price of these alternate fuels 
(taking into account given efficiency differentials). 

6.2 EFFECTS OF RESOURCE CONDITIONS ON DAC 

Discounted average costs were found to drop exponentially 
as resource temperature increased, assuming a constant reinjection 
temperature and flowrate. At resource temperatures of 150°F and 
higher, delivery costs of geothermal energy to residential/commer- 
cia1 users can be competitive with fuel oil at $1.25 per gallon. 
Similarly, an exponential decline in DAC was found to accompany in- 
creases in flowrate, assuming moderate drawdown (15%) and constant 
water and reinjection temperatures. Competitiveness of geothermal 
energy with current fuel prices dictates flow rates greater than . 
300 gal/min for residential/conrmercial district heating systems. 

Drawdown in wells is an important resource characteristic, 
since increased drawdown increases pumping energy cost$. In the 
model, the drawdown is determined as a percentage of well depth. 
DAC rises linearly with increases in drawdown, with all other values 
held constant. Thus, DAC can vary by over $4.00 per million Btu 
with a change in initial drawdown from 0 to 50%. 
changes in annual increase in drawdown is not as pronounced; an- 
nual increases ranging from 0.5'to 1% only account for an increase 
in DAC of $0.20. 

The effect of 

Surface disposal of geothermal fluids is much less costly 
than reinjection into a subterranean aquifer. 
Btu's of delivered geothermal energy is reduced by 24% when rein- 
jection of fluids is not required. 

The DAC per million 
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For a system of a given length, changes i n  the  cost  of in- 
s t a l l e d  pipe have a moderate impact on DAC. 
i n  pipe cost  above the  o r ig ina l  value of $250,000 per m i l e  r e s u l t s  
i n  a change of 5 0 ~  per mil l ion Btu's of delivered energy. However, 
increases  i n  t ransport  dis tance are more s ignif icant .  When trans- 
port  dis tance is increased by 0.5 m i l e ,  keeping pipe cost  constant, 
DAC per mil l ion Btu's of delivered energy increases by approximat- 
e l y  $1.30. 

A 40% ($100,000) change 

The s e n s i t i v i t y  of DAC t o  increasing pr ices  of purchased 
conventional f u e l s  was  studied based on expected real cost  increases 
f o r  f o s s i l  f u e l  and e l e c t r i c i t y  throughout the  remainder of t h i s  
century. Varying the  i n i t i a l  f o s s i l  f u e l  purchase p r i ce  from $9.00 
t o  $14.00 per mil l ion Btu (56% over the o r ig ina l  basecase value) re- 
s u l t s  i n  increases  i n  average cos t  of $1.10. Varying i n i t i a l  elec- 
t r i c i t y  purchase p r i ce  from a 2c t o  9.6dKWh (56% over the o r ig ina l  
basecase value) r e s u l t s  i n  a 55C increase i n  the DAC. Increasing 
the  annual change i n  e l e c t r i c i t y  cos ts  by 1% r e s u l t s  i n  a 15C in- 
crease i n  the  DAC. 

6.3 EFFECT OF DEMAND AND FINANCIAL CONDITIONS ON DAC 

The demand f o r  space heating i n  a pa r t i cu la r  loca le  depends 
on the  prevai l ing cl imat ic  conditions. To ascer ta in  the e f f ec t s  of 
climate, a series of runs was  made with uniform resource conditions 
and similar market conditions. 
temperature f o r  a spec i f i c  c i t y  ( the  temperature above which geo- 
thermal handles 100% of the  heat demand and below which addi t ional  
heat demands are supplied by a peaking bo i l e r  system). 
of increasingly warmer climates, the  cities tes ted  were Syracuse, 
N.Y.; Salisbury, Md.; and Savannah, Ga. Generally, colder climates 
have lower design temperatures and greater  u t i l i z a t i o n  of t he  geo- 
thermal production system. 
Syracuse had the  lowest DAC, a t  $6.80. 
f o r  t he  Salisbury was  $8.40, $1.60 above that of Syracuse. 
delivered energy f o r  Savannah w a s  $13.60, o r  $5.20 above tha t  of 

Each run used the  optimal design 

I n  order 

Thus, of the  three  cities considered, 
DAC of delivered energy 

DAC of 

The density onsumers within e rv ice  area is  a c ruc ia l  
f ac to r  f o r  any d i s t r i c t  heating system. The GRITS model addresses 
t h i s  consideration through changes i n  the  market sa tura t ion  level. 
The length of the  d i s t r ibu t ion  sys tem' i s  determined by the number of 
households of a spec i f i c  type and the  density levels f o r  each type. 
For systems containing only one housing type, DAC decl ines  exponen- 
t i a l l y  as market sa tura t ion  levels are increased. A change i n  sat- 
uration from 100 t o  60% f o r  townhouses increases DAC from about 
$14.00 t o  $14.50. With a sa tura t ion  of 20%, cos t s  rise t o  approxi- 
mately $17.50. 
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The sensitivity of DAC to industrial utilization of geo- 
thermal productive capacity was tested. 
of an industrial geothermal system dramatically lowers the DAC of 
delivered energy, since fixed capital costs are spread over larger 
amounts of thermal energy. If the industrial process operates 80% 
of the year, the DAC is 70% greater than when an industrial process 
operates 40% of the year. 

Increasing the utilization 

6.4 COMPARISON OF RESOURCE QUALITY 

Lastly, differences in resource quality were tested using 
an east/west comparison. 
demand conditions for one representative site in the east (Salis- 
bury) and two in the west (Thennopolis, Wyo., and Boise, Idaho). 
Note that the values for Salisbury differ from those of the original 
basecase given in Table 6.1 and from climate tests. 
scenario resulted in a DAC of $17.55. 
scenarios, which simulate hotter resources with correspondingly 
higher flow rates, shallow production wells, and longer transport 
distances, gave DAC'O of $9.85 and $4.37, respectively. 

Table 6.3 lists the selected resource and 

The Salisbury 
The Thempolis and Boise 

Table 6.3 

Sensitivity analysis: 
Comparison of eastern and western resources, 

selected values for resource and demand conditions 

Production well depth 
Reinjection well depth 
Wellhead temperature 
Reinjection temperature 
Flow 
Drawdown 
Transportation distance 
to users 

Weather statistics for: 
System design temperature 
Minimum ambient 
temperature ' 

East 
Salisbury, Md. 

5000 ft 
5000 ft 
140°F 
90°F 
225 gal/min 
15% 

0.250 mile 

Richmond, Va. 
45 OF 

-5 OF 
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Thermopolis, Wyo. 

3000 ft 
3000 ft 
170'F 
llO'F 
500 gal/min 
10% 

3 miles 

Casper, Wyo. 
24 OF 

-28 OF 

st 
Boise, Idaho 

1200 ft 
1200 ft 
170'F 
llO°F 
1000 10% gal/min 

1 mile 

Boise, Idaho 
17'F 

-13'F 
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In conclusion, economic viability any direct-use 
application of low- to moderate-temperature resources depends on 
many factors. The GRITS economic model provides a powerful tool 
for studying the effects of each of these variables. 
resource, demand, or financial conditions are uncertain, GRITS al- 
lows studies of the sensitivity range of DAC for these parameters. 

When specific 
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Chapter 7 

AIDS TO MARKET PENETRATION 

The Metro Center's research on the market penetration poten- 
tial for space heating in the residential sector is summarized in 
this chapter. The work-was begun early in 1979 and has continued 
to the present. It has concentrated particularly on the capital 
stock obstacle to residential market penetration; Le., the fact 
that consumers with economically viable conventional furnaces may 
require additional incentives beyond the unit cost advantage of 
geothermal heating to convert geothermal units. 
first modeled formally in aggregative models of the residential 
sector, to predict market penetration by a given date. Further 
work examined more closely the individual's decision among heating 
fuels and considered incentive schemes designed to overcome obsta- 
cles to conversion. 

This obstacle was 

7.1 AGGREGATIVE MODEXS 

The early modeling efforts were designed to provide esti- 
mates of the percentage of a particular housing stock that might be 
converted to geothermal usage, given the type of aggregate data that 
are normally available. 
that would influence both initial and subsequent market penetration, 
as noted in Equation 7.1: 

The research identified several factors 

where 

M = Market share of the housing stock, 

V = New housing as a fraction of current stock, 

H = Furnace life in years, 

(7 1) 

B,, B, = Fraction of existing (E) and new (11) housing that con- 
verts to geothermal heating, and 

L 
f 

x -  

t 

t 
L 

L- 

- 
t 
L 

, -  
f 
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a = Fraction o using needing new aces that is adapt- 
able to geothermal energy. 

This <equation describes the manner in which the rate of market pene- 
tration is positively related to the rate of growth of the housing 
stock, the attractiveness (with respect to price and risk) of geo- 
thermal energy relative to other energy forms, and the ability to 
convert existing furnaces to geothermal energy. 
related to the productive life of current furnaces based on the 
fact that owners of operating furnaces will be less susceptible to 
change. 

It is inversely 

For example, let us consider a large area in which a geo- 
thermal gridwork has been put down. 
source i s  so viable that all new housing uses geothermal energy 

= 1) and all retrofitted furnaces use it ($E = 1, a = l), and 
(b) that the average furnace life is 20 years (Y = 20). 
year's market penetration is calculated as about 7.5%, given a value 
for V of 0.05 (a generally high estimate). 
is important for the geothermal provider to pursue new developments 
in which geothermal energy can be included at the time of construc- 
tion of all units. The developer's ision process for choosing 
among alternative energy sources in Baltimore metropolitan m e a  
was examined along with the potential market penetration in the ' 

Delmarva peninsula, based on the parameters developed for the hous- 
ing stock for several small towns and on the characteristics of the 
test well drilled at Crisfield. Geothermal space heating was found 
to be viable for some of these towns, based on these parameters and 
on the prices for alternative fuel sources. 

Let us also assume (a) that the 

@ T l  
The first 

This suggests that it 

7.2 THE CONSUMER'S DECISION 

Given the high pita1 costs of tting down a geothermal 

market penetration quickly. 
t i s  important for the energy provider to achieve a high 

The next step in our research 

determine who would buy the new furnaces or, alterna- \ 
w much more efficient t be to induce 
to switch types 

the assumption that g 

was to model the consumer's decision more specifically. 
titular problem is, given the new availability of a geothermal 

The par- 

ces are more effi- 
cient (i.e., have a lower cost per MBtu), homeowners would replace 
conventional furnaces when the-latter are ready for scrap. How- 
ever, if the present conventional furn is less than a certain 
age, it still has a useful life. By way of analogy, consider the 
purchase of a new car. When this occurs, the old one is sold to 
someone else for its value in use. A furnace cannot generally be 
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resold for this value (rather, only for scrap) even though it is 
still operational. In terms of market acceptance, it is likely 
that, if purchasing a new car meant that the old one had to be left 
in the driveway without being driven, the rate of market acceptance 
of any new car would be substantially lower than it is. 
the current furnace, then, the more efficient its geothermal replace- 
ment must be in order to induce a change in types, since conversion 
implies a capital loss on the current model. 

The newer 

Algebraically, the formulation is: 

where 

FG(s, a) = Present value of consumer surplus from a geo- 
thermal unit lasting s years and replaced by a 
similar units, 

FC(s ,  a) = Present value of consumer surplus from a conven- 
tional unit lasting s years and replaced by a 
similar units, 

Mc(z) = Difference between the discounted surplus and 
scrap value for a conventional unit of age 
z ( 0 s  2 %  s), and 

H = Cost of converting from a conventional to an al- 
ternative unit (hook-up cost). 

This condition states that in order to choose a geothermal unit, the 
present value of its surplus must be large enough to cover the hook- 
up cost plus the capital loss on the current conventional unit, as 
well as the surplus of the conventional unit. The results show 
that consumers are more likely to convert (a) the more efficient 
the geothermal system is, (b) the older the current furnace, and 
(c) the lower the conversion (or hook-up) costs. 

\ 
'\ 

\ Moreover, given these parameters, a sliding schedule of 
incentives can be developed for furnace owners, based on the ages, 
efficiencies, and hook-up costs for their units. The geothermal 
energy provider can calculate the net present value of alternative 
rates of market penetration based on the premise that additional 
revenue from the increased penetration can be "bought" only with 
additional incentive payments. 
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This theoretical model has been incorporated into the GRITS 
framework to calculate optimum rates of market penetration for known 
geothermal resources. Very often, the calculation has been that an 
optimizing utility would benefit most from providing incentives for 
all of the potential customers to convert immediately - in essence 
to buy back the customers' capital stocks of furnaces. Under these 
circumstances, development of a geothermal resource may be economi- 
cally desirable. 
tivities to changes in market parameters are discussed in several 
presently available papers (see Refs. 1, 2, and 3). 

Calculations of these decisions and of their sensi- 
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Chapter 8 

GEOTHERMAL MARKET SURVEY - 
ATLANTIC COASTAL PLAIN 

8.1 INTRODUCTION 

The definition of the size, composition, and location of 

By the 
potential markets for geothermal energy is of vital importance in 
formulating plans to commercialize geothermal resources. 
summer of 1977, after working on a scenario for the Atlantic Coastal 
Plain (Ref. l), APL began a detailed study of energy usage in the 
temperature ranges below 250'F for the regions covered by the sce- 
nario that seemed to offer promising geothermal resources. Using 
available information from the USGS maps for the depth to hasement 
and the results of a resource targeting study (Ref. 2) by Virginia 
Polytechnic Institute and State University (VPIatSU), it was possible 
to locate the most promising regions for hydrothermal resources 
along the Atlantic Coastal Plain. 
time has not significantly changed the location of the potential 
resource areas. 

Information gathered since that 

The Geothermal Energy Market Survey (designated GEMS in APL 
terminology) was limited to hydrothermal resources; hot dry rock 
was ignored because of the expensive technical problems involved in 
its utilization. The specific objectives of GEMS were to (a) iden- 
tify existing thermal energy requirements at temperatures below 
250'F for each potential resource area; (b) determine the technical 
feasibility of applying geothermal energy to meet these requirements; 
(c) estimate the costs of satisfying these markets for thermal ener- 
gy; and (d) estimate the extent to which geothermal energy can pen- 
etrate these markets. The first two objectives may be termed "mar- 
ket identification" and are the subject of this chapter; the latter 
two, insofar as they have been addressed, are discussed in Chapters 
5, 6, and 7. 

8.2 THE ATUNTIC COASTAL PLAIN 

The Atlantic Coastal Plain, as defined here, consists of 
the coastal regions of Georgia, South Carolina, North Carolina, 
Virginia, Maryland, Delaware, New Jersey, and Long Island that lie 
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to the east of the Pie Plateau. This a is composed of sedi- 
mentary deposits overlying the granitic basement rock of the North 
American Continental Plate in depths as great as 10,000 Ct (Ref. 3). 
The sedimentary deposits are layered, each layer slanting to depth 
in the seaward direction. 
rate the coastal plain from the Piedmont; therefore, the sedimentary 
layers, if permeable, will carry absorbed surface water to greater 
depths below the surface as this water moves seaward. 
water, heated by the movement through aquifers at depth, that con- 
stitutes the viable geothermal resource of the Atlantic Coastal 
Plain. 

Basement outcrops at the fall line sepa- 

It is this 

geothermal gradient and the depth to basement are 
known, then (on the assumption that the gradient is a constant) the 
temperature at the bottom of the sedimentary sequences can be calcu- 
lated. Because relatively few deep wells have been drilled on the 
Atlantic Coastal Plain, geothermal temperature gradient data are 
sparse. In 1977, VPIBSU began evaluating and targeting East Coast 
geothermal resources for DOE. 
areas could show anomalously high gradients because of igneous in- 
trusions into the sedimentary sequences. If these intrusions were 
slightly enriched in radioactive elements and covered with thermally 
insulating sedimentary sequences, then the higher-than-nonnal heat 
production and lower thermal conductivity would produce an abnormal- 
ly high geothermal temperature gradient. The VIPGrSU field program 
involved surface gravity, magnetic, and seismic measurements, and 
the measurement of thermal gradients in relatively shallow test 
wells (about 1,000 ft deep). In the APL markek survey studies, the 
available geothermal gradient information and the VPIBSU estimates 
were combined with the estimated basement contours to produce a map 
of the expected temperatures at basement. This time-consuming pro- 
cedure is described in Ref. 4. 
as used in the market survey studies, are shown on Fig. 8.1. 

markets and a useful resource will be located in the same area; as 
a matter of fact, much of the Atlantic Coastal Plain is thinly popu- 
lated and lightly industrialized. 
of the favorable resource areas offhand a having little potential 
market; however, this was not done in the L market survey. Rather, 
it was decided that any area possessing an estimated resource at 
basement in excess of 90°F should be studied, and the market survey 
areas were chosen as shown on Fig. 8.2. Since demographic data'are 
available by political subdivisions, Fig. 8.2 is a repeat of the 
90°F contour line of Fig. 8.1, adjusted for county boundaries. The 
market survey itself will then serve to rank the areas as potential 
regions for geothermal development. 

