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FOREWORD 

1 

In order to bring an electric utility component into the study of hot dry rock 
geothemal energy called for in the Energy Policy Act of 1992 (EPAd), EPRI orga- 
nized a one-day conference in Philadelphia on January 14,1993. The conference 
was planned as the first day of a two-day sequence, by coordinating with the U.S. 
Geological Survey WSGS) and the U.S. Department of Energy (DOE). These two 
federal agencies were charged under EPAct with the development of a report on the 
potential for hot dry rock geothermal energy production in the US., especially the 
eastern U.S. The USGS was given lead responsibility for a report to be done in’asso- 
aation with DOE. 

The EPFU conference emphasized first the status of technology development and 
testing in the U.S. and abroad, Le., in western Europe, Russia and Japan. The con- 
ference went on to address the extent of knowledge regarding the resource base in 
the U.S., especially in the eastern half of the country, and then to address some prac- 
tical business aspects of organizing projects or industries that could bring these re- 
sources into use, either for thermal applications or for electric power generation. 

Evan Hughes 
Manager, Renewable Fuels 
Generation and Storage Division, EPRI 



Hot Dky Rock Geothermal Energy 
in the National Energy Strategy* 

Peter H. Kostmayer 

U.S. House of Representatives 
Washington, DC 

On 23 uary 1992, the Subconunittee on Energy and the 
Environment held a Hearing in the House of Representatives to 
examine government effort in developing alterna ergy sources, 
in particular hot dry rock'geothermal energy. 

and hot water 
is environmentally clean and cost-competitive with power derived 
from nuclear reactors and fossil fuels, but its promise for the 
future has been dimmed by the realization that so-called 
hydrothermal or "wet" geothermal resources-are limited in extent 
and can ultimately be depleted. In recent years, steam pressures 

- at The Geysers have been falling as a result of 20 years of 
continuous drilling. If geothennalenergy is to continue to grow, 

another source-hot dry rock. 

energy supplies that are f fnAte' and exhaustible, 
1 energy supplies from hot dry rock are virtually 

limitless. Fossil fuel resources constitute just one-tenth of the 
energy content contained in hot dry rock a few miles beneath the 
earth's surface. The only roadblocks to tapping this vast energy 
resource are the current high cost of drilling into hard rock to 
reach depths where temperatures are hot enough to boil water, and 
the technology to create a reservoir of f ed rock that can 
serve as the heat mine. 

While significant progress. has been made to date, the HDR 
initiative could easily collapse unless the DOE'S program is 
bolstered to carry it past the initial success at the Fenton Hill 
demonstration test site near Los Alamos, New Mexico. DOE'S failure 
to support HDR technology to the point where it can be adoptecl in 
commercial applications would be a tragic setback to out pmgress 
toward a secure energy future free from air and water pollution. 

While the scientific comunity is bullish toward HDR, the 
Energy Departxaent, despite its rhetoric, clings to a longstanding 
antipathy t o w a r d  this potentially inexhaustible source of renewable 
energy. Why hasn't the call by the National Academy of Sciences 
and others urging that a second, larger demonstration site be . 
heeded? Where is the leadership far developing radically new- 

* based on prepared statement, P.H. Kostmayer, Hearing on the 
National Energy Strategy: Hot Dry Rock Geothermal Energy, House of. 
Representatives, Subcommittee on Energy and the Environment, 
Conunittee on Tnterior and Insular Affairs, Washington, DC, 23 

tee on Energy and Environment 
ttee on Interior and Insular Affairs 

Geothermal power from naturally occurring 

J a n U a ~ y  1992. ' 



drilling technologies that the hope of dramatically lowering the 
costs . of reaching the resources that lie beneath our feet? 
Instead, DOE budget cutbacks or poor planning by the Bush 
Administration may prematurely terminate the critical long term 
flow t e s t  at Fenton Hill. For 1992, hot dry  rock will be funded at 
a level of $3.6 million. Contrast this sum with the expenditure 
of $400 million for nuclear energy R&D. 

What we are witnessing is the Bush Administration% apparent 
willingness to abandon 0- world lead-ship in fIDR geo-ennal 
energy. Rance, which virtually no areas of high heat flow, is 
spending $7 million or double the U.S. budget appropriation for its 
own HDR program. The United Ringdon, Germany and France will pool 
their resources with the European Community in 1994 by launching a 
10-year $300 million dollar program for HDR. ^And of course, the 
3apanese with their plentiful areas of volcanic activity, are 
already well on their way at three si h e s s  will 
testify. 

an Administration so concerned about keeping 
America first is willing to abandon an investment in American 
technological achievement of $166 million and to cede our 
leadership to the Europeans and Japanese? mote Michael 
Stevenson of the Los Alamos National Laboratory in hfs written 
rentarks before the subcommittee today, "Will this technology, 
conceived and nurtured in the United States be brought to fruition 
here, or will the benefits whichaccrue f r o m  this clean, abundant 

, energy source go to other nations more willing to see it through to 
full maturation?" . 

Today, at this EPRI-sponsored Workshop to explore. the 
electric-power potential. for HDR geothermal energy, especially fn 
the eastern United States, I hope that the many experts assembled 
here will provide some insight into how the development of HDR 
technology should procee in the U.S. I look forward to the 
results Of the Workshop and to getting on w i t h  the business of EDR 
geothermal energy utilization. 

Why is it 



The Concept of Geothermal Energy Minhgr 

Paul Kruger 
Stanford Geothermal Pro 

Stanford University 
Stanford, CA 

Background 

Although geothermal resDurces are avabble  in nature in a variety of forms 
[VGr.l] , only the few high-temperature hydrothermal resources at readily 
attainable depth have been commercially developed for electrical energy 
generation and thermal water applications. The technical basis for development 
and management of hydrothermal resources originated from hydrogeologic and 
petroleum engineering industries [ VGr . 21 concentrated on fluid flowrate and 
reservoir pressure, The result has been a focus on fluid extraction performance 
for the f l e d g h g  geothermal industry. 

n alternate focus could be the mhhg industry CVGr.21 where the 
d product can be evaluated in mhhg terms of resource size, minimum 

concentration distriiution , and needed extraction rate. For long-term 
development of a significant geothermal energy industry, it would be germane to 
focus on the product itself, thermal energy, and express heat extraction in terms 
of temperature distribution, size of thermal energy deposit, and the abEty for a 
heat-carrier fluid (either in-place or circulated 
needed concentration (enthalpy). 

thermal energy at a 

Aspects of Heat Extraction 

The relative ease of thermal energy hydrothermal resources 
has been accompanied by a relatively low thermal energy extraction efficiency, as 
noted in b e y ,  Kruger, and Raghaven ( 
steam-dominated reservoir, a large fluid ( 
results in only a small extraction (6 %) of 
isothermal extraction of steam Without heat transfer from the hot reservoir rbck. 
In contrast, the greater mass of liquid extracted from a liquid-dominated 
reservoir is accompanied by a greater thermal energy extraction fraction due to 
in-reservoir boiling by heat transfer from the rock upon pressure reduction in 
the reservoir. 