The VPIBSU theory indicated that some 

The basement temperature contours, 

In general, there is no reason to expect that geothermal 

It is possible to eliminate some I 
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fig. 8.1 Estimated maximum temperature at the bottom of the sedimen,tary pile 
of the Atlantic Coastal Piain. 
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8.3 MARKET STUDY PROCEDURE 

While Fig. 8.1 shows that there is little prospect of find- 
ing geothermal temperatures in excess of 212'F on the Atlantic 
Coastal Plain, the concept of heat pumping made possible the consid- 
eration of all energy usage in the temperature range of from 90'F 
to 250'F for the market survey. The temperatures required for vari- 
ous energy end-uses on the Atlantic Coastal Plain are listed in 
Table 8.1. 
own constraints on a geothermal distribution system and since each 
sector will present different problems in data collection, it is 
convenient to separate energy requirements into the sectors shown 
in Table 8.2. 

Since each consuming sector of the economy places its 

Reference 4 presents the results of a market survey for the 
four northern resource areas shown on Fig. 8.2, namely, southeastern 
New Jersey, the Delmarva Peninsula, the Norfolk, Va., area, and east- 
ern North Carolina. 
demands were calculated using census tract data and the heating 
demand per person for each resource area. The commercial demands 
were calculated in a similar manner from the commercial employment 
figures for each area. In Ref. 4, for the residential-commercial 
sectors, these calculations are summed county by county. The four 
resource areas contain 16 military installations. Energy consump- 
tion for these installations is available from the Defense Energy 
Information System reports, and the space and hot water heating 
loads are estimated from these reports. Agricultural energy de- 
mands that can be satisfied by the geothermal resources in these 
areas are limited to crop drying and heating greenhouses, poultry 
hatcheries, and broiler houses. Possible uses in dairy or live- 
stock farming have been omitted because of the low density of these 
operations. 

The residential space and hot water heating 

c 
L 

i 
t 

The industrial sector is even more complicated than the 
agricultural in that it is difficult to separate out the fraction of 
total energy consumption that can be satisfied by geothermal energy. 
There are over 3,000 industries in the resource areas covered in 
Ref. 4. As the survey proceeded, it became evident that the Standard 
Industrial Classification Codes (SIC'S), corresponding to the sectors 
listed in Table 8.2, would provide the industries of interest. 
Eight hundred and fifty-seven companies were initially selected for 
the survey; of these, 674 were in areas of some geothermal promise 

3 -  
L 

for the energy needs peculiar to that industry; and 533 companies 
were actually contacted in the survey. 
interviews, which resulted in a reasonable estimate of what contri- 
bution geothermal energy could make to that particular company. It 
was estimated that 317 companies in the four resource areas had po- 
tential applications for geothermal energy. 

The contacts were personal 

- 66 - 



THE JOHNS HOPKINS UNIVERSITY 
APPLIED PHYSICS LABORATORY 

LAUREL. MARYLAND 

Table 8.1 

Temperatures required for various processes 
encountered on the Atlantic Coastal Plain. 

Temperature Process Temperature Process 
(OF) (OF) 

In-the-can cooking of 

Soybean oil distillation 
Most multiple effect 

250 { 
225 I in soybeans 

vegetables 

evaporations 150 

Rendering of animal fats 

Protein denaturization 
and oils 

Clean-up water for food 
processing plants 

Hardwood lumber drying 
Bottle washing for soft 
drinks 

Wet capsule formation in 
pharmaceuticals 

Hot water for oyster 

Domestic hot water 
gapping 

Distillation of pure 

Blanching clams 
Soybean drying 

Poultry plant scalding 

Metal plating solutions 
Caustic peeling of 
tomatoes 

Forced air space heating 
Aluminum and magkexium 
hydroxide production 

Egg incubation 
Bottle warming for soft 

Poultry house space heat- 

Soil warming and green- 

Rinse water for soft drink 

pasteurization 

r for steam 

Soap manufacturing ing for chicks 

Milk pasteurization 
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Table 8.2 

Energy-consuming sectors included in 
the market survey 

Sector 

Residential and 
commercial 

Mi1 i t ary 

Agriculture 

Industrial 

Energy requirement 

Space heating I 

Water heating 

Space heating 
Water heating 

Crop drying (corn, soy beans, 

Space heating (poultry) 
Water heating 

tobacco, peanuts) 

Food processing 
Tobacco redrying 
Textile processing 
Lumber drying 
Chemical processing 
Miscellaneous hot water uses 

Table 8.3 summarizes the current energy demands as given in 
Ref. 4 for the four energy-consuming sectors and for the four re- 
source areas. 'As the table shows, the total energy demand for these 
four resource areas that could be supplied from a geothermal resource 
is 966.1 x 10" Btulyr, or the equivalent of 17.26 x 10 6 barrels of 
oil. The results of Table 8.3 represent the completion of the first 
objective of the GEMS programs, that is, to determine the existing 
market for thermal energy at temperatures below 250'F. 
manner in which the survey was taken and from the information avail- 
able from a few Technical Assistance studies (discussed in Chap. 3), 
there are no serious technical barriers to the development of geo- 
thermal energy on the Atlantic Coastal Plain. The problems of the 
final two objectives of GEMS, economic feasibility and market pene- 
tration, are also discussed elsewhere in this report. Because of 
uncertainties in the geothermal resource and the great-effort in- 
volved, no attempt has been made to systematically determine the 
"real" geothermal market under these restraints. 

From the 
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Southeastern 
New Jersey 

Delmarva 
Peninsula 

Norfolk, Va., 
area 

Eastern North 
Carolina 

Total 

Table 8.3 

Current demands for space, water, and process heat 
in four resource areas 

(10 Btu/yr) 11 
LiI 
1 ;  

307.8 

135.2 

207.9 

83.8 

734.7 

L 

II 

11. 

Residential / I commercial Militan 

25.0 

8.2 

96.5 

15.1 

144 . 8 
2.59 

Agricultural 

6.0 

17.8 

1.0 

10.8 

35.6 

0.64 

Industrial 

9.3 

18.4 

9.5 

13.8 

51.0 

0.92 

The final recommendations of Ref. 4 e briefly (and incom- 

efforts at the commercialization of geothermal 
energy should be directed primarily at the industrial. 
sector because of econ actors resulting from the 
expense of distributio ems and the economics of a 

i; 

L 
c urce. 

esource present the 
cle for potential developers o 
on the Atlantic Coastal Plain. 

othermal resources 

3. The Delmarva P la is the most attractive resource 
area for futur 
Ref. 4. 

elopment of those considered in 

Following the publication o Ref . 4, APL ext 
survey to the coasta plain of Georgi 
red the 32 counties o Georgia along t 

plain with the highest expected temperature (greater than 90'F) at 
basement, as shown in Fig. 8.3. Because the climatic conditions 
and population density in this area are even less favorable for 

L! 
i 
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Florida 

Fig. 8.3 Geothermal market survey area in Georgia; estimated temperature contours 
at basement overlaid on county boundaries. 

residential and commercial heating than in the areas covered by Ref. 
4, only industrial users were contacted. 
there were 778 companies in the 20 SIC'S. 
lected, and 114 responses containing useful information were obtained 
from a letter and telephone survey. 

In the counties selected, 
Of these, 163 were se- 

In Georgia, as elsewhere, a market survey is complicated by 
the facts that many companies, particularly the smaller ones, do not 
possess precise knowledge of how much energy they use or for what 
purposes, and their aggregate consumption is expressed i n  a variety 
of energy units. 
they have been completed, are given in Ref. 5. 

The results of the Georgia survey, insofar as 

8.4 POTENTIAL COLOCATED WDROTHERMAL RESOURCES AND ENERGY 
MARKETS 

In order to support the DOE effort to stimulate the comer- 
cialization of direct-use geothermal resources, a method for com- 
paring resource areas was developed and illustrated by application 
to the prospects in 260 counties in the 12 states of the Eastem 
United States listed in Table 8.4. The methodology is described +n 
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, ,  Table 8.4 u 

c; 
L 

ti 

I 

' 3: 

Geologic, geothermal, demographic, and industrial data 
(States and counties where thermal gradient exceeds 

1.6°F/100 ft.) 

ALAEAMA 
EALDWIN 
BLOUNT 
CULLMAN 
LAMAR 
LA WREBCE 
L IElESTORE 
LOWRDES 
MARENGO 
NORCAD 
P I K E  
WALKER 
NINSTOR 

ARXARSAS , 

CALll'OUN 
CLARK 
CLEBURNE 
CROSS 
DREW 
FRANKLIR 
BOWARD 
JACKSON 
JEFFERSON 

L I T T L E  R I V E R  
LONOKE 
OUCRITA 
P I K E  
POIBSETT 
GEVIER 
VANBURER 

I L L I N O I S  
BOND 
C A S S  
CBAMPAICR 
CLARK 
CLAP 
COLES 

L I n c o L R  

1 4 . 0  1 .8  
10 .0  1 .6  

8 .0  1 .6  
8.0 1.6.  
6.0 1 .6  
7 .0  1 .6  
6 .0  1 . 6  

10 .0  1.6 
7 .5  1.6 
5 .0  1 .6  
7.0 1 .6  
8 .0  1.6 

5.0 1 .8  
7 .0  1.8 
6.0 1 .8  
8 .0  1 .9  
5 .0  1 .0  

10 .0  1 .8  
7 .0  1.8 
7.0 1 .9  
7 . 0  1 .9  
7 .0  1 .8  
5.0 1 . 9  
8 .0  1 .8  
5.0 1.7 
8 .0  1 .8  
7 .0  1 .8  
6 .0  1 .8  
6.0 1 .7  

7 .0  1 .6  
3 .5  1 . 7  
6.0 1 .6  
7.0 1 .8  

1 1 . 0  1 . 5  
7 . 0  2.0 

70 .8  
32 .1  
58.9 
15 .6  
28.6 
43.5 
13 .3  
23.7 
83 .9  
24.3 
64.5 
19 .7  

1 7  23.30 10 .0  190 7 5 1  6 1  1 .50  
2 0 3 2  10.50 7 .5  175  626 43 .68 
5 0 34 27.00 6 .0  1 5 1  426 3 5  1 .24  
3 0 29 7 .10  6.0 1 5 1  426 35  - 3 3  
2 0 3 2  2.90 4.5 127 225 29 .60 
2 0 32  4.40 5.3 139  325 32  .92  
1 0 2 1  6 . 0 0  4.5 127  225 29 $ 2 8  
3 0 2 1  33.70 7 .5  175  62G 43 . S O  
3 1 33 2 0 t . 0 0  5.6 145 376 34 1 .77  
2 0 26 15 .50  3.8 115 125 26 . 5 1  
9 0 29 22.80 5.3 139  325 32 1 . 3 6  
3 0 33 18 .80  6 .0  1 5 1  426 35  -42 

5.6 
22.2 
14.7 
20.7 
1 6 . 1  
13 .0  
13 .3  
21.2 
84 .2  
1 3 . 1  
11 .7  
26 .2  
29.4 

9.4 
27.5 
12 .2  
10 .3  

2 0 27 
3 0 29 
1 0 36 
3 0 32  
2 0 27 
2 0 32  
3 0 30  
4 0 32 
3 1 26 
3 0 27 
2 0 28 
3 0 34 
4 0 27 
2 0 33 
5 0 3 5  
3 0 29  
1 0 36 

5.00 
22.20 

9.00 
12 .50  
17 .20  

3 .80  
13 .90  
10 .80  
92 .40  

7 .49  
12 .20  

9.10 
38 .50  

3.40 
17 .10  

5 .90  
4.R2 

3.8 123  188  26 
5.3 150 413 32  
4.5 136 300 29 
6.0 169  576 3 5  
3.8 123 188 26 
7.5 190  7 5 1  43 
5.3 150  413 32  
5.3 155 457 32 
5.3 155 457 32  
5 .3  150  413 32  
3 .8  126 219 26 
6.0 163  52G 35 
3.8 119 156  26 
6 .0  163  526 3 5  
5.3 150  413 3 2  
4.5 13L 300 29 
4.5 1 3 1  263 29 

.20 

.80  

.53  

.75 

.58 

.47  

.48 

.77 
3 .04  

.47 

.42 

.95 
1 .06  

.34 

.99 

.44 

.37 

CRA VFORD 9.0  1 .9  19 .9  4 0 4 9  48  
CUMBERLARD 9 . 0  1 .8  10 .3  3 0 53 2 
DE WITT ' 6.0  1.7 16 .9  5 0 5 6  1 8  
DOUGLAS 6 .0  1 .6  19 .5  6 0 55 50 
EDGAR 7 . 0  1 .8  21.6 3 0 53 20 

ij 

EDKARDS 
BFFINGRAE! 
FAYETTE 
GREEDE 
LA WREIJCE 
LOGAN 
MACOUPII 
EIADISON 
MASOB 
MEL'ARD 
MOnROE 
MONTCOMEEP 

13 .0  1.8 
9 .0  1 .8  
7 . 0  1 .6  
3.5 1 .5  

10 .0  1 .9  
5.0 1 .8  
4 .3  1.8 
4 .0  1 . 8  
4 . 5  1.8 
4 .5  2 .0  
3.0 1 .8  
6.0 1 . 6  

14 .7  4 0 49 13 .20  5.3 139  325 32  .82 
14 .0  4 0 55 5 . 5 0  2.6 100  0 23 .78  

164.4  1 2  3 56 60 .60  4.5 127 225 29  9.20 
16 .2  4 0 53 .OO 5 .3  150  413 32  .91  
14 .9  3 0 48 7 .70  8.3 l G 8  563 48 .83 

4 0  6.8 103 695 39  1.11 
50  6.8 177  638 39 - 5 8  

4 .5  1 3 1  263 29 .95 
60 4.5 1 2 7  225 29 1 - 0 9  
80 5.3 1 5 0  413 32 1 . 2 1  

7 .5  3 0 46 00  9 .8  190  7 5 1  59 .42  
28 .2  4 0 52 14  70  6 .8  177  638 39  1 . 5 8  
20.8 5 0 5 1  7 70  5.3 139  325 3 2  1 .16  
16.7 4 0 5 1  4.40 2 .C  94 0 23  .93 
17 .5  4 0 97  .OO 7.5 197 814 43 .98  
3 1 . 1  4 0 5G 65.00  3 .8  123  188  26 1 .74  
46 .1  11 0 5 1  8 .70  3.2 113  109  24 2.58 

247.8  20  2 4 9  645.20  3.0 109  0 24 13 .87  
18 .8  3 0 56 . 4.30  3 .4  116 1 3 1  25 1 .05  
1 0 . 9  4 0 56 . O O  3.4 1 2 3 '  188 25 . 6 1  
18 .9  3 0 44  .90  2.3 96  \-0 2 1  1 .06  
30 .6  9 0 50 15 .00  4 .5  127 225 29 1 . 7 1  

49 .9  5 o . 5 3  59.00 5.3 160 501 3 2  2.79 

- 71 - 

1.27 1 .82  
.58 .82 

1 .06  2.10. 
.28 . 5 5  
.51  .23  
.78  .34 
.24 .47 
.43  2.63 

1 . 5 1  16 .05  
.44 1 .21  

1 .16  1.70 
. 3 5  1 .46  

.14 .GO 
- 5 5  2.67 
.36  1 .08  
. 5 1  1 .50  
.40 2.07  
.32  .46  
.33  1 .67  
.52 1 .30  

2.08 11.11 
.32  .90 
.29  1 .47  
.65  1 .09  
.73 4 . 6 3 .  
.23 . 4 1  
.88 2.06 
.30 . 7 1  
.25 .58 

.47 .35  

.4u .15  
5 . 2 1  1 .61  

.51  .46  

.47 .20  
1 .58  1 .57  

.63 1 .29  

.33 .07 

.54  .50  

.G2 1.35 

.68  - 5 5  

.24 .32  

.89 .39 

.6 t  .20  

.53 .12  

. 5 5  .60 

.99  1 .73  
1.46 - 2 3  
7.85 17 .17  

- 6 0  -11 
.35 .26 
.60 .02  
.97 .40 
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E?ORCAO 
MOULTRIE 
P I A T T  
RICIIIARD 
S A  C L A I R  
SANCAMOR 
S R E L B r  
VERMILLION 
WABASH 
WAYNE 
WHITE 

IDDIARA 
BOORE 
CARROLL 
C A S S  
CLAY 
CLINTOR 
DAVIESS 
DELAWARE 
DUBOIS 
C I B S O n  
CREERE 
RAMILTON 
HANCOCK 
H E I ~ D R I C K S  
REnRP 
HOWARD 
JORRSOR 
KNOX 
MADISON 
MARIOR 
MARTIN 
MONROE 
EIO!?TCOlr!ERY 
M0RGA:AQ 
OWEN 
PARXE 
P I K E  
POSEY 
PULASXI  
PUTnAM 
RUSH 
SIIELBY 
SULLIVAB 
TIPPECAROE 
T I P T O R  
VA NDERB URGB 
V I C O  
WARRICX 
n n r m  

XAnSAS 
ALLEn 
ANDERSON 
ROURBOn 
CREROXEE 

7.0 1 .7  
6.0 1 .7  

11.0 1.8 
3.7 1 . 6  
4.5 1.8 
7 .0  1.9 
6 .0  1 .8  

1 3 . 0  1 . 9  
13 .0  1 . 6  
14 .0  1 .7  

4.0 1.8 
3.5 1 .9  
3.5 1 .8  
7 .0  2.0 
3.7 1 .8  
8 .0  1 .8  
2.7 1 .7  
8 . 0  1 .7  

13 .5  1 .8  
7 .0  2 .0  
3 .0  1 .8  
3 .0  1 .8  
5.0 1 .8  
3 .0  1.7 
3.0 1 .8  
5.0 1 .8  
9.0 1 .9  
2.9 1 .8  
4 .0  1 .8  
7 .0  1 .7  
7 .0  1 .8  
5.0 1 .8  
6 .0  1 . 8  
6 .0  1 .8  
6.0 1 . 9  
9 .0  1 .7  

13 .5  1 .7  
3.8 1 .8  
6 .0  1 . 9  
3.0 1 .6  
4 .0  1 .6  
8 .0  2 .0  
4.5 1 .8  
3 .0  1 .8  

13 .5  1 .7  
8.0 2.0 

12 .0  1 .7  
4 .0  1.9 

1 .0  1 .8  
1.5 1 .8  
1 .0  2 .0  
1.0 2 .0  

13.2 
1 E . O  
17 .2  

280.7 
172.9 

23.2 
98.7 
13.5 
17 .3  
16.8 

32 .9  
17 .8  
39.6 
24.5 
30 .6  
26.0 

128.9  
32.3 
31 .2  
28 .1  
70 .9  
41 .0  
62 .2  
53.5 
87 .2  
70.fi 
40.2 

138.4  
775.8 

11 .0  
91.2 
34 .1  
48 .7  
13.2 
15.7 
12 .2  
22.8 
12 .7  
27.9 
20.3 
38.7 
19.7 

114 .1  
16.0 

161.6  
110.6  

34.7 
22.0 

15.4 
8.5 

15 .7  
21.4 

4 0 54 10.10 
5 0 55 .oo 
2 0 47  15 .20  

20  3 46  267.30 
1 9  1 56 159.50  

7 0 53 5.90 
1 3  1 55 195.60  
1 0 4 6  18 .40  
3 0 4 6  .OO 
4 0 44  4 .50  

5 0 58 29.50 
4 0 56 8 .70  
4 0 59 46 .20  
5 0 54 6 .70  
5 0 60  30.30 
3 0 4 6  17 .60  
5 1 59 263.50 
4 0 47  57.60 
7 0 4G 23.40 
5 0 53 10 .40  
8 0 57 35 .90  
6 0 56 9 .70  
6 0 56 3 .50  
3 1 58 87.80 

7 0 53 41 .50  
6 0 4 9  30 .10  

1 0  1 56 453.50  
1 0  2 561C79.60 

4 0 48  17 .20  
1 1 49  197.10  
6 0 58 63 .10  
5 0 54 10 .80  
2 0 54 2.50 

2 0 4G .30  
4 0 4G 31.40 
3 0 62  8 .30  
4 0 55 29.40 
2 0 56 12 .30  
2 0 54 45 .10  
6 0 52  5.50 
3 2 58 171.60  
7 0 56 11 .30  
1 1 46 . O O  
2 1 54 153.80  
5 0 46  .00 
6 0 57 . O O  

2 0 44  10 .30  
1 0 50  1 .20  
1 0 4 2  5.80 
4 0 4 1  29 .80  

2 1 56 313.80 

3 o 53 i . 3 n  

5.3 
4.5 
8.3 
2.8 
3 .4 
5.3 
4.5 
9.8 
9.8 

10.0 

3 .0  
2.6 
2.6 
5.3 
2.8 
6.0 
2.0 
6 .0  

10 .0  
5.3 
2.3 
2.3 
3.8 
2.3 
2.3 
3 .8  
6.8 
2 .2  
3 .0  
5.3 
5.3 
3.8 
4 .5  
4.5 
4.5 
6.8 

10 .0  
218 
4 .5  
2.3 
3 .0  
6.0 
3 .4  
2.3 

10 .0  
6 .0  
9 .0  
3 .0  

1 .0  
1.1 
1.0 
1 .0  

144  369 
1 3 1  263 
190  7 5 1  

99 0 
116  1 3 1  
155  457 
136 300 
$97  8 t h  
175  626 
182  688 

109  0 
105  0 
102  0 
160  5 0 1  
105  0 
163  526 

89  0 
157 476 
190  7 5 1  
160  5 0 1  

96  0 
96 0 

123 188 
93 0 
96 0 

123  188 
183 695 

94 0 
109  0 
144 369 
150  413 
123 188 
136 300 
136 300 
140 338 
170  582 
182  6 8 0  
106  0 
140  338 

9 1  0 
103 0 
175  626 
l l G  1 3 1  

96 0 
182 680 
175 62E 
182  683 
112  100  

69  0 
7 5  0 

7 0  0 
7 0  o 

3 2  .74 
29 .90 
4 8  .96 
23 15 .71  
2 5  9.68 
3 2  1 . 3 0  
29 5 .53  
59 .76  
59  -.97 
6 1  .94  

24 1 .70  
23 - 9 2  
23 2.05 
3 2  1 .27  
23 1 .58  
35  1 .35  
2 1  6 .67  
35  1 .67  
6 1  1 . 6 2  
32  1.45 
2 1  3.67 
2 1  2.12 
26 3 .22  
2 1  2.77 
2 1  4 .52  
26 3 .66  
39  2.08 
2 1  7 .17  
24 40 .17  
3 2  .57  
32  4 .72  
26 1 .77  
29 2.52 
29 .E8 
29 . 8 1  
3 9  .63 
6 1  1 .18  
23 .66  
29 1.44 
2 1  1.05'  
24 2.00 
35  1 .02  
25 5 .91  
2 1  .83  
6 1  8.37 
35  5.73 
53 1 .80  
24 1 .14  

1 8  4 .20  
1 8  2.32 
1 8  4.21: 
18  5.03 

.42  .27 

. 5 1  .52  

.55 .40  
8 .90  7 .12  
5 .48  4 .25  

.74 .16  
3.13 5 .21  

.43  .49  

.55 .so 

.53  .12  

.89  1 .22  

.48 .36 
1.07 1 .91  

.66 .28 

.E3 1 .25  

.70 .73  
3.49 10 .87  

- 8 7  2.38 
.a4 .97 
.76  .43 

1.92 1.48 
1.11 .40 
1 .68  .14 
1.45 3 .62  
2.36 12 .95  
1 . 9 1  1 . 7 1  
1 .09  1 .24  
3.74 18 .72  

20 .99  69 .32  
.30  . 7 1  

2.47 8 .13  
.92  2.60 

1 . 3 2  .45  
.36  .10  

' . 4 2  .05 
.33 , . O l  
.62  1 .30  
.34 .34 
.75  1 . 2 1  
.55  . 5 1  

1 .05  1 .86  
.53 .23  

3 .09  7 .08  
.43  * 4 7  

4 .37  14.69 
2.99 6.55 

.94 1 .78  

.EO 2.09 - 

2.38 2.60 
1 . 3 1  .30  
2.42 1.46 
3 .30  7 .52  

t 

b 
6 

L 
L 

i 

L 
~. -_ 
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1 Table 8.4 (cont'd) 

CRA WFORD 1 .0  2.0 36.8 6 0 4 1  24.40 1 .0  70  0 1 8  10.03 5 .68  6.15 

FRANKLIN 1 . 5  1 .8  20.2 3 0 4 7  7.20 1.1 7 5  0 1 8  5.50 3 .12  1 .82  
JEFFERSOR 2.0  1.6 13 .4  5 0 5 1  .60 1 .5  79  0 19  3.65 2.07 .15 
LABETTE 1 . 0  1 .8  24.8 4 0 40 11.90 1 .0  69 0 18  6.76 3 .83  3 .00  
LEA VENWORTB 2.0  1.6 56.7 3 1 50 10 .30  1 .5  79  0 1 9  15 .45  8.75 2 .60  

1 . 0  1 .9  8 .3  3 0 47 .80 1 .0  69 0 1 8  2.26 1 .28  .20  
1 . 5  1 . 7  20.9 3 0 50 8.00 1.1 74 0 1 8  5.70 3.22 2 .02  MIAMI 

NEOSBO 1 . 0  1 .8  18 .5  3 0 46 13 .10  1.0 69 0 1 8  5.04 2.85 3 .30  
MICBICAU 

ALCOMA 7.5  1 . 6  8 . 9  1 0 8 1  1 .50  5.6 145 376 34 ,46 .26 .04 

DOUGLAS 2.0  1 .6  64.1, 1 1 47  4G.10 1 . 5  79  0 1 9  17 .55  9.94 11 .63  ' LIUN ' BAY 1 2 . 0  1 . 6  119 .6  2 0 68 189.70  9.0 175  626 53 6.23 3.50 5.35 
CLARE 1 8 . 0  1 .6  22.3 3 0 76  1 1 - 2 0  10 .0  175 626 6 1  1.16 e65 e32 

8.0 1.6 28.9 3 0 75  6.70 6 .0  1 5 1  426 35 1 .50  - 8 5  - 1 9  IOSCO 
M I S S A  VKEE 1 0 . 0  1.6 9 . 1  2 0 8 1  - 5 0  7 .5  175  626 43  $ 4 7  a27 - 0 1  
N E W A Y C ~  8.0 1.6 31.7 4 0 75  3 5 i l O  6.0 1 5 1  426 35  1.65 e93 - 9 9  
OGEMAN 1 1 . 0  1.6 1 5 . 1  2 0 8 1  7 .10  8 .3  175 626 48  - 7 9  -44 e20 
OSCEOLA 1 0 . 0  1 . 6  17 .8  3 0 76  19 .40  7 .5  175 626 43  - 9 3  .52  a 5 5  
ROSCOMMOU 1 2 . 0  1.8 15 .2  1 0 8 1  1 .40  9 .0  190 7 5 1  53 - 7 9  e 4 5  - 0 4  
TUSCOLA 8.0 1 .7  54 .1  9 0 70 31 .40  6.0 157  476 3 5  2.82 1 .59  e88  
WEXFORD 1 . 6  1 .6  22 .1  2 1 84 24.70 1 .2  74  0 1 9  1 .15  a65 a70 

M I S S I S S I P P I  
*ADAMS 5.2  - 0  37.3 0 1 19  57.20 3 .9  158 860 27 .90  .e8 5.24 
* A X I T E  5.4 - 0  13 .7  2 0 1 9  5.50 4.0 158  8 C O  27 .33 .25 . S O  
*CLAIBORRE 5.2  - 0  10 .1  1 0 24 4 .10  3 .9  158 860  27 ,24 a18 - 3 8  
*CLARKE 6.4 - 0  15 .0  4 0 23 9.30 4.8 158 860  30  .36  - 2 7  a 8 5  
*COPIAR 5.2  - 0  24.7 3 0 20 17 .30  3 .9  158 860 27 .60  .45 1 .58  
*COVINGTON 6.0 - 0  14 .0  2 0 1 9  4 .30  4.5 158 860 29 .34 .26 .39  

FORREST 5.2  - 0  57.8 1 1 19  41 .70  3 .9  158  860  27 1 .40  1 .05  3.82 

G E O R G E  5.2  - 0  12 .5  1 0 17  2.40 3 .9  158 860 27 $ 3 0  ,23 .22  
*GREENE 5.6 - 0  8 . 5  2 0 19  . O O  4.2 158 860 28 .21  .15 1 .14  

GRENADA 11.5 1 .9  20 .0  1 0 26 31 .70  8.6 197 814 50 -48 .36  2.90 
*RANCOCK 8.2 - 0  17.4 2 0 16. .OO 3.9 1 5 8  860  27 .U2 .32 .E1 
*nARRISOU 5.2 - 0 '  134.6  2 2 16  42.76 3 .9  1 5 8  860 27 3.26 2.45 3 .91  
*HINDS 4.8 - 0  215.0  6 1 22 154.80  3.6 158  860  26 5 .21  3 .92  14.18 

HOLMES 2.6 4 0 26 5.40 7 .9  190  7 5 1  46 - 5 5  e41' - 4 9  

*ISSAQVENA 2.7 0 0 23  - 0 0  3.7 158  860  26 -07  bo5 - 0 0  

*FRANKLIN 5.2 - 0  8.0 3 0 20  1 .40  3.9 158  860 27 - 1 9  e l 5  - 1 3  

*RUMPIIREIS 4.6  2 o 26 s.no 3.6 158  860 26 . 3 5 '  .27 .37 

*JACKSON 8 . 0  1 2 16 169.90 3.8 158  860 26 2 .13  1 .60  15 .56  
*JASPER 6.0 2 o 23 6.no 4.5 158 860 29 .39  .29  . 5 5  
*JEFFERSON 5.2 - 0  9 .3  1 0 2 1  1 .10  3 .9  150  860  27 .23 .17 .10  
*JEFFERSON D A V I S  5.4 .o 12 .9  I 20 2 .10  4.0 158  860  27 . 3 1  - 2 4  .19 
*JONES 6.0  .O 56.9 2 2 1  41 .80  4 .5  158  860 29 1.37 1 .03  3 .83  

LAFAYETTE 9.5 1 .9  22.0 1 3 1  3.80 7 . 1  190  754 4 1  . S A  .44 .33  
*LAMAR 5.6 - 0  15 .2  3 0 19  12.60 4 .2  i s 0  860 28 .37 .28 1.15 
*LAURFNCR 6.0 .O 11.1 2 0 20 . O O  4 .5  158 860 29 .27 .20 .81  

5.6 - 0  26 .2  1 0 20 16 .90  4 .2  158  860 20 - 6 3  e48 1 .55  
*MADISON 4.5 - 0  29.7 4 0 24 .22.70 3.4 158 860 25 - 7 2  . 5 4  2.08 
*MARION 5.4 - 0  22.9 1 0 18  1 1 - 1 0  4.0 158  860 27 e 5 5  .42  1 - 0 2  ~ 

MONROE 8 . 0  1.8 13 .2  2 0 26 9.00 6.0 163  526 35  .32  -24 182 
MONTGOMERY 11 .5  1 . 9  34.5 4 0 27 52;30 8 . C  197 814 50 -84 a63 4.79 
NOXUBEE 2.0 2.0 14.3 2 0 26 4.60 9.0 205 8 7 t  53 .35 .26  $ 4 2  

*PEARL R I V E R  4 .8  .O 27.8 2 0 16  7.10 3 .6  158  860 26 e67 a51 .6S 
*PERRX 5.2 .O 9 . 1  3 0 19  2.60 3.9 158  8150 27 .22  .17  .24 
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Table 8.4 (cont’d) 

* P I K E  
% PORTOTOC 

*SCOTT 
*SHARKE:EI 
* S K I T R  
*STORE 
*WALTBALL 
*UARREN 
*WASHINGTOR 
*WAIUE 
*WILKInSON 
*YAZOO 

MISSOURI 
BARTON 
BATES 
BOLLIRGER 
CAPE GIRARDE 
DVRKLIR 
J A S P E R  
JEFFERSOW 
MCDONALD 
MADISON 
NEW MADRID 
REWTOR 
PEMISCOT 
P E R R I  
ST PRAWCOIS 
S T E  GENEVIEVE 
STODDARD 
VERNON 