or the high-quality 
n fraction (80 %) , 

due to the essentially ' 

A geothermal resource may be defined in terms of a volumetric rock 
formation containing sufficient thermdt energy at a useful mean temperature for a 
desired application (e.g. , electricity generation or space heating). The available ' 

. heat content of the useful resource block volume CVGr.43 above the mhhum 

* Summary of presentation to be given at the EPRI Workshop on Potential of HDR 
Resources for the Electric Power Industry, Philadelphia, PA, 14-15 January, 
1993. 
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UNDERGROUND RESOURCES INDUSTRIES 

Unitof 
Resource Industry Product Production 

Water  Hydrology Groundwater AF/yr 
Oil Petroleum Crude Oil bbl /day 

. coal Mining Anthr.. ,Peat tons/day* 
'Heat' Geothermal Thermal Energy ** 

* Combustion Energy = tons/day x HV (Btulton) 
, '  

+* Can. be: tons(hot water) /hr - liquid-dominated 
tons(steam) /hr - vapor-dominated 
cu.ft, (methane)/hr - geopressured 
tonsthot water)/hr - HDR 
tons(steam) /hr - magma 

Should be: tons/hr x h (kJ/kg) - kIN,h for any reservoir 

VGr. 2 VGr. 2 



TI) is given by 

where V = resekoir  volume (ms) 
P = rock density (kg/m9) 
C, = rock spedfic heat (J/kg-C) 

TI = application abandonment temperature (C) 
L To = mean initial formation temperature ( C )  

The commercial quality of the resource can be evaluated in term of adequate, 
sustainable thermal extraction rate over a minimUm lifetime (usually the needed 
amortization period). 

. 

The attainable extraction rate depends on two sets of conditions: (1) the 

he former is determhed by the rock-type fracture network 
volume which controls the rate of heat conduction to the 

heat transfer properties of the formation and .( 2) the hydraulic properties of the 
fluid fl  
within 
rock-block surfaces for heat transfer to the Circulating fluid. The latter is 
determined by the connected fracture porosity and permeability distributions . 
which control the fluid flowrate. . 

The rate of heat extraction may be d e s d b e d  by a shgle  index, the number 
of heat transfer units (N+,) which is the ratio of two t h e  parameters for the 
thermal and hydraulic properties. The t h e 4  index is the man-sized rock- 
block time constant, 2, a measure of the rate with which heat from inside the rock 
blocks can be conducted to the block surfaces for heat transfer. The fluid index 
is the mean residence the, t,, a measure of how long the surrounding fluid is in 
contact With the rock blocks. NtU = k/z. Thus, for a given total available heat 
content above a given abandonment temperature, the range of N, is governed by 
the sustainable production flowrate at acceptable pressure and the sustainable 
heat transfer rate to the Circulating fluid beyond the initially in-place fluid. 

reservoir is given by . The thermal energy cted from a ge 



Energy Recovery from Hydrothermal Resources. 

Pod< Fluid ' Pock Fluid 

Resenroir Mass (109 kg) 450 0.663 450 1 5.0 
Abandonment Content - - 0.1 6 
Production (109 kg) 

Available Energy (1015~) 57.4 1.84 8.04 
Recovery (%)' 
of fluid mass - 79.7 98.9 
of avaSlable energy - 6.3 43.0 

*based on a reservoir of 28OOC initial temperature, 10% porosity, 2x108 m3 
volume, 1900 kJkg mean production enthalpy, and abandonment pressure 
of 0.8 MPa (170OC). Adapted from Ramey, Knrger, 

as steam 0. 0.429 3.7 
as water 0. 0 11.1 

VGr. 3 

lEMPERAnmE F 

VGr. 4 



Ah( T r T 3  is the increase in enthalpy of the produced fluid above the 
enthalpy of the injected fluid. For an amortization period in which the 
temperature difference (TaTI )  is small compared to the temperature difference 
(To-TI, , the heat extracted czin be approximated from the parameter mean values 
as 

-- 
HE = &Ah& 

The thermal energy fraction produced is the ratio FP = HE/HC. . 

The fraction produced can be visualized CVGr.5) as the area under the 
cooldown curve (proportional to the heat content ded by the rectangular area 
encompassing the curve, from To to TI and t, to a given set of thermal 
properties, the shape (area) of the cooldown curve depends on the production 
flowrate, Q.  For large Q (small mean residence time, tc) , N, h small and after 
the heat close to the block surfaces is extracted, the fluid temperature falls very 
rapidly. In contrast, for small Q (large t=), N, is large and the fluid sweeps the 
rock volume at rapid thermal equEbrium until the heat content above Ta is 
exhausted. An optimum flowrate is needed to balance the needs for maximUm 
thermal power output and maximum the- extraction efficiency over the lifetime 
of the resource. 

Two key resource parameters for a new geothermal prospect (generally 
unknown) are the volume (and heat content) of the resource and the potential ' 

rate of heat extraction. The volume constitutes the geometry of hot rock 
accessible for heat transfer to the surrounding fluid. The rate of heat extraction 
is influenced by the rock-block size distribution which determines the thermal 
time constant, 2. These parameters have been discussed in several studies of 
heat extraction in hot, dry rock formations (e.g. , Kruger, Hicks, and Willis- 
Richards, 1992; Kruger and Yamaguchi, 1993). An example is the pre-test 
evaluation by Robinson 'and Kruger (1992) of thermal energy extraction for the 
LANL Fenton Hill long-term flow test. Estimates of reservoir volume [VGr. 61 
were compiled from different physical and chemical methods and cooldown was 
simulated by two heat extraction models. Although the volume estimates for the 
Fenton Hfll reservoir varied by a factor of 10 (2.8 to 28 million ma) , the 
simulations of the cooldown narrowed the range markedly. The second key 
parameter is the mean fracture spacing, which can be estimated from cooldown 
results in long-term constant flow tests. An example is the matching (Kruger, 
1990) of the observed cooldown curve CVGr.73 for the Rosemanowes 3-year flow 
test. Pre-production estimates of cooldown for the Fenton Hill LTFT over a range 
of mean fracture spacing [ VGr 81 show a wide range of simulated cooldowns with 
a corresponding wide range of heat extraction efficiency. Comparisons with the 
LANL and SGP heat extraction models also narrowed the range. Verification of 
the estimates awaits the cooldown data from the long-term flow test. 



Basics of Geothermal Heat Extraction 
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Conclusions 

The long-term successful development of geothermal energy as an 
important contribution to the U. S. energy supply wil l  depend on the technology 
for efficient thermal energy extraction from a variety of subsurface 
concentrations of thermal energy deposited in accessible volumes of rock 
formations over a range of useful temperatures and containing a range of in-place 
fluid, from HDR (none) to hydrothermal (abundant) systems. 

It is important to establish reliable means to evaluate the potential for 
thermal energy extraction at an early stage in the development of prospective 
sites for commercial utilization. The key parameters of total accessible heat 
content and optimum extraction rate for sustainable deliverabmty at sufficient 
power level and longevity for maximum extraction efficiency need to be evaluated 
with sufficient confidence for investment decisions. 

The means to do so are at hand in e form of long-term constant howrate 
reservoir testing. Long term signifies a period sufficient to estimate the total 
available heat content and the range of extraction rate-lifetime relations for 
optimum reservoir management. 
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Cumulative Experience of the US 
Hot Dry Rock Program 

Don Brown, LANL 

search on the HDR geothermal energy concept at 

by 

Introduction 

Los AIamos National Laboratory, no obstacle has yet been found that would 
prevent its development as a major new energy source for the Nation. 
Now, our principal task is engineering the most appropriate solutions 
to the few remaining technical issues associated with the widespread 
commercial implementation of HDR geothermal energy technology. 

In over 20 years o 

’ 

. 

To put the continuing devetopment of the HDR concept in perspective, 

nonrenewable energy resource of the magnitude of HDR geothermal 
energy. In this context, research on fusion energy is currently so 
far from the demonstration phase that obstacles to its ultimate 
commercial development, such as induced radiation or neutron damage 

of engineered solutions. For the commercialization of the HDR concept, 

the most appropriate comparison is with fusion energy, the only other * 

I I 
1 

to structural materials, cannot yet be addressed from the standpoint 

on the other hand, we know what technical problems remain and are 
presently developing e ineered solutions to address each of them. 

What Has Been Learned: 
1. The Format ion of Hot DN Rock fHDR) Rese woiE 

1 

I 
I 
I 

I 

I 

1 I 
At Fenton Hill, we have twice demonstrated that at appropriate 

temperatures and depths in the earth’s crust (at least 180OC at 3 to 5 km), 
sufficiently large HDR reservoirs c a n  be created in regions of previously 
impermeable crystalline rock that have the thermaVflow properties to 
allow the efficient mining of heat for extonded periods of time. However, 
in cooler earth regions where preexisting joints ‘and fractures have not 
been adequately sealed with secondary mineralization, or in hotter, 
tectonically active areas with recent faulting, the sary requirement 
of a previously essentially impermeable rock mass not be satisfied. 
In these cases, one is left with a situation interme etween a true 
hot dry rock environment and a natural hydrotherm nment, where 
the rock mass is leaky but does not contain sufficient fluid permeability 
or porosity to be commercial on its own - i.e.., a marginal hydrothermal 
s yste m. 

1 
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Figure 1 shows a p view of the second 'HDR reservoir created at 
Fenton Hill, New Mexico. This reservoir is located at a mean depth of 
3.8 km with an average k temperature of 232OC. The present volume 
of the stimulated region determined from the envelope of micro- 
seismic events defining the pressure-stimulated reservoir, is about 
0.13 km? Figure 2 shows the correlation belween the seismic volume 
of the developing reservoir and the volume of injected fluid during' the 
initial - and largest - phase of pressure stimulation, Experiment 
2032. It can be inferred from Figure 2 that to create even larger HDR 
resenroirs, one need only pump for longer periods of time, since the 
reservoir volume is directly proportional to the amount of water 
injected. However, this is definitely not the case for corresponding 
hydraulically fractured sedimentary formations in. the oil industry. 
There, the rock is typically very porous, and fluid leakoff limits the 
ultimate size of the stimulated region. 
2. Jhe Structure of the Dew PremIIhmn *Basement 

The deep Precambrian basement at Fenton Hill, and by inference at 
many other locations in the western and central U.S., is highly jointed. 
(At Fenton Hill, the age of the intrusive granodiorite is 1.5 billion years 
and that of the metamorphic complex is 1.62 billion years: similar to 
corresponding Precambrian units in the Northern Midcontinent [Sims, 
19901.) However, the preexisting joint systems in these ancient rocks 
generally are not now aligned with the contemporary stress field. 

Based on the results of extensive pumping tests at Fenton Hill, the 
joint systems in these Precambrian rocks appear to be completely 
sealed at depths below those corresponding to crustal temperatures 
of about 180OC. Thissealing, from core and drill cuttings analyses, is 
typically from secondary mineralization resulting from the action of a 
slowly diminishing convective flow of hot connate fluids over 
extended period of time. 
3. ne MecWcs of Creating an HDR w e r m a l  Reservoir 

It has been repeatedly demonstrated that water under high pressure 
c a n  be used to open and then extend (Le., hydraulically fracture) these 
preexisting - but sealed - joint systems which are normally present 
in regions of deep basement rock, ating a network of interconnected 
flow passages between discrete ro locks. This dilated 'region of hot, 
jointed crystalline rock is referred to as the HDR reservoir. The nature 
of the pressurized deformation of this dilated volumetric region .is - mostly 

2 



Table I 

"Letters indicate separate, but parallel, planes. Roman numerals refer to 
the major joints stimulated during the first 10 hours of Experiment 2032 
as determined from the reanalysis of a much larger microseismic data 

for the full duration of Experiment 2032. 

\- 

Static Resenmir Pressurization Test at 15 MPa I 

llossattheReservoir . 

Figure 9: Water bss rate versus h(time) at a surface pressure of 15 MPa forthe present Fern  Hill resemir. 
j 

I 

I 
I 
I 

1 



controlled by the orientations of the joint sets within the stimulated 
region relative to the present earth stresses, in concert with the 
.nonlinear opening behavior of the most favorably oriented joints. The 
deformation of the reservoir region is only minimally influenced by the 
mechanical characteristics of the rock blocks themselves, which appear 
to compress in a linearly elastic fashion with a very high modulus. 
4. W r a l  Water 1 nss From Deep HDR ResetvoiQ 
, At Fenton Hill, for depths corresponding to rock temperatures at or 

above about 18OoC, the joints in the Precambrian basement are initially 
tightly sealed with secondary mineralization. As a consequence, the rate 
of water loss from the boundaries of the pressurized and dilated HDR 
reservoir, through the surrounding undisturbed rock mass, is very low. 
This diffusive outflow of water is primarily through the interconnected 
microcrack fabric of the surrounding rock, not through the sparse array 
of sealed joints. The rate of this diffusion is .controlled by .the level of 
reservoir pressurization relative to the earth stresses, and the nonlinear 
opening of the individual microcracks as a function of their spatial 
orientation and relative position along the pressure gradient from the 
boundary of *the pressurized reservoir region to the far-field. 

The results of extended static reservoir pressure testing have clearly 
shown that the rate of water loss from deep, pressuredilated regions of 
hot crystalline rock can be very small. Figure 3 shows ‘the rate of water 
loss from the present HDR reservoir at Fenton Hill during 1 4 2  years of 
static testing at a surface pressure level of 15 MPa (2180 psi). Following 
the initial transient period of increased water storage within the joints 
and microcracks in the body of the reservoir, one can observe a linear 
decline in the rate of water loss when plotted vs. -the natural logarithm 
of time, implying two-dimensional diffusion from the boundaries of the 
reservoir. .However, beyond about 9 months, the rate of water loss appears 

. 

.I 

envelope and orientation of the evolving stimulated volumetric region as 
shown in Figure 1. In addition, as listed in Table I, the orientations of the 
predominant joint sets comprising the interconnected flow network within 
the reservoir can be determined from an analysis of the microseismic dag. 