NEW YORK 
ALLECARJ 
CATTARAVCUS 
CAIVGA 
CilEMUNG 
E R I E  
RIAGRA 
OROWDA GA 

. SCRVTLER 
SENECA 
STEVBER 
TIOGA 

YATES 

BELKORT 
CARROLL 

DARKR 
DEFIARCE 
E R I E  
FULTOR 
HARDIR 
PARRISON 
HENRY 

w i o m w  
O B I 0  

CBAMPAIGR 

5.2 .O 31.8 
9.5 1 .9  17 .4  
5 .2  .O 21.4 
5.0 .o 8 .9  
6.0 - 0  13.6  
5.2 .O 8 .1  
5.6 - 0  12 .5  
4.8 .o 45.0 
4 .7  .O 70.6 
6.0 .O 1 6 . 7  
5.4 .o 11.1 
5 .1  .O 27.3 

1 . 0  1 . 9  10 .9  
1 .0  1 .6  16 .2  
2.0 1 . 8  10 .0  
3 .0  1.7 52.6 
4.8 1 .6  36.3 
1 .0  1 . 9  82 .6  
1 .0  1 .7  124.6  
1 .0  1.7 1 5 . 2  
2.0 1 .8  9.4 
4 .5  1 .6  24 .1  
1 .0  1 .7  36.4 
4.8 1.6 24.7 
2 .0  1 .8  15 .5  
2.0 1 .8  39 .5  
2.0 1.8 14 .2  
3 .0  1 .7  28.2 
1 .0  1 . 9  20.0 

7 .5  1 .6  50.9 
7 .5  1 .6  85.7 
5.0 2.0 77.6 

11 .0  1 .8  99.8 
3 .0  2 .0  1089.4  
3.0 2 .0  
4.0 1.8 
8.0 1 . 7  
6 .0  1 .8  

10.0 1 .7  
11 .0  1 .7  

5.0 1.8 
6 .0  1.7 

12 .0  1 .7  
10 .0  1 .6  

2 .2  1 .6  
2.5 1 .8  
3.0 1 .6  
3 .0  1 . G  
3 .0  1 . 6  
2.0 1 .7  

11 .0  1 .8  
3 .0  1.6 

238.6 
475.2 

17 .7  
34 .O 

101.2  
49 .1  
38.6 
20.7 

82 .2  
26.0 
31.7 
53.6 
37 .2  
77 .4  
35 .6  
31.7 
17 .9  
27.8 

4 0 19  22.10 
1 0 29  6 .30  
2 0 25 30.50 
2 0 24 .oo 
2 0 23 3 .70  
1 0 1 7  9.20 
1 0 1 9  2.30 
0 1 2 1  53.00 
4 1 26 48,VO 
1 0 2 1  5.80 
2 0 1 9  2.90 
2 0 24 65 .20  

2 0 48 3.30 
3 0 46  1 .30  
2 0 44 2.90 
1 1 4 2  35 .70  
8 0 36 16.00  
8 1 4 1  121.90  
7 1 47 66.40 
3 0 44  6 .20  
1 0 4 5  4 .50  
7 0 4 1  3 .30  
5 0 40 22.80  
4 0 36 9.40 
1 0 46 7 .70  
8 0 96 10 .80  
2 0 46 21 .50  
5 0 4 1  12 .20  
1 0 43 3.10 

10  0 74  43 .90  
1 3  0 74  130.70  

7 1 69  79 .00  
3 1 66 226.00 

1 6  3 711896.50  
2 11 67 756.90 

1 4  1 67 792.RO 
3 0 68 17 .40  
4 0 68 66 .10  

15  0 67 181.70  
6 0 73  45.20 
7 0 68 41 .80  
2 0 64 8.50 

11 0 54 46 .20  
3 0 6 3  12.70 
5 0 60 50.60 
7 0 6 1  34.10 
3 0 6 1  107.20  
6 1 59 160.70  
7 0 65  55.60 
7 0 G O  58.80 
4 0 57 6.10 
6 0 60 83.70 

3.9 158  860 27 .77  .5a 2.02 
7 . 1  1 9 0  754 4 1  .42  - 3 2  .58 
3 .9  158  860 27 .52 .39 2.79 
3.8 1 5 8  860 26 - 2 2  .16 .33  
V.5 1 5 8  860 29  .33 .25 .34 
3 .9  158 860 27 .20  .15  .38 
4 .2  158 860 28 .30 .23 .21  
3 .6  158  860  26 1 .09  .82 4 .86  
3.5 158  860 25 1 . 7 1  1 .29  4 .43  
4.5 158  860 29 .40 .30  .53  
4.0 1 5 8  860 27  .27 .20 .27 
3 .8  158  860  26 .66 . 5 0  5.97 

1.0 69 0 1 8  .13 .10  .08 
1.0  C7 0 1 8  .19 .15 .03 
1 . 5  82  0 19  .12  .09 .07 
2.3 93 0 2 1  .63 .47 . 9 1  
3.6 113  105 26 .43 .33 .41  
1 .0  69 0 1 8  .99 .74 3 .10  
1.0 68  0 18  1 .49  1 .12  1 .69  
1 .0  68 0 18  .18  - 1 4  .16  
1.5 82  0 1 9  .ll .08 .ll 
3.4 109  0 25 .29  .22  .08 
1 .0  68 0 18  .44 .33 .58 
3.6 113  105 26 .30  .22  .24 
1 .5  82  0 1 9  .19  .14 .20  
1 .5  82  0 1 9  .47  - 3 6  .27  
1 .5  82 0 19  - 1 7  .13 .55 
2.3 93 0 2 1  .34 .25 . 3 1  
1 .0  69 0 1 8  .24 - 1 8  .OB 

5.6 145 376 34 2.33 1 .46  .44 
5.6 145 376 34 3 .92  2 .45  1 .32  
3.8 130  250 26 3 .55  2 .22  .80 
8.3 106 720 48 4.56 2 .85  2.29 
2.3 100  0 2 1  49 .79  31 .15  1 9 . 2 1  
2.3 100  0 2 1  10 .90  6 .82  
3.0 109  0 24 21 .72  13 .59  
6 . 0  157 478 35  ‘ 8 1  . 5 1  
4.5 136  300  29 1 .55  .97 
7 .5  182  688 43 4 .63  2.89 
8 .3  182  680 48 2.24 1 .40  

4.5 1 3 1  263 29 .95 - 5 9  

9.0 1 8 2  688 53 4.16 1 .82  
7.5 175  626 43 1 .32  .58 
1 .6  81 0 20 1 .61  .70  

2.3 9 1  0 2 1  1.88 .82  
2.3 9 1  0 2 1  3.92 1 .71  
2.3 9 1  p 2 1  1 .80  .79  
1.5 80 0‘  1 9  1 .61  .70  
8.3 190  7 5 1  48 . 9 1  .40 
2.3 9 1  0 2 1  1 .41  .62  

3 .8  123  188 26 1 .76  1.10 

1.9 a9 o 20 2.71 1.19 

7.67 
8 .03  

.18  

.67 
1 .84  

- 4 6  
.42 
.09  

1.53 
.82  

1 .68  
1 .13  
3.56 
5.33 
1 .84  
1.95 

.20  
2.78 

8 

c 
1 

t 

t 
1 
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Table 8.4 (cont’d) 
. .. 

$ ’  

-- -.--..-” .... .. . .L .. .a - .. -.. - .. .... ..... --..-. . - - .... .. .. . ., 
LOCAN 2.3 1 .7  37.3 9 0 59 34.80 1 .7  84 0 20 1 .89  $ 8 3  1 .15  
NIAMI 2.5  1.9 87 .3  6 1 56 177.90 1 .9  90  0 20  4 .42  1.93 5.90 
MONTOE 12.0  1 .7  15 .6  1 0 56 29.14 9 .0  182  688 53 .79  .35 .97 

WOOD 2.5 1.8 101.3 18  1 59 137.80  1.9 89 0 2 0  5.13 2.24 4 .57  

BEDFORD 20.0  1 .6  42.4 4 0 58 19 .50  10 .0  175 626 6 1  1,66 .94 .59 
B L A I R  17 .0  1.6 133.8  7 1 59 173 .50  10.0 175 626 6 1  5.24 2.98 5 .23  

+BRADFORD 14.0  1.6 60.6 8 0 64  87.00 10 .0  175 626 6 1  2.38 1.35 2.62 
+BUTLER 1 1 . 0  1 .8  138.8  1 2  1 60  203.30, 8 .2  190  7 5 1  48 5.54 3 .09  6.13 

CAMBRIA 17 .0  1 .6  188.4 26 1 57 239.00 1 0 . 0  175  626 6 1  7 .38  4 .20  7 . 2 1  
CAKERON 12 .0  1;6 6 .8  1 0 66 .00 9.0  175 626 53 .27  .15 . O O  

+CARBON 27.0  2 . 1 -  52 .2  1 2  0 64 54 .70  10 .0  213 939 6 1  2.05 1.16 1 . t 5  

CLEARFIELD 13 .0  1 .6  78 .5  8 0 66 60 .90  9.8 175 626 59 3.08 1 .75  1 .84  
+Cot UMBIA 17.0  1 . 8  59.5 7 0 60 105.90  10 .0  1 9 0  7 5 1  6 1  2.33 1 .33  3 .19  

CRA !?FORD 1 3 . 0  1 .8  85 .5  1 0  0 68  132.30  9.8 186 720  59 3 .35  1 .81  3.99 
ELK 1 2 . 0  1 .6  3 7 . 1  3 0 7 1  58.60 9.0 175 626 53 I 1 .45  .83 1 .47  
FORSET 10 .0  1 .6  5.2 1 0 7 1  6.20 7.5 175 62E 43 .20 .12  .19  
GRBENE 14 .0  1 . 6  38.3 2 0 57  4.40 10 .0  175  626 6 1  1.50 .85 .13 
RUNTInCDOW 22.0  1 .6  39.8 4 0 59 34 .70  10 .0  175 626 6 1  1.56 $ 8 9  1 .05  
INDIANA 1 4 . 0  1.6 8 5 . 5  5 0 60 61.00 10 .0  175  626 6 1  3 .35  1 .91  1 .84  
JBFPERSOB 12 .0  1 .7  56.0 8 0 65 40.20 9.0 182  6 8 8  53 1 .80  1.03 1 . 2 1  

+LACKAVAWA 1 7 . 0  1 .9  234.0  18  1 6 1  293.60 10 .0  197 814 6 1  9.17 , 5 . 2 1  8.85 
LR NREWCE 1 1 . 0  1 .6  105.2 8 0 58 156.30  8.3 175  626 48 4.12  2.34 4 .71  

+LUZGRi7E 20.0 1 .8  342.2 33  2 64  462.70  10 .0  190  7 5 1  6 1  13 .41  7.63 13 .95  
LYCOMIIC 1 5 . 0  1.6 115 .1  8 1 60 244.00 1 0 . 0  175 626 6 1  4 .51  2 .56  7 .36  
EICZEA W 11 .0  1.7 51.5 7 0 75 121 .80  . 8.3  182  688  ‘ 4 8  2.02 1 .15  3 .67  
MIFFLIN 20.0  1.6 44.2 3 0 57 85 .50  10 .0  175  626 6 1  1 .73  .98 2.58 

+MONROE 25.0  2 .2  55.7 4 0 62  55 .40  10.0 220 1 0 0 1  6 1  2.18 1.24 1 .67  
+MOBTOUR 1 8 . 0  1.9 17 .1  1 0 60 52.10 10 .0  197 814 6 1  .67 .38  1 .57  

SHEZDX 2.4 1 . 8  4 0 . 1  5 0 . G O  90 .10  1 .8  87 0 20 2.03 .89 2.99 

PEWNSXL VANIA 

CENTRE 17 .0  1 .6  108.3 8 1 6 1  75 .10  10 .0  175 626 6 1  4 .24  2 .41  2.26 

*NORTHAMPTON 18 .0  2.2 224.8 1 9  2 58 513.90  10 .0  220 1 0 0 1  6 1  8 .81  5 .01  15.49 
21 .0  1.9 100.2  11 0 60  171.30  10 .0  197  814 6 1  3.93 2 .23  5.16 . 
1 7 . 0  2 .2  14 .5  2 0 E7 .OO 10.0 220 1 0 0 1  6 1  .57 .32  2 .36  
12 .0  1.6 16 .9  5 0 7 1  5.60 9.0 179  657 53  .66  - 3 8  -17 

7.80  10 .0  190  7 5 1  6 1  6 .22  3.54 5.36 
9.00 10.0  175 626 6 1  1 .23  .70 .57 

0.0 175 626 6 1  3.09 1 .76  - 8 2  
0.0 175  626 6 1  1 .23  e70 e67 
6.0 1 5 1  426 3 5  1.85 1.05 2.49 

WASHINGTOI: 9.8 190  7 5 1  59 B.37 4 .76  6 - 9 0  
+WAXRE 15 .0  1 . 8  34.3 3 0 73  0.0 1 9 0  7 5 1  6 1  1.34 .76 .77 

WESTVORCLABD 15 .0  1 .6  380.9 36 0 57 566160 10 .0  175  626 6 1  14 .93  8.49 17 .08  
WEST V I R G I N I A  

BARBOUJ? 1 . 8  16 .1  3 0 5 1 .80  10 .0  1 9 0  7 5 1  6 1  e 5 5  - 2 8  .15 

MARSRALL 12.0  1.6 39.4 5 0 56 6 .00  9 .0  175  626 53 1 .35  - 6 8  7 .10  

PRESTON 
RAIfDOLPH 
T A  XLOR 
UPSRUR 

BRAXTON 1.6  13 .1  3 0 49 l r 7 0  10 .0  1 7 5  626 6 1  a 4 5  .23 ,111 

nICROLAS 
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Ref. 6. To give suggestions for future prospecting efforts re- 
quired a systematic technique for examining the geothermal poten- 
tial of the areas. Also needed was a quantitative technique to 
evaluate alternative future federal resource allocation strategies 
in support of DOE/DGE and DOE/RA (Resource Applications) programs 
intended to stimulate the commercialization of low- to moderate- 
temperature geothermal resouraes. 

Comparative evaluations of geothermal prospects must con- 
sider not only geologic and engineering data, but also socio-eco- 
nomic information. 
the county level, the prospects were evaluated at that level. 

Because the data are most readily available at 

This method for comparing'prospects is an outgrowth of 
work during the 1940's arising from the von Meumann-Morgenstern 
axiomatization of utility (Ref. 7) and is related to the work of 
Arrow and Goodman at the Cowles Commission in the 1950's. 
review (Ref. 8) of the work is the basic reference for this appli- 
cation. 
cussion of methods that might be used to extend this procedure. 

Goodman's 

Keeney and Raifa (Ref. 9) present a thorough modern dis- 

The method is based on the definite opinion that there will 
never be adequate data or a clear policy that will determine, once 
and for all, the strategy to be followed in the commercialization 
of geothermal energy. 
the available data must be assessed according to criteria and 
policies that are given as much visibility as possible so that new 
data or a change in the purpose for which the evaluation of a 
strategy is undertaken can be accommodated. 

From this point of view, it is clear that 

This method evaluates alternative strategies by ranking the 
geothermal prospects. 
the assessments of the prospects according to several bases of 
comparison. 
bases of comparison be assigned weights to indicate the importance 
of each basis to the overall purpose of the evaluation. 

which the prospects to be ranked are presented as rows and the 
bases of comparison as columns. 
selecting the "best" row. 
interpreted as "utilities" in the von Neumann-Morgenstern sense, 
a number of methods of amalgamation might be considered (Refs. 7 
and 8). 
thermal prospects are as disparate as temperature and population. 

The ranking is carried out by amalgamating 

The process of amalgamation requires that the different 

To state the problem more formally, consider a matrix in 

The problem is to devise rules for 
If the elements of the matrix can be 

However, the natural bases of comparison for ranking geo- 

To improve the comparability, each basis can be scaled to 
the unit interval, or ranks can be assigned to each basis separate- 
ly. Where a natural scaling exists (e.g., the boiling point of 
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water), the  sca l ing  method has some advantages, but f o r  the  pres- 
en t  problem na tura l  scal ings are not immediately apparent. The 
method of ranking each bas is  separately has therefore  been adopted, 
with 1 the  highest  rank, 2 the  next highest ,  and so on. Tied ranks 
are replaced with t h e i r  averages. Observe tha t ,  i n  a given column, 
functions of the  data  t h a t  preserve order ( in  par t icu lar ,  l i n e a r  
functions) do not change the  assigned ranks. 

The bases of comparison are selected from the  ava i lab le  
da ta  i n  order t o  s a t i s f y  i n  pa r t  the  purpose of the  evaluation. 
Another way t o  r e f l e c t  the  policy o r  purpose is t o  recognize t h a t  
the  elements of the  bases do not en ter  equally I n t o  consideration. 
Each column must be weighted i n  accordance with its importance. 
The f i n a l  score is obtained by taking the weighted average of the 
ranks i n  each row and then ranking the  weighted averages a t  the  
columns . 

The proposed ranking scheme can be car r ied  out by hand o r  
on a pocket ca lcu la tor  f o r  small data  bases. 
become la rger ,  t he  work becomes tedious. 
set of computer rout ines  t o  handle them. 

As the  data  bases 
We therefore  coded a small 

Table 8.5 is a sample page of the  da ta  used i n  the  applica- 
The t a b l e  lists 39 counties i n  seven states that rank 

The data  were a l l  
t ions.  
among the  f i r s t  25 under a t  least one c r i te r ion .  
obtained from published sources o r  derived by simple manipulation 
of published data.  

less abs t r ac t  and may provide insight  i n t o  the  way ranks change 
under d i f f e ren t  criteria. It should be understood t h a t  what is . 

proposed is a method of ranking a given set of prospects; i t  is  not 
a se lec t ion  of prospects. The pa r t i cu la r  set of counties used i n  
the  example was  chosen because the  da ta  were readi ly  available.  
Other prospects might be selected as being espec ia l ly  per t inent  
f o r  exploration, f o r  example, o r  other  data  may be used as the 
bases of comparison. 
d i f f e ren t  criteria can be accommodated easi 

The examples given below may make the  proposed method seem 

I n  any case, the  addi t iona l  prospects o r  t he  

Examples of ranking are given f categories  of de- 
The f i r s t  overa l l  ranking gives equal weight t o  tem-  

ciaL o r  indus t r i a l ) ,  
ea t ing  degree days, 

velopment. 
perature,  cos t ,  energy use ( res ident ia l ,  c 
the  number of towns and cities, the  numbe 
and value added i n  manufacturing. The se anking emphasizes 
r e s iden t i a l  use and s e l e c t s  as the  bases of comparison temperkure, 
w e l l  cos t ,  current  r e s iden t i a l  use of energy, the number of towns 
and cities, and the  number of heating degree days. The th i rd  ern- 
phasizes commercial appl icat ions and uses the  same bases of compar- 
ison as the  second except t h a t  the  current commercial use of energy 

- 77 - 



t 
THE XmNS W K I N S  UNIVERSITY 

APPLIED PHYSICS lA60RATORY 
UUREL. MARYLAND b 

L Table 8.5 

Selected prospects under different criteria c 
ALABAMA 
ARKAISAS 
I L L I N O I S  

CHA MPA ICN 
S A  NCAMON 
VERMILLION 

INDIANA 
KNOX 
TIPPECANOE 

KANSAS 
MICEIGAN 

TUSCOLA 
M I S S I S S I P P I  

*HARRISON 
*BINDS 
* JACKSON 
*KADISOl? 

MONTCOMERX 
* WASHIflCTON 

MISSOURI 
tlEW IORK 

AL LEGA NY 
CA TTARA UGUS 
CAYUGA 
CHEEIUlJG 
STEURER 
TIOGA 
WYOMING 

OHIO 
BELMOIT 

PENNSYLVANIA 
B L A I R  

*BUTLER 
CAMBRIA 

*CARBON 
CENTRE 
CLEARFIELD 

*COLUHBIA 
CRA NFORD 
J EFFERSO I 

* LACKA PANA 
LAWRENCE 

* L U 2 ERNE 
L XCOMING 
MCKEA N 

*RORTHAMPTON 
+RORTHUMBERLAl?D 
*SCHUYKILL 

WASHINGTON 
h'EST!!ORILA N D  

rRST V I R G I N I A  

I- 1 9  27  27 44 
9 1 3  1 3  11 

1 3  3 0  29 2 1  

3a  34  36 25  
28  25 26  23  

3 1  22  24 7 6  

6 0  7 7  7 4  20  
1 a  3 6  3 2  1 
7 9  9 s  a0 1 6  
84 0 9  0 0  1 5  
7 2  94 0 2  1 7  
4 2  4 5  44 6 

b 
L 

36 26 2 5  97  
20  1 7  1 6  59  
26  10 9 52  
3 0  1 5  1 5  33  

7 1 1 1 0  
3 3  1 2  11 64 
4 3  2 1  22  a4  b 
23  1 9  2 1  26 

L 2 1  3 2  33  34  
5 2 2 2  

1 2  23  23 1 9  
1 7  1 4  1 4  22 
2 2  29  3 0  45  
24 2 1  20  3 9  
25  20 28 24 
10 8 0 1 2  
2 9  1 6  1 7  35  

2 4 4 5  
14 20 19 10  

1 3 3 7  
1 5  3 1  3 1  27 
1 6  9 1 0  1 4  

4 6 6 3  
11 11 1 2  9 

6 7 7 0  
3 5 5 4  
a 18 18 1 3  

b 
t 
L 

i 
1 

i 

1 
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is substituted for residential use. The fourth emphasizes indus- 
trial development and selects temperature, well cost, current in- 
dustrial use, the number of towns and cities, and value added in 
manufacturing. In these examples, the weightings are always taken 
as equal although it is obvious that a particular criterion (e.g., 
the number of towns and cities) should have a greater importance 
under the residential criterion than under the industrial one. 
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Chapter 9 

TECHNICAL INFORMATION INTERCHANGE MEETINGS 

There have been five Technical Information Interchange 
Meetings where people interested in geothermal energy in the East- 
ern United States have met to exchange technical information. 

The first such meeting on Eastern geothermal programs, the 
Near-Normal Gradient Workshop, was held in March 1975 under the 
aegis of the Energy Research and Development Administration. 
second, Technical Information Meeting, was held at the Applied 
Physics Laboratory in September 1978 under the auspices of DOE/DGE. 
A symposium on Geothermal Energy and Its Direct Use in the Eastern 
United States was sponsored by the Geothermal Resources Council in 
banoke, Va., in April 1979. 
the Division of Resource Management/DOE in the fall of 1979. 
fifth, again sponsored by the Division of Geothermal Energy/DOE, 
was held at the Coolfont Conference Center, Berkeley Springs, W.Va., 
in the fall of 1980. 

The 

The fourth meeting was sponsored by 
The 

In general, attendees represented DOE/RA, the USGS, NOM, 
state geologic and energy offices, DOE Regional Offices, Program 
Research and Development Announcement (PRDA) recipients, industry, 
the national laboratories, financial analysis firms, and inter- 
ested county offices. Virtually all attendees participated in the 
programs, summarizing their efforts in promoting the use of geo- 
thermal energy in the Eastern United States. 

The Applied Physics Laboratory organized the second, fourth, 
and fifth meetings, taking responsibility for the agenda, the amen- 
ities, and the publication of the minutes. 
a whole, provide a retrospective record of what has been learned 
and what has been done about geothermal energy in the east. 
consist of 

The minutes, taken as 

They 

1. Near-Normal Gradient Workshop, ERDA, 10-11 Mar 1975, 

2 . Technical Information Meeting, JW/APL QM-78-124, 
Nov 1978. 

3. Geothermal Energy and Its Direct Use in the Eastern 
United States, Geothermal Resources Council Special 
Report No. 5, Apr 1979. 
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Geoth 
Fourt 
(4th 

4. - 

. '  

rmal Energy and the Eastern United States - 
Technical Information Interchange Meeting - IIM), JHU/APL QM-79-261, Dec 1979. 

5. Geothermal Energy and the Eastern United States - 
Fifth Technical Information Interchange Meeting (5th 
TIIM), JHU/APL QM-80-185, Dec 1980. 

A number of the articles from th ourth and fifth meetings 
have been cited where relevant in the present document. The remain- 
ing articles, not otherwise cited herein, are of sufficient interest 
t o  the geothermal energy cornunity to warrant listing them. 

FOURTH TIMM 

Sect ion' Author 

I Summary of Department of Energy 
Geothermal Programs R. A. Black 

Federal/State Geothermal P1 
and Project Implementation B. B. Barnes 

Summary Description of the 
State Coupled Program G. P. Brophy 

IV - 
M. Skalka 

V 

Development R. C. Stephens 

V 
Geothermal Resources, Eastern USA J. L. Renner 

VI1 
R. Gleason and 
J. Lambiase 

VI11 J. C. Maxwell 

IX 
C. E. Whittle 

X 
thermal Development D. Entingh 
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Sect ion 

XI 

XV 

XVI 

XVII 

XVIII 

XIX 

xx 

XXI 

XXVII 

XXVIII 

XXIX 

I 

I1 

111 

IV 

Title ' 

The U. S . Geologic Survey Eastern 
Geothermal Programs 

Geothermal Heating for the Cris- 
ryland High School 

Status Report: Engineering and 
Economic Studies, Direct Applica- 
tion of East Coast Geothermal Re- 
sources in the Frozen Food 

LNG Vaporization at Cove Point, Mary- 
land using Geothermal Energy 

Department of Defense Geothermal 
.Development Program 

Geothermal Energy Market Assessment, 
Atlantic Coastal Plain 

Comparison of Potential Geothermal 
Resources, Eastern United States 

Geothermal Studies, West Virginia 

Mississippi State Geologic Survey, 
DOE State Coupled Program 

Kansas State Geologic Survey, DOE 
State Coupled Program 

The Regional Aquifer System Analy- 
sis Program 

FIFTH TIIM 

Keynote Address 

NOAA's Geothermal Mapping Program 

Gruy Federal Work Plans for FY 1981 

Atlantic Coastal Plain: Geological 
Targeting and Evaluation Progress 
Report 

- 82 - 

Author 

A. Kover 

F. C. Paddison 

R. Costello and 
M. Knebel 

A. B. Litchfield 

T. A. Ladd and 
C. F. Austin 

W. J. Toth 

R. F. Meier 

H. Reike 

E. Luper 

D. Steeples 

G. Bennett 

D. Lombard 

D. Clark 

J. Renner 

J. Lambiase 



THE JOHNS HOPKINS UNIVERSITY 
APPLIED PHYSICS LABORATORY 

LAUREL, MARYLAND 

U 
Title 

Ohio Geothermal Resources (HDR 
Program) 

Author Sec t ion 

VI bi Y. Eckstein 

Heat Generation and Heat Flow in 
Western Pennsylvania 

Mid-Continent HDR Program 

VI1 

VI11 

Y. Eckstein 

R. R. B.von Frese 
et al. 

IX Southeastern Gulf Coast Heat 
Flow Program 

Overview: Northeastern Geothermal 
Program 

A Preliminary Geothermal Resource 
Appraisal of the Tenessee Valley 
Region 

User Coupled Resource Confirmation 

The DOE/DGE State C 

Utilization of Geothermal Energy at 
the Cove Point 
Terminal 

Department of Defense East Coast 
Geothermal Program 

Geothermal Energy - Naval Air Re- 
work Facility 

Review of Technical Assistance in 
the Eastern United States 

Recent Federal District Heating 
Initiatives 

Geothermal Awareness Program 

Status of Geothermal Legislation 

National Conference of State Legis- 
latures, Geothermal Project Overview 

D. L. Smith 

XIV 
J. Maxwell 

E; XV 

We P. Staub 

S. Prestwich 

M. Wright 

XVI 

XVII 

ij XVIII 

A. Litchfield 

T. A. Ladd 

F. IC. Hill 

F. C. Paddison 

u 
XXI 

XXII 

XXIV 

' XXVI 
E. Peterson 

T. J. Duesterberg 
and J. C. Engle 

b; XXVIII 

XXIX 

xxx 

R. Stephens 

IC. Wonstolen 

R. Leigh and 
A. Reisman 

Brookhaven Geothermal District 
Heating Model u - 83 - 
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Section 

XXXI 

XXXII 

XXXIII 

XXXIV 

xxxv 

XXXVI 

Title 

The Geothermal Progress Monitor 
Project 

USGS Low-Temperature Geothermal 
Resource Assessment of the 
United States 

U.S. Geological Survey Regional 
Aquifer Program 

National Geothermal District Heat 
Market Penetration Estimate 

Market Penetration of Geothermal 
Community Heating Systems 

Market Penetration of Geothermal 
Energy for Industrial and Resi- 
dential Applications . 

XXXVII 

xxxvIII 

Geothermal Industrial Utilization 
Plan Overview 

Market Penetration of Hydrothermal 
Energy for Non-Electric Uses 
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SUPPORTIVE INNOVATIVE TECHNICAL DEVELOPMENTS 

In the course of four to five years involvement in promot- 
ing moderate-temperature geothermal resources, several innovative 
technical excursions were made by APL. One was a new methodology 
of prospecting for deep hydrothermal reservoirs by means of a vari- 
ation of the magnetotelluric technique. This involved using the, 
extremely low frequency (ELF) signals broadcast from the Navy's ex- 
perimental ELF facility at Clamslake, Wis. 
tempts to extend the use of moderate-temperature geothermal sources 
to air conditioning as well as heating. These two methods were the 
ammonia absorption heating/refrigeration system and the Einstein- 
Szilard refrigerator. The former can also permit the long-distance 
transfer of energy. In a large number of cases, the capital costs 
of geothermal energy will be repaid-with profit only if well usage 
can be extended beyond the limited heating season. 

10.1 

The other two were at- 

PROSPECTING FOR HYDROTHERMAL RESOURCES WITH ELF SIGNALS 

AF'L has examined the use of the coherent ELF transmissions 
from the Sanguine transmitter at the Navy's Wisconsin Test Facility 
in prospecting for geothermal brines and other anomalous conductiv- 
ity regions in the earth (Ref. 1). 
signals is that they come from a powerful transmitter and antenna 
system and that the coherent transmissions afford signal integration 
times that last for hours, if necessary. While the skin depth of 
these signal and 75Hz) restricts acc e measurements to depths 
of 2-to 5 km y be made provides 
significant informat about subsurface geology. It is likewis 
'important to process F signals (12 to 18 Mlz) to help.separate 
the effects of surface terrain features as well as magnetotelluric 
signals to probe deeper into the earth to obtain the full story of 
the structure of the anomalies being measured. In addition to the 
use of coherent integration with signals at ea antenna location, 
it is possible to obtain coherent 
locations. These may be used to f 
scattering from deep anomalies to 
signal processing and anomaly id 

The advantage of using these 

precision with which th 

ormation from a set of antenna 

rovement in 
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An example of the scattered signature on the surface above 
a local high-conductivity volume of spherical or paraboloidal shape 
is shown in Fig. 10.1 for several traverses near an anomaly. This 
coherent pattern should be compared with the pattern in Fig. 10.2 of 
a high-conductivity dike anomaly to show the possibilities of anom- 
aly identification. 

The dominant background noise is the magnetotelluric back- 
ground at the Sanguine f uencies. It consists of t 
first is from distant t 
the second is from additional pulse-type interference that may be 
generated by nearby thunderstorms. 
edited from the measured data befo 

slble signal-to-noise ratio. 
tical electron field is expected to be -76 dB referred to one 

erstorms and magnetospher 

These interfering pulses must be 
integration to obtain tlie best 

The mean noise amplitude E of the 

volt per meter per root Hertz (Ref. 2). For 
-2 . u = 10 mho/m and E = E*, 

the corresponding E parallel field is 

E,, -144 dB 

or 

6 x V/M 6 . 
The incident El is expected to be 

2 x lo'* V/M fi . 
Figure 10.3 is a plot of the signal-to-no-se ratio antici- 

pated for typical anomalies at various depths, showing that integra- 
tion times of 30 min to l h are adequate. The incident Ell amplitude 
was estimated from the measurements by 3annister (Ref. 2); the noise 
background used is based upon the measurements by Maxwell (Ref, 3); 

In all geological prospecting, it is necessary to use-to 
the utmost the very few data points that are available to decipher 
the complexity of the various geological structures. It is desir- 
able, for example, to make gravity and magnetic anomaly measurements 
at each of the antenna locations in the electromagnetic survey to 
get additional structure-dependent information for later data pro- 
cessing on the computer to obtairl a self-consistent determination 
of the geothermal source. Our studies show that the ELF measure- 
ments can make a significant contribution to the understanding of 
the subsurface structure. 
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Fig. 10.3 Signal-to-noise ratios (in l-Hz band) for several traverses near a high- 
conductivity anomaly. 
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Although several people at t,.e Energy Research and Develop- 
ment Administration and the USGS had expressed interest in the basic 
ELF technique, USGS was not able to support the program as it was 
proposed. The major objection given by the USGS was the fact that 
the Navy's Wisconsin Test Facility transmitter (or other transmit- 
ters) would probably not be operating in the future, and in view of 
that risk, it would not be worth spending any significant effort to 
to develop the technique. 
simple demonstration experiment be conducted. Although there is 
considerable room for belief that.the United States will possess 
an ELF exper tal facility in Wisconsin for years.to come, APL 
was amenable ursuing the USGS suggestion. Nevertheless, al- 
though APL proposed an experimental verification program using an 
ELF receiver availab 
port this activity. 