3 



6. Resu Its from Geoc hemical Analvses a nd Tracer Test ing 
Based on our experience at Fenton Hill, the water chemistry from 

. a circulating HDR system is. benign, and characterized by a low level 
of total dissolved solids, 'in the range of 3,000 to 4,000 ppm The 
predominant dissolved species are sodium chloride, sodium bicarbonate, 

L and silica in order of mass concentiation.. The water chemistry of the 
circulating fluid tends to reach an equilibrium state with the reservoir 
in a matter of a few days (except for minor contributions from the 
original pore fiuid), and from then on is essentially constant. 

Tracer testing (Rodrigues et al., 1993) has shown that as the level of 
the reservoir pressure is increased, the flow paths for the circulating 
fluid tend to be more dispersed. As a consequence, by increasing the 

improved, the tendency for flow to short-circuit is 'reduced, and the 
overall impedance to flow is also reduced. 

= level of reservoir pressurization, the thermal sweep efficiency is 

. Conclusions: - 

The PrinciDal Remainina Technical Issue : Engineering increased 
productivity from deep, naturally jointed HDR reservoirs. 

The Most I mborta nt Issue L imitina Co mmercial Develooment: A convincing 
demonstration that meaningful amounts of energy can be extracted from 
HDR reservoirs on a continuous basis for a significant period of time. 

References: 
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Reservoir Technology Issues for HDR Development 
' and Recent Flow Test Results 

Robert DuTeau 
Graduate Research Assistant 

Los Alamos National Laboratory 

,Tntroductio n 

The Hot Dry Rock (HDR) reservoir at Fenton Hill in New Mexico demonstrates the 
successful Creation and operation of an engineered geothermal system for mining heat. 
However, three issues associated with the development of HDR reservoirs remain. They are: 
1. water consumption, 2. sustainability of heat production, &d 3. reservoir flow impedance. 
During the p&t year an ongoing Long-Term Row Test (L'IIT) and some interim flow tests have 
produced, in addition to thermal energy, valuable.infmation on these critical issues. 

. .  . 

Results from recent flow tests show that water consumption, heat energy available for 
production, and reservoir flow impedance are interrelated. For example, over the first 113 days 
of the LTFT, the reservoir impedance, (calculated 
injection and production wells divided by the production flow rate), gradually increased. That 
is, the production flow rate slowly decreased with a constant driving pressure difference between 
the injection and production wells. However, results of normalized tracer tests conducted during 
the LTFT indicate the volume of water within the reservoir was expanding during this flow test. 
Since those results confirmed longer tracer residence times and increasing volumes of flow 
pathways, the increase in impedance could be a consequence of longer flow paths, which may in 
turn provide access to more of the available reservoir heat. Also, the apparent rate of water loss 
from the reservoir, (calculated from the difference between the injection and production flow 
rates), neglects the redistribution of flow and increasing stmge of water within the reservoir. 

the pllessure difference between the 

In order to prevent the microseismic activity which marks lhcture extension and 
indicates growth in the size ofthe reservoir, the injection wellhead pressme was held below 
3970 psi (27.37 MPa) while the production pressure was held constant at 1400 psi (9.65 ma). 
This was'accomplished by liiting and slowly reducing the injection flow rate to control the 
injection pressure while the production pssure was measured and held constant with an 
automated computer control system. Over the initial tenn of the LTFi' the injection flow was 
gradually reduced from 120 gpm (7.57 Vs) to about 110 gpm (6.94 Vs). The production fI ow 
concurrently decreased from 98 gprn (6.18 Vs) to 90 gpm (5.68 Vs), noting that about 5 gpm also 
flowed from the reservoir to the d a c e  through a bypass up the casing annulus of the injection 
well (see Fig. 2). Flow from the reservoir, with a surface temperature of 356 "F (1 80 "0, 
contained thermal energy which was produced at a rate of about 4 megawatts. Figure 1 shows 
the injection and production wellhead pressures during the initial 113 days of the L'I" while 
Figure 2 plots the injection, production, and bypass flow rates over the same period. 
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Figure 1. LTFT Wellhead Pressures 
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Figure 3 illustrates the tracer data which was normalized r concentration and 
flow rate. The normatuatl 'on would cause the two tracer concentration curves to overlap exactly 
if the reservoir volume and flow distribution within the reservoir had been the same during both 
tracer experiments. The data, however, shows a longer residence time for the July Th tracer, and 
the concentration data, which condnued for many days, indicates an increase in resemoir flow 
path volume from 2246 m' on May l8* to 2766 m3 on July p. This means the average water 
loss was actually about 10.5 gpm (0.66 Us) when the increasing storage is taken into account, 
which is 16% less than the 12.5 gpm measured over the 16 week period.' 

- 

. 

Figure 3. Normalized Tracer .Return 

After a critical mechanical failure of two large high pressure pumps, shorter duration 
designed to continue gathering information on reservoir perfoxmance in modes 

h deviated from LTFT conditions until a pump suitable for reproducing LTFT conditions 
proceeded with 

pressure of around 3200 psi (22 MPa), at about two thirds the injection and 
Over a period of about 6 weeks an Interim Flow Test 

ction flow rates of the L'I", with the same 1400 psi production wellhead pressure. 
s a comparison of two production well temperature logs which measured water 

s down to the top of the reservoir, one conducted during the LTFT, and a second 
during the lower flow rate conditions of the IFI: Data from the September IFT 
wellhead temperature of the water produced during the IiT is less than the mllhead 

temperature of the water produced during the LTFT. This is due to an increase in heat 
conducted to the wellbore as water moved more slowly np the production well at the lower flow 
rate. Even so, the well logs show no reduction in the mean fluid temperature exiting the 
reservoir from the middle of July to the cnd of September. 
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Finally, over the last two months of 1992, flow tests applying backpressures of 1800 psi 
(12.41 MPa) and 2200 psi (15.17 MPa) to the production flow were conducted with 811 injection 
pressure near 3950 psi (2723 MPa) to observe the flow rate produced at these outlet pressures 
and investigate reservoir flow impedance. Holding the production well at an elevated pressure 
relative to the in-situ stresses dilates the flow paths connecting the wellbore to the reservoir and 
therefm enhances the production flow. However, holding the injection pressure constant while 
increasing the backpressure also reduces the pressure difference across the reservoir. Since the 
pressure difference between the injection and production wells provides the driving farce for the 
flow, the effect of holding the production well at an elevated backpressure must be analyzed in 
order to minimize the flow impedance whiie maximkhg the overall reservoir productivity. 