10.2 AMMONIA ABSORPTION REFRIGERATOR 

Instead, the USGS suggested that a brief, 

at APL (Ref. 4), the USGS felt unable to sup- 

The use of low-teiper 
from geothermal resources and r plants has been limited primar- 
ily to non-electric applicat such as space heating, and even 
then to buildings within a f es of the thermal source. The 
ammonia absorption system described here (Refs. 5 and 6) offers a 
means of providing space heating and air conditioning to communities 
hundreds of miles from a thermal source. 
is converted into a chemical intermediate that can be pumped long 
distances without large the 

(100 to 200'F) thermal energy 

Low-grade thermal energy 

A generalized diagram of an ammonia absorption cycle is 
shown in Fig. 10.4. 
the aqua ammonia by means of the.therma1 energy from the geothermal 
source or waste heat from a power plant. 
is stored chemically in the separated ammonia. 

liquid ammonia or to provide space heating by the absorption of 
ammonia vapor by water in the well-known ammonia absorption process. 
The absorption of ammonia by water is very exothermic, yielding 
about 620 Btu/lb of ammonia vapor for the system design given here. 
-The heat of v 

The ammonia is separated by distillation from 

Thus, the thermal energy 
The ammonia is 

I piped to $he user to provide air conditioning by the evaporation of 

ion of liquid ammonia in this system is about 

and cooling for 1,000 homes. However, the design was not optimized, 
its main function being to illustrate sys tion. The follow- 

- 
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I Cooling IExpansion valve 

1. 

2. 

3. 

Dilute solution 

Fig. 10.4 The basic ammonia absorption cycle. 

A low-temperature geothermal source at 150'F or higher 
provides a peak distillation temperature of 140'F at 
the generator. 
water warmer than this temperature. 

The geothermal source is assumed to be at a consider- 
able distance from the residential area. The example 
assumes a separation of about 100 miles. 

The average heating load per home is assumed to be 
4 x 10 Btu/day. Further, the temperature of the air 
delivered to the home is assumed to be between 100 
and 120°F, which is comparable to that of convention- 
al forced-air systems. 

Many hot-water aquifer systems have 
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4. The average cooling load per home is taken to be 2 x 

10 Btu/day. The delivered air temperature is as- 
sumed to be 50 to 55'F. 

For pipe sizing and system scaling, a distribution 
system serving 1,000 homes is assumed. 

5 

5. 

The heating mode of the point system design is shown in 
Fig. 10.5. 
thermal energy as hot water to the generator to permit the distil- 
lation of ammonia from a concentrated 54% (by weight) solution. 
Nearly pure (99.6%) ammonia vapor and dilute 34% aqua ammonia are 
produced. In the process, thermal energy is converted and stored 
as latent heat of vaporization in the ammonia water vapor and as 
potential heat of solution. 
are pumped to the user where the latent heat of vaporization and 
potential heat of solution are reconverted in the absorber into 
thermal energy for use in space heating. 
solution from the absorber/heat exchanger is then piped back to the 
generator for redistillation and recycling. 

A geothermal source or a power plant supplies low-grade 

The ammonia vapor and dilute solution 

The cooled concentrated 

When this system is used for district heating, the absorber 
in Fig. 10.5 may be subdivided and placed at the homes and buildings 
that are to be heated. Alternatively, a central community facility 
may be used for the absorption process. The heat of absorption can 
be used for producing hot water or a hot brine solution that can be 
pumped to nearby buildings for space heating. Thus, the low-grade 
thermal energy from the source may be chemically stored, transported 
many miles to the consumers without large thermal losses, and regen- 
erated locally for heating. 

g mode shown in Fig. 10.6, the ammonia vapor 
Pressures in excess of 150 from the generator must be liquefied. 

psia are required to liquefy the ammonia at 80'F; they are achieved 
by modifying the concentrations of the two aqua ammonia solutions. 
The concentrated solution is 57.3%, and the dilute solution is 53% 
ammonia. In the gen ter solution has a vapor pressure 
of about 150 psia at to liquefy the vapor 

iquid a m n i a  is pumped to the 
users for evaporation and cooling. In the evaporator, the pressure 
is reduced to below 75 psia and cold water is produced to cool the 
buildings. As in the heating mode, the evaporator may be subdivided 
and placed at the individual buildings, or a central facility can be 
used to produce cold brine solutions. 
tion takes place at the geothermal source with the 53% solution from 
the generator, producing the 57.3% solution that is sent back to the 

In the cooling mode, absorp- 
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Fig. 10.5 Heating system. 

f ’  

Distribution 
Residence system Geothermal source 

Fig. 10.6 Cooling system. 
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generator. 
cooling mode, a large savings in pumping energy is achieved, but 
much of the energy savings is required for the operation of a cool- 
ing tower. Nevertheless, efficiencies are much greater in this sys- 
tem than for heat pumps and conventional air conditioners. 
following summarizes the mass flow rates of the point design: 

Since only liquid ammonia is pumped to the user in the 

The 

Heating mode Cooling mode 

homes 

Ammonia vapor 
(60 psia) 

490 lb/min 
(2590 ft3/min) 

Ammonia liquid 310 lb/min 
(62 gal/min) 

34% aqua ammonia 1150 lblmin 

Fluids 'returned to 
thermal source 

ij 

1; 
I; 
G 
i 
i, 

accomplished at 
e direction of 
ammonia to en- 

Thus, in the heating mode, only the absorber is used; in the summer 
cooling mode, only the evaporator is used. The changes are slight- 
ly more complex at the thermal source. In he winter heating mode, 
the absorber at the source is not used, an the concentrated solu- 
tion returning from the ers is sent dire ly to the generator. In 
the summer cooling mode, 
line a short start-up period at the proper pressures, the 
conce 
quired. 
tem are required in the summer. 

l 1  he absorber and cooling tower are put on- 

f the aqua ammonia are modified to the levels re- 
Also, only two of the th s in the distribution sys- 
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10.3 THE EINSTEIN-SZILARD REFRIGERATOR 

A recent commentary (Ref. 7) briefly reviewed the Einstein- 
Szilard absorption refrigerator (Ref. 8) with three working fluids, 
NH3, H20, and butane (Fig. 10.7). 

As the discussion beloy shows, it appears that the Einstein- 
Szilard refrigerator can be operated with the modest source tempera- 
tures (say, 150'F or below) that are readily available from eastern 
geothermal resources, solar energy, or cogeneration systems. TJnlUce 
the better known Electrolux Serve1 system (based on the von Platen 
and Munters patent), which uses hydrogen as an inert gas to equal- 
ize the internal pressure and NH3/H20 as the working and absorbing 

1 Ib/min 
0.004 Ib/min ,PN H = 93 psi 

\ 

Q =  

Fig. 10.7 Einstein-Szilard absorption refrigerator. 
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fluid, the Einstein-Szilard absorption refrigerator uses a condens- 
able gas (butane) to equalize the pressure. 
cause in the liquid state it does not mix with the NH3/H20 solution. 
Further, in the Einstein refrigerator, the NH3 vapor is used mainly 
as the "pump" for the butane vapor from the evaporator (1 on Fig. 
10.7) to the absorber (6). Thus, cooling in the evaporator comes 
mainly from the latent heat of butane. 
stein and the Servel systems is that there is no mechanical, moving 
component such as mechanical pumps 
frigerator, the fluid is circulate through the bubble pump (36); 
in the Servel system, the circulation is accomplished by boiling 
off the NH /H 0. 
erator tank (29), the NH vapor (nearly dry saturated vapor) is 
evolved with water that remains mostly in liquid state. 
wasting the large latent heat of water. More important, the use of 
saturated "equilibrium" vapor allows the system to be driven at a 
source temperature much lower than is possible with any other known 
refrigeration system. 

Butane was chosen be- 

A feature comon to the Ein- 

r valves. In the Einstein re- 

As the heat is put into the solution in the gen- 
3 2. 

3 
This avoids 

The performance of the Einstein-Szilar refrigerator was 
estimated through a simplified analysis (Ref. 9) in order to assess 
its possible application to the low-temperature (i.e., lower than 
160'F) geothermal resources of the Eastern United States. 
simplicity, it was assumed that the two internal heat exchangers are 
perfect and that the gases are ideal. 
fects of the continuous temperature distributions in the generator, 
absorber, and evaporator, as we 

For 

For this analysis, the ef- 

ffect of the presence of 
, were ignored. 

ersus heat load 
g conditions f of gaseous NH3. , The 

by the vapor pressure 
of the butane to the MI3 

ollowing conditions : 
temperatures of 80°F (condensor), 140°F (generator), and 50°F 
(evaporator), 
(in the condensor), and an NH3 

efficiency is obtained of 0.252, where the additional contribution 
arising from the isobaric expansion of NH3 vapor in the evaporator 

.52 in the strong solution 
of 1 lb/min. An estimated 
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Btu cooling at 50°F 
per pound of water 

Symbol Tcond ( O F )  Xcond 

70 0.6 10.9 
A 80 0.6 6.2 
+ 80 0.52 6.7 
0 90 0.52 4.5 

Generator internal temperature, 

- 

Evaporator cooling temperature ( O f )  

Fig. 10.8 Theoretical cooling capability of Einstein refrigerator per pound of NH3 gas. 

has been ignored. 
i n  the  cooling Btu. 
t i c u l a r l y  because no other  re f r igera t ion  system can provide a com- 
parable capabi l i ty  with a source temperature o f ,  say, 145OF without 
requir ing a s ign i f i can t  amount of high-grade ( e l ec t r i ca l )  energy. 

The s t a t u s  of  the  Einstein r e f r ige ra to r  was out l ined i n  a 
letter t o  the  Director of the  Energy Research Office o f  DOE and was  
ddscussed b r i e f l y  with him i n  person. Although the  Carnot e f f ic ien-  
cy is necessar i ly  poor, nevertheless the  Btu's of cold per Btu of 
(geothermal) heat is high. ffhe latter is bas ica l ly  wasted during 
the  air-conditioning season, eo the  Einstein-Szilard a i r  conditioner 
seems t o  be economically sound. 

s t o r e  €or t h i s  intr iguing idea. 

It is  expected t o  contr ibute  about a 10% increase 
This performance is extremely in te res t ing ,  par- 

At t h i s  t i m e  it is not clear wha t ,  i f  any, fu tu re  is i n  

i 
t 
t 
t 
t 
t 
I 
I 
L 
b t 

t 
I; 
L 

t 
t '  
L 
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Chapter 11 

STATE TEAMS AND STATE PROSPECTUSES 

Early in the organization of the geothermal program, it was 
recognized'that it was a substantial task to inform state and local 
governments, and individuals, of the prospects for local geothermal 
energy; the prospective energy markets to which they could apply; 
how to assess the magnitude and characteristics of geothermal energy; 
and how to develop a resource, put it to use, and understand its 
economics. Furthermore, feedback was desired to assist the DOE in 
orgadzing its program of supporting research, resource assessment, 
and commercialization. In 1976, the standard references for poten- 
tial geothermal resources on the national level were Refs. 1 and 2. 
As these references were western-oriented, APL visited 26.states in 
1976-78 to gather whatever additional information was available for 
the eastern part of the country (as defined by what was then Geo- 
thermal Region 5). These visits had several purposes: to obtain 
geological information relating to potential, geothermal resources, 
to inform the concerned stat 
gram, and to become familiar 
velopment of alternative energy forms. 
was the long-range planning scenarios prepared in 1977-78 for the 
Division of Geothermal Energy, which are summarized here; another 
was the Technical Assistance studies, which continued until the com- 
pletion of the APL effort and which are described in Chapter 3 of 
this report. 

ffice of the national geothermal pro- 
th states' organizations for the de- 

One result of these visits 

, ,  
t 

The scenario was the tool used to accomplish the tasks out- 

1. Arkansas (Ref. 3), ' 

2. 

3. 

lined in Chapter 3. The Laboratary wrote five scenarios, concerning 

The Madison aquifer in South Dakota (Ref . 4), 
The Eastern Gulf Coastal Plain (Ref. 5), 

4. The Atlantic Coastal Plain (Ref. 6), and 

5. Hot Dry Rock in the East (Ref. 7). 

It was soon realized that these documents had to be narra- 
tive in nature and had to have the early participation of state and 
local governments and of individuals. Two South Dakota scenarios 
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(Refs. 8 and 9) were the first of these narrative reports. 
tunately, the interaction or iteration required among the state and 
local governments, and individuals, and the Laboratory never occurred 
because of the change of responsibility for that area decided by DOE/ 
DGE . 

Unfor- 

In time, the state prospectus concept evolved, where a state 
"how-to-do-it" description of geothermal body develops a road map 

assessment, permitting, 
requirements and operation of a facility using geothermal energy 
(Refs. 10 and If these state prospectuses are developed by 
enough states, 
the original scenarios, namely, to guide the federal government in 
planning for geothermal development. 

ineering, economics, legal, and taxation 

. 
d aggregated, they will fulfill the functions of 

he APL effort developed in time, int 
affect state legislative actions and the organization of the state 
governmental structure to assist in the development of geothermal 
energy were limited to the eastern seaboard, in particular, the 
states of Del d, and Virginia. In July and September 
1977 (Ref. 12 East Coast state geologists were briefed 

, and VPI&SU on the federal geothermal program for the 
stal plain. These meetings were concerned not only with 

geological aspects of geothermal energy but also with the general 
nature of future state contributions to the development effort. 

spring of 1978, the State o 
urce Act (Ref. ). The Act was written with the 

ryland enacted a 

assistance of APL and supporte by APL in testimony before the Ec- 
onomic Affairs and Environmental Affairs Committees of the Maryland 
legislature. While the Marylan , as passed by the 
legislature, differed in severa 

e promulgation of the 
rules and regulations 

ts and inter- 

The Delmarva Prospectus, as published in J 
signed to supply the reader with the 
planning for a geothermal installatio 
ings provides an idea of the scope of 

tion required to begin 
ist of its chapter head- 
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L 
L 

I. Introduction 

11, 

111. Potential Hydrothermal Energy beneath 

Description of Resource (for Delmarva) 

f 
Delmarva 

IV, Reservoir Parameters for Geothermal 
Energy Retrieval 

V. 

VI. Applications Engineering and Economics 

VII. 

VIII. 

Geothermal Wells and Well-Pumping Systems 

Technical and Regulatory Steps for Development 

Discussion of Current Environmental, Financial, 
and Legal Infrastructures 

IX. Initiatives Required for Geothermal Development 

X. Lists of Contacts for Assistance in Geothermal 
Development 

This prospectus was written with significant input from 
state agencies, particularly those of Maryland. 
and institutional factors are state-specific, the prospectus makes 
no attempt to be complete at the state level. 
a framework to be completed in a state-specific manner by the indi- 
vidual states. 

Since the legal 

It was intended as 

At the time the prospectus was issued and distributed to 
DOE and interested parties in the three states, a possibility existed 
that DOE would support the formation of state teams to complete the 
state-specific prospectuses and to coordinate geothe 1 development. 
Therefore, in 1979 and 1980, APL urged the three states to form an 
infrastructure that could complete the prospectus and subat plaus- 
ible proposals to DOE for support of their efforts (e,g., 6ee Refs. 
14 and 15)- 
energy agencies were relatively new, they were faced with urgent 
problems in conventional energy uses, and they lacked. expertise in  
alternative forms of energy. However, by late 1979, Delaware had 
submitted a proposal to DOE and, in fiscal 1981, the State Energy 
Office was partially funded to complete the Delaware Geothermal 
Energy Prospectus. 

These efforts met with a slow response because state 

In Virginia, after several presentations by APL, the Coal 
and Energy Codss$on established a Geothermal Subcouttee, which 

t 
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I 
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included VPI&SU, and submitted a proposal to DOE for the completion 
of a State Prospectus and Geothermal Map (Ref. 16). 
State Energy Office of the Department of Natural Resources, in a 
meeting with DOE and APL in April 1980, offered to attempt to com- 
plete the prospectus if DOE pport could be obtained (Ref. 17). 
However, staff problems in t 
mentation of Maryland's plan in 1980 and new legislation proposed 
by the Legislature in 1981 changed the direction of the state's 
effort. 