Furthermore, the pressure response of the injection and production wells when the 
wellheads are rapidly closed offers valuable i n f m o n  about nesewoir impedance. Figure 5 
shows the time response of pressure at the surface when the wellhead valves were quickly closed 
during steady state flow conditions on July 314. The injection pressure response shows a step 
decrease of about 100 psi when the injection pump was shut off, followed by a slow pressure 
decline toward a mean reservoir pressure. At the same time the production wellhead pressure 
rose rapidly almost 1600 psi when the production wellhead closed, and then slowly 
increasedin ptessure tow& amean reservoirpressure. 

approach one another, but the character of the response allows the overall reservoir impedance to 
be divided into three component impedances, an inlet impedance, the body im-ce, and an 
outlet impedance. Since flow impedance is directly proportional to pressure drop, the shut-in 
pressure response shows a smaU pressure differential (and therefm a small impedance) at the 
injection well, a large impedance near the production well, and a moderate reservoir body 

As the pressure gradient across the reservoir gradually levels out wemead presms 

4 



impedance quantified by the pressure difference between the injection and production wellheads 
just after the initial rapid changes. The pressure response of figure 5 shows only a small 
pressure drop occurs between the injection well and the resexvoir while the majority ofthe 
pressure drop occurs near the prduCtion well, with a dh t6  pressure drop occming in the 
body of the reservoir under the LTFT pressure conditions illustrated. Thus, the impedance near 
the production well has the most significant influence on the overall resewoir flow impedance. 
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Figure 5. Wellhead Shut-in Pressure Responses 
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Conclusions: 

1. The long term rate of water loss during the LTFT was approximately constant at 10.5 
gpm (0.66 Vs), after correcting the apparent water IQSS for the temporally increasing 
volume of water stored in expanding reservoir fiow paths. 

2. The mean production fluid temperature exiting the reservoir has shown no decline over 
several months, therefore flow testing and heat mining must continue until a change in 
the fluid temperature is seen in order to detexmine the sustainability of heat production. 

3. While higher backpressures on the production well reduce the overall flow impedance, 
the location of the highest impedance near the production well suggests there may be 
methods for engineering a reduction in this outlet impedance. Modelling and 
experimentation could be employed to optimize the productivity of any given HDR 
reservoir. 

Reference: 

1. Rodrigues, N. E. V., B. A. Robinson and D. A. Counce, 'Tracer Experiment Results 
During the Long Term How Test of the Fenton Hill Reservoir", Proceedings, 18* 
Workshop on Geothermal Reservoir Engineering, Jan. 2628,1993, Stanford University, 
Stanford, CA (1993). 
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Fenton Hill, Nu In April 1992, a long-term flow test (Lm of the HDR reservoir at 
Fenton Hill was begun. The test was carried out under steady-state conditions on a 
continuous basis for four months, but a major equipment failure in late July forced a 
temporary suspension of operations. Even this short test provided valuable idomation 

couraging results assummarized 

no indication of thennal 

There was evidence of increasing access to hot rock with time. 

water consumption was in the range of 10.12%. 

Measured pumping costs were $0.003 per therrrnal kilowatt of energy produced. . 

Temperature logs conducted in the reservoir production zone during and after the flow test 
confkmed the fact that there was no decline in the average temperature of the fluid being 
produced from the reservoir. In fact, tracer testing showed that the fluid was taking more 
indirect pathways and thus contacting a greater amount of hot rock as the test progressed. 
Water usage quickly dropped to a level of 10-15 gallons per minute, an amount equivalent 
to about 10-125 of the injected fluid volume. Pumping costs were calculated by dividing * 

the total costs of electricity and fuel oil to run the site over the span of the test by the total 
amount of thermal energy produced. At a conversion rate of 10-1595, these would 
translate to effective ”fuel costs” of 2-3$ per kilowatt hour of electricity production 
potential. 

Dev- 

The most important task facing the HDR development program is to resume the LTFI’ in 
order to convincingly demonstrate continuous energy extraction from the Fenton Hill HDR 
reservoir over an extended time period, verify that access to hot reservoir rock is increasing 
with time, and document other important operating papametek and to bring this important 
test to a meaningful conclusion. Toward this end, a specially-designed centrifugal pump 
has been leased which is capable of operating at the injection pressures and fiow rates 
employed during the April-July 199- test phase. The trifugal pump arrived at the 
Fenton Hill HDR site in mid-January 1993. 

- 1  I. 



After the centrifugal pump is brought on line, the L m  will be resumed under the same 
conditions as those in force during the April-July 1992 stage. If funding permits the test 
will be continued for a minimum of six additional months, and perhaps as much as a year, 
in a steady-state mode. Test protocol will include thorough documentation of energy 
production, flow rates, fluid temperatures, and other production data Geochemical tracers 
and well logging will be utilized during this period to investigate changes in the reservoir 
characteristics as long as they can be implemented Without intempting the course of the 
, test. The primary goal will continue to be a demonstration of the long-term heat production 
capability of the Phase I1 HDR system at Fenton Hill. 

, *  

n the conclusion of the steady-state LTFI, a series of experiments should be 
conducted at Fenton Hill to explore methods to enhance energy.production and generally 
increase the efficiency of reservoir operation. These optimization tests will provide 
guidelines for the most efficient operation of commercial HDR facilities. They will also 
increase the understanding of the Fenton Hill HDR reservoirk cfiaracteristics and the 
general response of HDR reservoirs ly imposed parameters. 

Simulation of MuItipIe Production Wen Systems: 
Figure 1 is a schematic comparison of HDR resentoirs with one and two production wells, 
respectively. The drawing illustrates some of the potential advantages of au HDR system 
constructedwith two or more properly located production wells. Among these are the 
.following: 

. 2 Wells 3 Wells 
4500 psi 4500psi ~ 

Seismic Growth No Seismic Growth 

Figure 1. A compaiison of HDR systems with a single production well 
(a) and with two production wells (b). A second production well increases 
access to the resewoir and allows higher injection pressures to be employed 
without inducing reservoir growth or increasing water consumption. 



ng illustrates some of the potential advantages of an HDR system comtnrcted 

The energy production capability of the reservoir is increased because a much 
larger portion of the reservoir is accessed by the kirculating fiuid. 

with two or more properiy located production wells. Among these are the following: 

can be significantly reduced because the circulating fluid can be 
a significantly higher pressure without causing reservoir growth. 

Water consumption is:’reld steady decreased because the second 
wellbore providesan g4itional outlet for the injected fluid. 

Calculations have shown that it&auld be possible to increase the productivity of the 
Fenton Hill HDR system seven-fold simply by locating a second production well in the 
reservoir on the opposite side of the injection well from the existing production well. 
Operation in this mode can be simulated by raising the injection p s u r e  well above the 
threshold for seismic growth and observing the effect on production, water loss, and 
reservoir expansion. Unlike actual operation of a multiple-production-well system, the 
simulation will entail high rates of water Consumption. By demonstrating increased 
production and decreased impedance, it can, however, provide an experimental basis for 
justifying theconstruction of multiple-well HDR systems. In 1986, a 3O-day flow test of 
the Fenton Hill HDR reservoir was conducted, in part, at pressures exceeding the seismic 
threshold for reservoir Results of that experiment provided some evidence of the 

0 system designed with two or more strategically positioned 

Cyclic operating schedules: 
Operation of an HDRfacility on a cyclic schedule, in which production and/or injection is 
shut in for a number of hours or even days on a regular basis, may offer both technical and 
marketing advantages. As shown in Figure 2, it may be technically possible to attain 
useful access to all parts of the reservoir, including dead end fluid pathways, by 
implei mtation of such a p d m .  I 

ion P Production Ph 

Figure 2. In a cyclic mode water is first pumped under pressure to all 
parts of the reservoir. When the production well is subsequently opened, 
the pressure forces the water back to the surface where absorbed thermal 
energy and much of the imposed mechanical energy are recovered. 



Theinjectedfluidcanbe "cooked" in the resemob while the production is &ut in thereby 
~ i ~ ~ n g ~ t e n t i a l ~ o ~ ~ ~ ~ b l e ~  (no short circuit pathways ham been observed 
attheFentonHillfacility). ~~y,~additiO~tothethennalenergyabsorbedfrom the hot 
rock, much of the mechanical energy expended in injeding the fluid may be ~ ~ C O V &  
during the production part of the cycle. 

From a marketing standpoint, it 
operated on a cyclic schedule as a 
when excess generating capacity is 

.. demand. An HDR facility operating 
with other alternative energy form 
energyavailability fromanothenstisei 

After conducting the above tests, intrusive measures to reduce the of the Fenton 
Hill HDR reservoir may be implemented. All experimental evidence suggests that the 
majorpart of the reservairimpedance is concentrated in the relatively low pressme region 
in the vicinity of the production wellbore. Imposition of backpressure on the production 
wellheadhas beenshown to lower the system impedance somewhat, but more aggressive 
techniquesoouldleadtoevengreaterimpedancereductions. 

past experienceat Fentan Hill suggests, far example, that rapid depressurization of the 
production wd1bcn-e results in pressure SpaIlation of errposed rock mtrfaces induding the 
surfaces of open joints intersecting the wellbore. Under proper conditions the spaUed 
fragments apparently prop open the affected joints, drastxcally reducing the reservoir 
outfiow impedance. In practice, spallation of the near-wellbore surfiws of these joints 
would be achieved by first injecting cold water at high pressure into the injection wellbore 
for 5-10 days. This procedure would lead to sufficient cooling of the rock adjacent to the 
surfaces of the flowannected joints in the vicinity of the production well bore to 
significantly increase their apertures. It would also provide an adequate period for 
diffusion of the high-pressure fluid into the microcrack fabric of the surrounding rock 
The cooled production interval would then be rapidly depressurized by opening the 
production well toreverse the direction of flow. The sudden large drop in pressure in the 
flow-connected joints would result in a large pressure differential between the fluid trapped 
in the microcracks at high pressureand the low pressure fluid in the joints. This pressure 
differential would cause the rock to essentially explode propelling fragments into the 
thermdlydilatedjoints. Some of these fragments vould become lodged in the joints and ,- 

prop them open. It is just such a phenomenon that is believed to have been responsible for 
the relatively low output impedanceobserved from a production zone in a now-abandaned 
section of the wellbore during a3-y flow test of the reservoir in 1986. 

Selective chemical etchants could also be employed to partially leach the surfaces of the 
joints near the production wellbore. In this process, some types of minerals would be 
selectively dissolved to create additional fiuid passageways while &&xi mineds 
would prop the leached joint open. 

Obviously, intrusive impedance reduction experiments might lead to irreversible changes in 
the characteristics of the production wellbore or the surrounding reservoir. For this reason 
they should be conducted only after all non-intrusive testing has been oompfeted and with 
full knowledge of the possible consequences. 

. 
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The construction of a second HDR facility at a different site in the United States is essential 
to prove the general applicability of the gy and move it into the commercial arena. 
This issue is addressed in a separate paper. 

11 pilot facility by completing a 
second production well into the reservoir. This would allow production to be increased by 
as much as a factor of seven, as mentioned above, thus accelerating the thermal drawdown 
of the Fenton Hill reservoir and providing a more rigorous test of HDR technology. It 
would also provide the earliest opportunity to cany out a realistic evaluation of a multi-well 
HDR facilityto confirm that the anticipated advantages can in fact be realized. The power 
levels attainable with a second production well at Fenton Hill may even be high enough to 
make generation of electricity at the siteacommerciallyviable option. 

bedesirabk to enlarge the 

Dev- 

In the longer run, it will be important to investigate a variety of techniques which can 
maximize the efficiency and reliability of energy extraction from HDR In addition to 
multi-well plants, cyclic operation schedules, and impedance reduction techniques 
discussed above, it may be possible to operate HDR plants on fluids other than water. For 
example, supercritical carbon dioxide or watedammonia mixtures may be potentially useful 
as environmentally compatible circulation fluids in HDR reservoirs. The improwxi 
conversion efficiencies possible in electricity generation with these fluids may make the 
extra cost of using them worthwhile in some circumstances. Finally, the use of HDR in 
cogeneration schemes wherein saline or brackish water sources may be passed through an 
HDR reservoir for purification may be worthy of investigation. Plants constructed close to 
a large source of saline water could then be designed to produce both potable water and 
electricity with energy from within the earth. Figure 3 is a conceptual drawing of an HDR 
plant designed to run on treated sewage effluent. 

Pretreatment 
(id necessary) 

Waste 
'Water 

Figure 3 . Eventually treated sewage may be used to supply an HDR heat 
mining plant. After power generation, the spent steam could be condensed 
and used as a source of purified water or recyzed to mine more heat. . 



Summar_v 

Thecompletionof the L m  Will set the stage for commercializati HDR but will not 
bring HDR technology to maturity. Relatively simple extensions of the ament technology 

. may bring significant improvements in efficiency, and these should be rapidly investigated. 
In the longer run, advanced operationaI concepts muid further improve the efficiency of 
HDR energy extraction and may even offer the possibility of cogeneration schemes which 

. solve both energy and water problems throughout the world. 



a Second U.S. t Dry Rock Site 

BY 

Dave Duchane - 
The worlds first hot dry cock (HDR) .reservoir was created at Fenton Hill, NM in.the late 
1970's. Today, Fenton Hill is the site of the largest, deepest, and hottest HDR reservoir. 
Over the past two decades, HDR systems have also been developed in a number of other 
counbies. However, HDR reservoirs to date have always been created as part of research 
anddevelopment programs aimed at understanding the fundamentals of HDR technology. 
The time has come to begin planning the construction of a commercial-scale facility which 
will show the world that HDR can be a practical source of power, 

Demo caIity of HDR Heat Mining 

0 Show Geographic Generality of HDR Utilization 

Competitively Produce and Market Electric Power from HDR 

Build a ReaIistic Operating Record 

Serve as a Model for Fully Commercial HDR Plants 

The second domestic HDR plant must be designed to set the stage for full commercial 
development of HDR technology by producing and marketing electric power at competitive ' 
prices. It should both demonstrate that HDR plants can be operated reliably at reasonable 
costs and provide an operating record that can serve as a realistic model for estimating the 
cost and operational factors important to the design and construction of subsequent HDR 
facilities. By being built at a new site, this plant will help to demonstrate that HDR 
resources can be tap a variety of geographic locations with different geologic 
environments. 