The Maryland 

State Energy Office prevented imple- 

Following the passage of the Maryland Geothermal Act in 
1978, APL in conjunction with the National Conference of State 
Legislatures (NCSL) held a series of meetings in Delaware and 
Virginia to offer guidance in writing geothermal resource acts. 
Legislature of Delaware passed a Geothermal Act in 1980 that pro- 
vided for the legal and regulatory framework to guide geothermal 
development and state ownership of geothermal resources. The act 
was vetoed by the Governor in July 1980 on the grounds that it im- 
posed a "new regulatory maze and layer of red tape" and "jeopardized 
the legitimate property rights of Delaware landowners." The act was 
modified but did not emerge from the House Committee of the legisla- 
ture in the 1981 session. 
by the 1981 legislature and has been signed by the Governor (Ref . 18). 

The 

In Virginia, a geothermal act was passed 

Several modifications to the Maryland Geothermal Act were 

f the Energy Administration of the Department of Natural 
, APL testified in support of these bills before legisla- 

introduced into the 1981 session of the Maryland Legislature. At the 

tive committees on February 9 and 11 and March 12 and 13, 1981 
(Ref. 19). 11s were Joint House Res- 
olution 26.and Senate 11 832. The f r directed the Department 
of Natural Resources t f access and allocation 
of geothermal resources. 

The most important of thes 

review the iss 
Since the question of ownership is not 

ommendation will be the operational law of 
1832 creates an Energy Supply Financing Ad- 

This administration is to provide technical and financial 
developers of alternative energy supplies (including 
d is empowered to issue bonds to raise money in sup- 

the Maryland Geothermal Act, this review and the re- 

within the Department of Economic and Community Devel- 
opment. 

port of feasibility studies, demonstration projects, and energy- 
supply projects. In ffect, the administration becomes the advo- 
cate for alternative nergy forms. 
signed into law, it only  provides for one staff position - a reflec- As the bill was passed and 

tion of the reluctance of-the 1981 Legislature to create a new 
bureaucracy 

In summary, as of mid-1981, the states of Maryland and Vir- 
ginia had passed Geothermal Acts; all three states had created in 
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principle an infrastructure to promote geothermal energy; and at 
least one state (Delaware) was working to complete a geothermal pro- 
spectus. 
decreased DOE support and the absence of the assistance and encour- 
agement of DOE contractors, such as APL, is uncertain. 

The future of activity at the state level in the face of 
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L Appendix A 

I '  
Id 

CE ASSESSMENT AND RESERVOIR CONFIRMATION PROGRAMS 
FEDERALLY FUNDED I N  THE EAST 

This appendix contains a list, Table A.1, of Resource 
Assessment Programs i n  the  east sponsored by USGS and Reservoir 
Confirmation Programs sponsored by DOE. 
were sponsored by both agencies. 
programs were e i t h e r  i n  support of the  hydrothermal program o r  the  
hot dry rock program; the  individual sponsor is l i s t ed .  Figure A . l  
shows the  deep sedimentary basins and p la ins  with poten t ia l  f o r  hy- 
drothermal and la ter  perhaps hot dry rock geothermal developments. 
Also indicated are the  approximate areas where resource confirma- 
t i o n  s tudies  have occurred. Table A.2 lists these e f f o r t s  and cites 
t h e  appropriate references. 

Some of the  programs l i s t e d  
Within the  DOE-sponsored tasks,  L 

li 
I; 
U 
c 
ii 

b 
li 
I; 
c 
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Table A.l 

Resource assessment and reservoir confirmation programs 
in the east 

I 
w 
o\ 

I 

a 

RESOURCE ASSESSMENT, USGS 

Low temperature geothermal 
assessment nationwide 

RESERVOIR CONFIRMATION, 
DOE/DGE 

Lewes, Del. 

Cayuga County, N.Y. 
(Montezuma) 

User-coupled reservoirs 
confirmation program 

RESERVOIR CONFIRMATION, 
DOE 

Atlantic Coastal Plain 

Southern Mississippi 

Or ganizat ion/Cont ac t 

Working Group/Marshall Reed, 
USGS 

State Energy Office, Delaware/ 
Dan Anstine 

Standard Brands/NYSERDA, 

SUNP/Buffalo, D. S. Hod- 

Taylor Instrument s /NYSERDA, 

B. Krakow 

B. Krakow 

VPI&SU, J. Costain 

Mississippi State Univ., 
Edwin Luper 

Resource 

lydro thermal and 
hot dry rock. 

Iydrothermal 

Remarks 

In process; 
Ref. 1. 

In process; Refs. 
2 and 3. 

In process; Refs. 
4, 5, and 6. 

Withdrawn; Ref. 4. 

In process of 
documentation; 
Refs. 7, 8, 9, 
10, and 33. 

Complete; Ref. 11. 



I 

p .  0 
U 

I 

Table A.l (cont'd) 

Resource assessment and reservoir confirmation p 
in the east 

Alabama 

Nebraska 

Delaware 

New York 

The Capitol area 

The mid and 
western area 

Organizat ion/Cont act 

Univ. of Nebr 

Kansas Geological Survey, 
Donald Steeples 

Delaware Geologic Survey, 
H. Woodruff 

Dunn-Geoscience Corp., 
M. R. Sneeringer/ 
NYSERDA 

SUNP/Buffalo, D. S. Hodge 
NYSERDA 

Hydro thermal 

Hydrothermal 

Hydrothermal 

Hydrothermal 

Hot dry rock 

Remarks 

Complete; Ref. 12. 

In process; Refs. 
13, 14, and 15, ' 

In process; Ref. 
16 . 

Refs. 2, 3, and 17. 

Refs. 18 through 
23. 

Complete; Refs. 
5 and 6. 
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Basement depth greater than 4000 ft below 
surface (based on Ref. 3). 

Approximate areas of investigation by VPI&SU (Ref. 42). r-1 .. ............,. . . 

-- Limit of coastal plains sediments. 

* 
* *  From Gruy Federal report (Ref. 42) 

Contours adapted by APL from basement map of North America (Ref. 3) 

Fig. A.l Potential geothermal resource areas in the Eastern United States showing 
reservoir confirmation areas. 
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Table A.2 

Areas of resource confirmation studies 

Area 

New Hampshire and 
other areas 

New England 

Coastal Plain 

Ohio and western 

East in general 

West Virginia 

Organization, Contact 

Amherst College, J. Brophy 

State Geologist 

Orau, W. P. Staub 

D. L. Smith 

Y .  Eckstein 

Gruy Federal, J. Renner 

Univ. West Virginia, 
H. Heike 

Resource 

Hot dry rock 

Hydrothermal 

Hydrothermal 

Hydrothermal 

Hydrothermal 

Hot dry rock 

Remarks 

Complete; Ref. 24. 

Complete. 

Complete; Ref. 24. 

Ref. 25. 

Complete; Ref. 26. 

Complete; Refs. 
27 and 28. 

Complete; Ref. 29. 

Complete; Ref. 30. 

Complete; Ref. 31. 

Complete; Ref. 32 
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Appendix B 

GEOTHERMAL INFRASTRUCTURE I N  THE EASTERN UNITED STATES 

In  t h i s  appendix a 

rock. 

s ted those organizations that have 
had experience o r  claim t o  have capabi l i ty  in developing hydrother- 
ma l  o r  hot d Their l i s t i n g  here should not be construed as 
an endors 
reasonable t o  state, however, that  there  does ex i s t  an infrastruc- 
ture ,  which we predict  w i l l  continue t o  grow and gain i n  capability. 
Table B . l  lists consulting engineering organizations, and Table B.2 
lists discipline-related organizations. 

nor do w e , c l a i m  these lists are complete. It is 

, Table B .1  

Consulting engineering firms, 
engineering and applications 

u 
I; 

C '  
c 

Solar Energetics, 
D ' Appolonia , P i t  t 
CH2M H i l l ,  Reston, 
Burns and Roe, Paramus, N J  
Stone and Webster Engineer 

Co., Boston, MA 
EBL, Salisbury, MD 
Gruy Federal, Arlington, 

Kidde Consultant 
Malone and W i l l i  

Salisbury, MD 

oncepts, Annapolis, MD 
A. J. Jacques, Albany, NY 
Carltech Associates, Columbia, MD 
Fosdick and H i l m e r ,  Inc., 

Ebasco Services, Greensboro, NC 
Caple, Cromwell, Neyland, Triumph, 
Levy, and Gathell, 

Radian Corp., Austin 
Ham-Mer Consu 

Cincinnati, OH 

ciates, Omaha, NE 
Dunn Geoscience Corp., 
Delmarva Ene 

Montehanin, DE 

- 113 - 



THE XmNS HOPKINS UNlVERSllY 

APPLIED PHYSICS LABORATORY 
LAUREL. MARVUND 

Table B.2 

Infrastructure in the Eastern United States 

Utilities Drillers 

Read Drilling and Development 

A. C. Schultes and Sons, Inc. 
Corp., Washington, DC 

Heat Pumps 

Westinghouse Electric, 

Argonne National Lab., Inc. 
Oak Ridge National Lab 
Brookhaven National Lab 

Staunton, VA 

Delmarva P&L, Wilmington 
Georgia-Power, Atlanta 
Niagara-Mohawk Power Co . , 
Carolina Power and Light Co. 
Long Island Lighting 
Pennsylvania Power and Light 

Albany 

Financiers 

The Armfield Organization, 
Winston-Salem, NC 

Paul Rodzianko, NY, NY 
(Geothermal Energy Corp.) 

L. F. Rothschild, Unterberg Nebraska Georgia 
Tobin, NY, NY New York New Hampshire 

State Geologic Surveys 

Delaware Mississippi 
Hydrologists Maryland Alabama 

New Jersey North Dakota 
Geraghty and Miller, Inc., Virginia South Dakota 
Annapolis, MD . 

The Berkeley Group, OTHEFS 
Berkeley, CA 

USGS, Reston, VA 

MITRE, &Lean, VA 
WIGSU (Coastal Plain) USGS/WR, Atlanta, GA 
Kent State Univ. (Ohio and Trenton, NJ 
western Pennsylvania) Michigan Energy & Resource 

Univ. of Perdue (Midcontinent) Research ASSOC., MI 
Univ. of Florida (eastern Techmecon Analytic Research 

Inc., Philadelphia, PA 
SUNY, Buffalo (western New York) International Business Service 
Orau (TVA region) Washington, DC 
SD School of Mines (western SD) Engineering and Economic 
Univ. of West Virginia (W. VA) 
Univ. of Syracuse (New York) 
MIT (New England) 
Johns Hopldns Univ. (eastern Co., VA 
kited States) 

Universit les NYSERDA, NY 

Gulf Coastal Plain) 

Research, Inc., 
Falls Church, VA 

Technical Research Analysis 
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Appendix C 
t i  
Y 

- 1  

i i  

PROPOSED ASTM STANDARD TEST METHOD 
FOR  PUMP TESTIMG GEOTHERMAL WELLS* 

Ld 
1 SCOPE 

1 '  
thod covers the procedures to be used in 

f geothermal wells which may possibly yield fluids 
tities and of sufficient temperature to serve as 

b 

1.2. "The scope of this st method is limited to wells 
h penetrate formations that naturally contain water in place 

I; 
1; 
L 
i; 
I; 

ced on the chemistry of the water. 

1.3, The intent of this test method is to determine the 
hydrologic propertxes of water-bearing formations; that is, the 
amount of fluid that can be pumped from an aquifer with a specified 
drawdown that depends upon the permeability and the storage coeffi- 
cient of 'the 

1.4. The sequence of procedures for pump testing are 
prescribed. 

1.5, The format and content of d recording are 
prescribed. 

I 
L 

fd Selected aquifers are isolated and the drawdown measured for 

xt measured for several pumping rates. 

L 
Wells," 27 Apr 1981. 

I 

L 

L 
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4. SIGNIFICANCE AND USE 

The utility of a hydrothermal resource is determined by the 
temperature of the geothermal fluid, the chemistry of the fluid, 
and the quantity that can be pumped to the surface. The rate at 
which the well can be pumped i s  the property most difficult to de- 
termine. 
flow rate and the lifetime of-the hydrothermal reservoir are not 
directly observable, it is necessary that a pump test of the well 
be designed and performed in a manner that results in data that can 
be analyzed to determine aquifer properties. The determination of 
such aquifer properties as permeability and storage coefficient is 
performed by matching the measured drawdown data to a type curve 
derived from a mathematical model of the aquifer. 
curve (plot of drawdown versus time) depends upon the assumptions 
made in the model, this dependence may be weak over the time of a 
reasonable well pump test. 
be designed and carried out with the'continuity and accuracy that 
will suffice for analysis to reveal significant departures, if there 
be any, from the assumptions made in the derivation of the type 
curve that is chosen. Even if there is reason to believe that the 
idealized assumptions made in nonequilibrium Theis theory are ap- 
plicable, the analysis of the data is tedious and difficult if the 
pump test is interrupted, if the flow is variable, or if the test 
is not adequately logged. 

5. TERMINOLOGY 

Since the aquifer properties that determine an economical 

While 

Thus, it is necessary that a pump test 

In this standard test method, the following definitions 
are used. 

5.1. Geothermal fluid: the fluid consisting of water as 
the solvent which is of sufficient temperature to provide useful 
energy at the surface. For the purpose of this test method, the 
geothermal fluids are assumed t o  be available only at depth below 
the surface and to remain substantially in the liquid phase if 
pumped to the surface. 

5.2. Aquifer: a formation of permeable rock, sand, or 

5.3. Permeability: a measure of the capacity of a geo- 
logic stratum to transmit a fluid. 
ing, the amount of permeability is the "darcy" with the dimension 
of area; it is a property of the stratum alone. 
cal Survey uses a unit with the dimensions of gallons per day per 
square foot called the meinzer; this unit is defined for the vis- 
cosity of pure water at 60°F and is thus a property of the medium 
and of the fluid, 

gravel which contains geothermal fluids. 

As used in petroleum engineer- 

The U.S. Geologi- 
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Transmissivity: the product ermeability and the 
thickness of the aquifer. 
unit, the dimensions are gallons per day per foot. 

In the U.S.  Geological Survey hydraulic 

5*5. Storage coefficient: a dimensionless property of an 
that measures the volume of fluid released from or taken 

into storage by a column of the aquifer with unit cross section per 
unit change in hydraulic head 

the distance the water level is lowered 
below the piezometr 
confines of the we1 
the static head, th 
of pumping. 

rface as the well is pumped. 
awdown is the linear distance, relative to 

Within the 

s lowered by the process 

5.7. Equilibrium well equations: the equations that re- 

finite time, an 
late the drawdown of a well to the pumping rate, well diameter, and 
aquifer properties for those instances wh 
effective steady state is reached. 

5.8. Nonequilibrium well equations: equations that re- 
late well drawdown, well diameter and well spacing, and aquifer pa- 
rameters as a function of time. For an ideal confined aquifer, no 

state exists and a non 11 equation must be used. 

Type curve: a own versus a variable 
ime, well diameter and well spacing, and aquifer 

properties. The usual type curve is the solution of the well draw- 
down as-a function of time using the aquifer and well assumption 
introduced by Theis in 1935, and the determination of aquifer prop- 
erties is usually first attempted by matching the observed drawdown 
curve against the Theis c 
match the experimental da 
boundary conditions or aq 

Prior to the pump 
Director will have acquir 
the following procedures. 

6.1. Collected such information as 
well boring materia1s.and corings on the geologic characteristics, 
depths, and thickness of formations bearing geothermal fluids. 

Attempted to 'correlate the information from the well 
boring materials and geophysical logging with such geological 
knowledge as is available to estimate the flow available from the 
aquifer or aquifers selected for pump tests. 
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6.3. Determined the disposition of the pumped geothermal 

The Director of the Pump Test is responsible for 

fluids . 
6.4. 

providing the information required for the analysis of the well and 
aquifer performance. Therefore, the well test report shall include 
the following information: 

6.4.1. Well diameter as function of depth. 

6.4.2. Casing dimensions and cementing procedures. 

6.4.3. Well screens or perforation dimensions over 
the formations that will be pump tested. 

6.4.4. Well development methods used i n  the areas that will 

6.5.4. Description of apparatus used for the pump test and 

be pump tested. 

the specified or tested accuracy thereof. 

7. APPARATUS USED FOR PUMP TESTING 

7.1. A submersible centrifugal or turbine shaft pump 
capable of delivering a continuous flow at the volume rate required 
for the pump test and from a depth within the well that meets the 
requirements for the possible utilization of the well. 

7.2. A throttling valve at the well head to control the 
flow rate of the pump. 

7.3. A flow meter at the well head to measure the flow 
rate of the pumped geothermal fluid. 

7.4. A submersible pressure transducer that will measure 
the fluid pressure when the transducer is mounted at a position i n  
the well bore at or near the production zone. 

7.5. A submersible temperature transducer that is capa- 
ble of measuring the fluid temperature when placed at the depth of 
the producing aquifer. 

7.6. A temperature transducer placed in the well output 
at the surface. 

7.7. Surface-mounted digital 
for the submerged pressure transducer, 
flow meter. 

- 118 - 
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traps mounted in the fluid conduit before the 
flow rate meter or meters. 

7.9, Valves.and containers to collect samples of the pumped 
geothermal fluid for the determination of physical and chemical 
properties of the geothermal fluid. 

7.10. Recording current meter or watt meter to measure the 
electrical power consumed by the down-hole pump. 

throttling valve. 

8. CEDURES, LOWEST DESIGNATED AQUIFER OR AQUIFERS 

The objectives of the pump test of a geothermal well deter- 
mine the details of certain procedures. particular, if the well 
were drilled to obtain precise informat 
the geothermal flufds, a lengthy pump test, of the ord 
or months, may be required and an observatio 
determination of aquifer parameters. This t 
that the more modest objective of,assessing 
of the well for a specified user is operative, and that for economic 
reasons, an ambitious program of characterizing the hydrothermal 
reservoir is not tenable. 
down procedures may be extended as finances permit or user require- 
ments dictate. 

7.11. Pressure gauge in discharge pipe located before the 

n the aquifers bearing 

The length of time specified for the pump- 

The following 
ceeds, the dynamic level 
only in the well being pumped, that is, the production well. 

assumes that, as the pump test pro- 
geothermal fluid can be measured 

This 
th which aquifer characteristics 

expense involved in drilling 
same deep aquifer as that fro 
If an observation well' is 
instrumentation to measure and recor el within the 

he submersible pump to a depth below the 
e well that is estimated to exceed by a' static fluid leve 

8.3 .  Install the flow measuring and temperature measuring 
equipment at the well head. 
fluid outlet pipe. 

Install the throttling valve on the 
Open the throttling valve to its maximum extent. 
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8.4. Start the pump and recording equipment. Check for 
operation. 
function of time the fluid flow rate and pressure transducer output 
(well drawdown). Observe sand production if any. Record power con- 
sumption of pump. 
record pressure transducer reading during recovery period. 

produce a total dynamic head on the pump equivalent to 10 to 20% of 
the static head. 

Operate pump for 15 minutes and turn off. Record as a 

Allow well to recover for at least 15 minutes; 

8.5. Close the throtFling valve an amount sufficient to 

Repeat step 8.4. 

8.6. Repeat step 8.5 until at the beginning of each test 
the pressure on the gauge before the throttling valve is equivalent 
to approximately one-half of the static head due to the depth of 
pump placement below the equilibrium surface of the geothermal fluid 
in the well bore. 

Start the pump for a continuous pump test of at least 
24 hours duration. 
stant pumping rate as the drawdown proceeds.' Record the bottom hole 
pressure and fluid flow rate at intervals of 1 minute or less for 
the first hour and at S-minute intervals thereafter. 
bottom hole temperature every 5 minutes for the first hour and at 
15-minute intervals thereafter. Check geothermal fluids for sand or 
suspended solids at 15-minute intervals for the first hour and every 
ahour thereafter. 
pump test period (24 hours or longer). 

8.7. 
Adjust the throttling valve to maintain a con- 

Record the 

Turn off the pump at the end of the designated 

Record the bottom hole pressure for a period of time 8.8. 
equal to the pumping time or until the fluid level in the well has 
essentially reached equilibrium. 

8.9. Start the pump and throttle the flow rate to 0.25 of 
that maintained in step 8.7. With 
pump operating, increase the flow rate to 0.50 of that of step 8.7 
and pump for 1 hour; increase pump rate to 0.75 of that of step 8.7 
and pump for 1 hour; repeat the process for a flow rate equal to 
that of step 8.7 and for a flow rate with the throttle valve fully 
open. 
intervals through the above test. 
test, turn off the pump-and measure the bottom hole pressure for a 
5-hour recovery period. 

Continue pump test for 1 hour. 

Record the bottom hole pressure and the flow rate at l-minute 
At the end of the above Si-hour 

9. PUMP TEST PROCEDURES, TWO PRODUCTION ZONES 

9.1. Withdraw the pump and pressure and temperature 
transducers from the well. 
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.9.2. Perforate the well casing covering the next higher 
Clean and deburr the well bore. aquifer or aquifers of interest. 

Follow well completion techniques used on lower aquifers. 

lace the pressure transducer at the bottom of the 
of the new perfora- 

9.4. Repeat steps 8.7 and 8.8 of pro re 8 and step 9.1. 

10. PUMP TEST PROCEDURES, HIGHER AQUIFERS 

rated in step 
9.2 following pro 

11. REPORT 

llowing informa- 

. 
11.2. The resu the pump tests o ures 8 and 9 

zed as follows: 

t the wellhead as a 

e as a function of time. 

a1 analysis of the geo- 
thermal fluids for each production zone 
tested . 
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11.2.7. Density of the geothermal fluid for each 
zone fested-ineasured ht the temperatute of 
'the fluid durbg the primp test. 

11.3. The pump test pmcedures shall be logged tn time se- 
quence with notation of any deviations from the test plan caused by 
apparatus failure, sand production, decisions of the Test Director, 
or unforeseen circumstances. ~ 

12 . PRECISION AND ACCURACY 

The prepump test informatiun that must be provided to the 
Well Analyst is given in procedure 6.4. 
continuity and .accurate logging'of-the pump test are essential to 
analysis of well performance. 
cifications are as follows. 

This information plus the 

fnstrumentation and iheasurement spe- 

12.1. Down-hole pump: mu5t be capable of pumping ge 
mal fluids at the required flow rate agafnst the projected aynamic 
head and operate continuously at the geothermal temperature encoun- 
tered . 

12.2. Wellhead flow meter: measure flow rate with an ac- 
curacy of 1% over a flow rate range of 10:i. 

12.3. bwn-hole and wellhead temperature transducels: an 
accuracy o€ O.1'F from surface ambient t o  geothermal temperature. 

12.4, Down-hole pressure transducer: full-scale accuracy 

12.5. Digital recorders: 6-digit keadout, capable af 

12.6. Strip chart recorders: accuracy 015X of full Bcale, 

of 0.1% and sensitivity of 0.05% at geothermal thperatures. 

printout every 10 seconds for each channel. 

time accuvacy 0.1% of chart time-scale division. 

12 b 7. Density measurement of geothermal fluids t OL 01% 
accuracy. 

12.8. Wellhead pressure meter: accuracy 1.0% of f a 1  kale. 
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Appendix D 

JHU/APL EXTERNAL REPORTS AND PAPERS 

A. HANDBOOK 

1. C. S. Leffel, Jr., and R. A. Eisenberg, "Geothermal Handbook," 
JHU/APL SR 77-1, Jun 1977. 

B. GENERAL 

1. J. E. Tillman, "Eastern Geothermal Resources: Should We 
Pursue Them?" 7 Nov 1980. 

1. W. J. Toth, "The Atlantic Coastal Plain," JHU/APL QM-77-129, 
Oct 1977. 

2. E, L. Fox, "The Coastal Plain in Southern Arkansas," 3HU/ 
APL QM-77-129-1, Oct 1977, 

3. A. Shipley, "The Madi Limestone Aquifer 
South Dakota," JHU/APL QM-77-129-2, Nov 1977. 

W. J, Toth, "The Eastern Gulf Coastal Plain," JHU/APL QM-77- 
129-3, Feb 1978. 

4. 

5. C. S. Leffel, Jr., 

6 .  

7. 

D. INTERCHANGE MEETINGS 

1. 

(QM-78-124), 8 NOV 1978. 
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:a1 Information Interchanee Meetintz Mimites - .TUU/APT. 

E. TECHNICAL ASSISTANCE 

. -i. JHU/APL Lett. CQO-2544, to W. 'R. .Rice, "The Crisfield, Mary- 
land Well and Geothermal hergy," F. C. Paddison and A. M. 
Stone, 12 Nov 1979. 

F. C, Paddison, "Geothermal Reat as a Supplementary Energy 
Source in the Eastern United States," College of Industrial 
Management and Textile Science Conference, Slashin Toda 
and Tomorrow, N o v  1979, Clemson University; + JHU APL @I-79-251, 
Nov 1979. 

2. 

3. W. J, Toth, "A Profile of the behama Poultrg Industry," 
JIN/APL QM-80-002, Jan 1980. 

4. JHU/APL Lett. CQO-2828, "Technical Assistance - Mariculture 
Industry on the Eastern Shore of hryland," F. 'C, Paddison 
and A. M. Stone, Feb 1980, forwarding "Application of Geo- 
thermal Energy €or Mariculture," R, Yu and F. C. Paddison, 
JHU/APL QM-80-013, Jan 1980. 

5. JHU/APL Lett, CQO-2850, to D. 33. Lombard, bOE/DGE, "Report 
on Technical Assistance for Columbia LNG Cotp.," F. C. 
Paddison and A. M. Stone, 28 Mar 1980. 

6. JHU/APL Lett. CQO-2862, "Data for IndustrializatiLon Plan for 
Hydrothermal," F. C. Paddison, Apr 1980. 

R. von Briesen and K. Yu, "Technical Assist 
Geothermal Space Heating, Pittsville Middle/Elementaty 
School, Pittsville, Maryland," ~€iU/APL OM-86-101, Juri 1 

F. K. Hill and R. W. Henderson, "Techn%cal AssistanCe Re- 
port No. 5 - Geothermal Space Heating, Naval Air Rework 
Facility, Norfolk, Virginia," Jw/APL QM-80-102, Juri 1980. 

K. Yu and F, C 6  Paddison, "Technical Assistance - Hydrother- 
mal Resource Application in the Eastern United ~t&tes," 
Annual Meeting Transactions, Vol. 4, Geothermal. Resources 

7. e Repafit No6 4 - 

8. 

9, 

Council, 1980. Also JW/APL QM-80-134, Oct 1980. 
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10 . F. K. Hill and 1 Assistance Report 
No. 6 - Geothermal Space Heatin Conditioning, 
McGuire Air Force Base, New Jersey," JHu/APL QM-80-190, 

11. ' F: C. Paddison, "Summary of Interested Parti 
Estimates for a Test Well at Kings Bay, Georgia,"'JHU/APL 

12 . orwarding of Report on Economics' of Geo- 
Kings Bay, Georgia," JHU/APL Lett. CQO- 

Fuel," Carltech Associ- . Also Geothermal Resource 
Council, 1981 Annual Meeting, Vol. 5. 

acuum Distill 
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4. "Geothermal Energy Ma t Penetration: Development of a 
'Model for the Residen Sector, 'I Jw/APL QM-79-209, 

. Sep 1979. 

5 .  

6. 

0 .  

9. 

G. 

1. 

2. 

W. J. Toth, "Defhitbn of Markets for Geothermal Energy i n  
the Northern Atlantic Coastal Plain," JHU/APL QM-80-075, 

F. 0. Mitchell, "Evalyation of Potential Geothermal Resource 
Areas," JHu/APL QM-79-163/GT (Revised), Jul 1980. 

A. C. Goodman, "Geothermal Market Penetration in the Resi- 
dential Sector: 

GEMS-002, May 1980. 

Capital Stock Impediments and Compensatory 
Geothermal 
L QM-80- 

W. F. Barron, "An Analys$s of Benefgts and Costs of Accel- 
erated Market Penetration by a Geothermal Community Heating - 
System," Annual Meeting Transactions, Vol, 4, Geothermal 
Resources Couhcil, 1980. 
134, Oct 1980, 

Also published $n JHU/APL OM-80- 

R. Dubin, A. C. Goodman, and S, Kane, %rket Penetration 
of Innovative Energy Technology," presented at; Jobt Inter- 
national Meeting of Canadian Operational Research Society/ 
The Institute of Management Science and Operations Re- 
search Society of America, Toronto, May 1981. 

ECONOMIC ANALYSIS TOOLS, AIDS, AND DATA 

"A Review of Recent Energy Price Projections fog Traditional 
Space Beating Fuel, 1985-2000,'' JHU/APL QN-71B-QZ;Ba GW-005, 
Mar 1979. 

R. Weissbrod and W. Barron, "Cost Analysis af Hydrothermal 
Resources Applications in the Atlantic Coastal Plain," Geo- 
thermal Resources Council Special Report No, 5, Apr 1979, 

3. K. Yu and F. C. Paddison, "Cost of Geothermal Wells," JHUI 

R. Weissbrod, W. Barron, P. Kroll, and W. J, Toth, "Economic 
Evaluation Model for the Direct Use of Moderate Temperature 
(up to 250'F) Geothermal Resources in the Northern Atlantic 
Coastal Plain," JHU/APL QM-79-124, GEMS-003, Jun 1979, 

APL QM-79-142, J u ~  1979. 

4. 
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- 5. R. Weissbrod . Barron, "Modelin Impact of Resource 
and Economic Conditions on the Competitiveness of Moderate 

, Temperature Geothermal Energy Resources,"-Annual Meeting 
Transactions, Vol. 3, rma1,Resources Council, 1979. 

6. " ling and Testing in the 
Appalachian Basin and the Atlantic Coastal -Plain," JHU/APL 
.QM-79-236, Oct 1979. 

7. W. Barron, "A Review of Recent Energy Price Projection for 
Traditional Space and Process Heating Fuels in the Post- 
1985 Period,'' JHU/APL QM-80-070, GEMS-007, Apr 1980. 

8, R. Weissbrod, and W. Toth, "GRITS: A 
Computer Program for the Economic Evaluation of Direct-Use 
Applications of Geothermal Energy," JHU/APL QM-80-077, 
GEMS-008, Jun 1980. 

K, Yu and R. von Briesen, "A Program for Capital Recovery 
Assessment for the HPJ p and Other Desk Calculators," JHu/ 

9. 

I; APL QM-80-125, Aug. 1980. 

10 . W. Toth and Model for Eco- 
nomic Evaluations of Direct Uses of Geothermal Energy," 
Annual Meeting Transactions, Vol. 4, Geothermal Resources 
Council, 1980. 1 Also published in JHUIAPL QM-80-134, Oct 
1980. 

u 

Id 
L 

Ill 

11 . Kroll, and R. Weissbrod, "Modeling for Future 

d Economic Analyses," presented at the Annual 
conventional Energy Technology: Balancing 

Meeting of the Operations Research Society of America/The 
Institute of 

1 ;  
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15. S. Kane, "Sensit ivity Analysis of Costs of Geothermal Energy," 
JHU/APL QM-81-113, Sep 1981. 

R. von Briesen, "A Progtam f o r  Single Phase Moderate Tem- 
perature Geothermal Wells and Pumping Energy fo r  the HPJ p 
and Other Desk Calculators," JHU/APL QM-81-138, O c t  1981. 

S. M. Kane, "Industrial  Application of Geothermal Energy 
i n  Lewes, Delaware: h Economic Analysis," Transactions, 
Vol. 5 ,  Geothermal Resources Council, O c t  1981. 

S. M. Kane, P. -011, F, C. Paddison, and W. F. Barron, 
"GRITS - A Computer Program fo r  Economic Evaluation of Geo- 
thermal Energy," ASHRAE Winter Symposium, Computer Models 
Applied to  Geothermal aad District Heatbg  Design and Eco- 
nomic Analysis, 1982. 

16. 

1 7  . 

18 

H. INSTITUTIONAL AND LEGAL ISSUES 

1. F. C. Paddison, "Geothermal Workshop - DeMware," JHU/APL 
QM-78-246, NOV 1978. 

2. F. C. Paddison, "Presentation of Geothermal Potent ia l  i n  
Virginia," JHU/APL QM+78-249,,Nov 1978. 

F. C. Paddison, "Geothermal Energy i n  Delmarva - Presenta- 
t i on  t o  December 14, 1978 Workshop," J w / A P L  QM-78-266, Dec 
1978. 

3. 

4. F. C. Paddison, "Issues Regarding Use of Geothermal f o r  
Industry and Community Heating," sHu/APL QM-79-072, Apr 
1979 . 

5 .  

6. 

7. 

JHU/APL letter report  CQO-2992, t o  the  Honorable H. J. 
McGuirk, Maryland Senate Economic Affairs  Comittee,  "Pro- 
posed Geothermal Energy Legislation," 9 Feb 1981. 

JHU/APL letter repart  CQO-2998, t o  the  Honorable H. J. 
McGuirk, Maryland Senate Economic Affairs Committee, "Addi- 
t i ona l  Comments on G e o t h e d  Energy Legislation," 19 Feb 
1981 . 
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