Industry Leadership 

Government Participation 

Hybrid Power Plant 

hivate industry should take the leadership role in all 
operation, and management, but government rticipation may be critical to its success. 

as the Los Alamos National Laboratory. Funding by one or more levels of government 
will help to mitigate the inherently high risk associated with implementing this new energy 

pects of plant design, 

Much of the technical expertise in HDR techno 7 ogy resides in government institutions such 



technology. In order to further reduce the economic risk, it may be prudent to build a 
hybrid electricity generation facility in which HDR supplies only part of the primary energy 
with the balance being provided by an established energy source such as natural gas or 
conventional hydrothermal fluids. The capital costs of this facility may not be fully 
recoverable, but it should operate at costs that allow electricity produced from HDR energy 
to be sold at competitive prices. 

High Grade HDR Resource 

Acceptable Local Geology 

Local Public Support 

Market Availability 

To maximize the probability of successful development and minimize 
commitment, the second HDR facility should be located in a high-grade resource area 
where the geology is conducive to the creation of a viable HDR reservoir. In addition, it 
must be in a region where there is a market for the power it will produce. Support by the 
local government and the general public will be important to the success of the project. 

Reservoir: Depth, Size, Temperature 

0 .Wells: Number, Locations, Sizes 

Water Supply 

The design of the second HDR site will draw heavily on the experience gained in long-tern 
flow testing and subsequent technology optimization studies at knton Hill. Important 
engineering factors such as the reservoir parameters, well specifications, and water 
requirements, as well as all aspects of the power plant design must be considered with a 
view to the production of energy at commercial levels for a number of years. 

Begin Planning Immediately 

Construction by 1995 

Operational by 1997 

Preliminary work on the development of a second domestic HDR site, such as addressing 
financial, legal, and technical issues, can begin immediately. Given a concerted effort, it 
should be possible to rapidly apply the lessons being learned at Fenton Hill and begin 
construction of the underground system in abut  2 years, with the system tested and fully 
operational by 1997. 



rothermal Industry 

Enthusiasm 

Market for EIe Power 

Currently, the best prospect for the development of a second domestic HDR site is in 
northern, California. As shown in Figure 1, the community of Clearlake, California is 
located within the margin of the Geysers-Clearlake Thexmai Anomaly a few miles north of 
The Geysers, the world's largest hydrothermal energy production field. 

Figure 1. The community of Clearlake, California, a prime candidate for 
the second domestic HDR site, is located on Clear Lake in the northern part 
of The Geysers-Clearlake Thermal Anomaly north of The Geysers. 



Extensive exploration for hydrothermal resources around Clearlake has confrmed that very 
high geothemal gradients exist there. The geology is so different from that of the 
established HDR site at Fenton Hill that creation of an HDR reservoir in the area would go 
far to establish both the geographical and geological generality of HDR. The existence of 
large hydrothermal, as well as a drilling and services industries, at The Geysers has 
contributed to the creation of a local labor pool experienced in geothermal work and led to a 
general familiaritywithgeothemal energy by the populace. This in turn has fostered state 
and local governmental supportas evidenced by projects fundedfor the express purpose of 
evaluating the HDR resource at Clearlake. Finally, the production decline at The Geysers, 
together with the large power dem,i?rd in northern California, may enhance prospects for 
marketing the power produced by & '.rDR facility at Clearlake. 

Summarv' 
The second domestic HDR facility should demonstrate that commercial production of 
energy from HDR is feasible at a variety of locations. Day-to-day operating data should 
provide the cost figures needed in order to unambiguously design and build future 
commercial HDR power production plants. Successful construction and operation of the 
second HDR plant will both supply needed electric power at competitive costs and set the 
stage for the widespread application of' HDR technology both domestically and throughout 
the world. If preliminary work is begun promptly, it should be possible to develop a fully 
operational second site by 1997. The Clearlake region of northern California may be an 
ideal area in which to locate the second HDR site. 
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UK GEOTHEXMAL HDR PROGRAMME - SUMMARY 
Id, ETSU, HarweIl, UK 

BACKGROUND 
The temperature in the Earth's crust increases with depth, and in some parts of the world, 
such as Iceland and New Zealand, heat from the earth's crust is carried to the surf' in the 

.form of presswised water. Under such conditions, electricity generation and district heating 
schemes are common. The UK is in a geologically stable region of the world and does not 
possess such favourable geothermal conditions. In the UK, heat rises towards the earth's 
suxface mainly by means of conduction and the highest surface heat flows occur above the 
granite in Cornwall, Scotland, and in Northern England. 
The concept of exploiting the energy in hot dry rocks (HDR) in the UK was thought to be 
sufficiently attractive for a government research programme to be started in 1976. A key 
element in extracting energy from HDR is the creation of a heat exchange region in the 
rock, commonly referred to as a HDR "reservoir". Water is pumped down a borehole, is 
heated as it passes through the fractures in the hot rocks, and returns to the surface where 
the heat can be converted into electric power, district heating or a combination of both. 
The aim of the geothermal research programme on HDR was to determine the technical and 
economic viability of HDR systems in the UK and the contribution which the technology 
could make to UK energy suppIy. A main objective was to determine whether 
commercially viable HDR systems could be created for replication throughout the UK. 
Temperature gradients in Cornish granite, at about 35°C per kilometre depth, are twice the 
national average. In order to achieve the temperatures of 200°C and above neceSSary for 
commercial HDR electricity production, it was envisaged that a pair of boreholes or wells 
would need to be driiled in the 
hundred metres apart. It was b 

the outset, the large p 

. 

' 

a depth of 6-7 kilometres, terminating several 
that a pair of wells might be capable of a net 

al HDR resource was a main stimulus for the R&D 
. e1stri.city production of about 5 M W ,  and a multi-well system might produce 50 M W .  At 

Kill, New Mexico, USA; at 
and in Sweden. The close Hijiori, Japan; at Soultz, near Strasbourg, France; in 

international collaboration on HDR over the years 
date on the UK HDR programme is about f42 million, including a contribution of f3 
million from the European Commission. 

HBTORY OF PRO 
1977 '1 1980 

Phase 1 - Shall epth Experiments 

. 



carried out by the Camborne School of 
were sufficiently promising to proceed with the next phase of work. 

water in the rock at this depth 

1980 - 1982 
Phase 2A - Drilling Wells to 2 km, and reservoir creation 
It was accepted that carrying out experiments at the full commercial depth of more than 4 
kilometres would give rise to severe temperature and pressure problems. Therefore in 
Phase 2 a pair of boreholes were drilled to an intermediate depth of about 2 kilometres, a 
depth thought sufficiently representative of conditions required by commercial HDR 
systems. If the le HDR reservoir at 2.5 km proved to be f d b l e ,  it was 
hoped to progress to 6 establish a full depth prototype. 
A large reservoir was formed by modifying the natural fracture system in the rock using a 
combination of explosives and injection of water at very high pressure. When water was 
circulated between the two wells, it was found that the resistance to flow was too high for 
successful reservoir operation, and that only a small proportion of the water was being 
returned to the surface. A review of the programme concluded that a third well was 
necessary to solve the problems an 

ervoir where it was thought to off& the greatest potential for water circulation. 
this should be drilled through a zone in the large 

1982 * 1988 
Phases 2B and 2C - Drilling of Wid hole, reservoir creation, and circulation 
A third borehole was to 2.5 kilometres on a spiral track targeted to a zone below the 
existing boreholes. In order to create a flowing zone between the third hole and one of the 
original boreholes, a gel was injected at high pressure. Whilst water losses were lower, the 
effective memoir now created was proportionately smaller than that achieved earlier. 
From 1983 onwards, water circulation tes e the performance 
and characteristics of the reservoir. 
It became apparent, as circulation tests progressed, that a major problem had arisen. The 
temperature of the water production f d  from 80°C to about 55°C over a period of about 3 
years. Modelling suggested that a significant amount of water circulating in the reservoir 
was flowing along prefmntial paths or "short circuits". The rock surrounding the short 
circuits had m l e d  more rapidly than the rest and mler water was introduced to the 
production borehole. 
During this phase, a report by ETSU, published in 1986, confirmed that 
generation offered the most promising route for HDR in th 
there was little scope for combined district heating and p 
schemes. 
The 1987 review 

The main conclusions of a major programme review carried out in 1987 were: 
. 

0 The size of the reservoir was too small to meet commercial targets. 

A commercial system would require the creation of several reservoir "modules". 

The at behaviour of the reservoir unsatisfactory. 



Despite the considerable technical problems which the technology faced, HDR 
remained in the "promising but uncertain" category of renewable energy technologies 
since the perceived resource was large and the economic case still seemed favourable. 

e review proposed the commencement of the initial design phase of a deep pilot project, 
to be carried out in parallel Vjith'ii k&D programme to addre& the remaining uncertainties. 
Despite these considerabk uncertainties, the prospects for HDR still seemed suficiehtly 
promising to proceed with plans for a 6 km prototype and Phase 3A of the HDR 
programme started in 1988. However, it was felt prudent to undertake a further review of 
theprogrammein 1990. 
1988 - 1991 
Phase 3A - Further work at Rosemanowes, and a conceptual design study 

- .  

during this period concentrated o 
ance of the existing res 

the concept of creating 
gn stuay of a deep system 

"modules" were examined. 
y RTZ Consultants, and a 

parallel modelling analysis of the costs and economics of HDR was undertaken by 
SunderIand Pol C. 

The 1990 Review 
The conclusions of the 1990 review were: 

reservoir had yet to be demonstrated; 
ures for'designing, creating, and scale 

satisfactory method of sealing short circuits and irs to improve 

the 6 kilometre depths needed in the UK 

seemed unlikely that HDR 
for a commercial HDR system; 

schemes would be able to compete with conventional means of generation in the short 
to medium term; 

0 despite the earlier promise of the technology, HDR was still at an early stage of 
development and was unlikely to attract private sector funding for a further phase of 
R&D; 

0 given the technical uncertainties, lack of private funding, the uncertain but probably 
high costs of HDR systems, it was not appropriate to continue with the existing HDR 
programme towards a prototype in Cornwa, 
participation in a joint European programme offered the opportunity of resolving some 
of the outstanding problems at a reduced cost to the UK. 

Programme from 1991 
The results of the 1990 review indicated that the option of going ahead with a programme 
to construct a 6 km HDR prototype in Cornwall was no longer a feasible proposition. In 
light of the review's conclusions, the Government decided that a new direction of the 
programme was necessary. The next phase of work, Phase 4, from 1991 to 1994, would 

R is uncertain but it 



concentrate less on research in Cornwall and involve greater collaboration with a European 
programme already under way with France, Germany, and the European Commission. 

CONCLUSIONS 
1. The HDR programme has achieved success in several areas. For example, drilling of the 
three holes at Rosemanowes, reservoir characterisation, instrumentation development, and 
reservoir studies, have been skilfully executed. The HDR resewoir in Cornwall has 
achieved the longest circulation of any in the world to date. 
2. The programme has established where the resource is, its likely size, and has confirmed 
that electricity generation is the most cost effective option 
extracting useful energy from HDR is still a long way @ the futu 

e world has created an underground HDR reservoir with 
confidence that a commercial scale system could 

3. Considerable uncertainty remains about the costs of HDR systems. The detailed 
examination of HDR costs for the 1990 review based on the most recent research and 
analysis produced higher costs than earlier estimates. The 1990 review concluded that HDR 
could cost about 17 pence/kwh at 8% discount rate for a developed system (1990 money 
values), assuming that a commercial system could be created successfully. The 1990 RTZC 
conceptual design study estimated that the generating cost of an early post-prototype HDR 
station could be much higher. 
4. The HDR resource if fully exploited over a period of 25 years, is equivalent to about 
7600 MW, or sufficient to provide 20% of the UK's current electricity supply, with most 
of the resource in the South West Peninsula of England. The rate at which the resource is 
exploited would however be very much smaller if all institutional and enviromental 
constraints were taken into account. Due to the state of technical development, the poor 
economics and the localized nature of the resource, it is concluded that no contribution can 
be expected from HDR in the foreseeable future. 



ONS FROM E R RESEARCH 

John D Garnish 
Commission of the European Communities, 

Brussels, Belgium 

on (MacDonald, this workshop) has outlined the different HDR 
field experiments undertaken in Europe over the past IS years and indicated the way 
forward. The purpose of this presentation is to highlight some of the key lessons from 
our past experience and to est what might be done in order for HDR to achieve its 
undoubted potential. 

Recently, we surveyed the extent to 
achieved the main target parameters which economic modelling tells us will be 
necessary for a commercial project (Garnish et al, 1992). The results were not too 
impressive - see Fig. 1. In particular, the resistance to flow of the reservoirs is still 
much too high, and we have to understand the 
on the fixture prospects for the technology. 

the world’s major fi 

asons before we can comment usefully 

1. The extent to which key target parameters for a comercially-viable HDR system 
en met by the major field projects to date. 

ects h 
tell is remarkably consistent, both among themsel 
experience from Fenton Hill. That reinforces our confidence that HDR can be a fairly 
generic technology, with something to offer in nearly every geological setting. 
However, what we have learnt suggests that the early dream of immediate exploitation 
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of basement rocks everywhere was too optimistic. As for any other mineralogical 
exploitation, we will have to approach the problems in a step-wise fashion, beginning 
with the best sites and developing our expertise to deal with the more general case. 

Behaviour of natural fracture svstems ~ 

The most important lesson is that deep ement rock formations do not behave as 
isotropic homogeneous solids. They are pervasively fractured at all depths, with a small 
proportion of the fractures still open and able to carry fluids. The fractures exist in an 
anisotropic stress field which has a major influence on the way in which any HDR 
reservoir might be developed. Most significantly of all, the stimulation and behaviour 
of any reservoir is controlled almost exclusively by the interaction between the stresses 
and the natural fractures. The bulk properties of the rock matrix are almost irrelevant 
in this context This constrains significantly both the properties of any reservoir and the 
techniques available for modifLing those properties. For more detail, see, for example, 
Parker (1989) and Gerard and Kappelmeyer (1991). --- 

The combination in strong basement rocks of anisotropic stresses and pre-existing 
fracture networks means that the response of the system to hydraulic pressure- is 
different from what had been expected on the basis of oil industry experience. The 
reservoir does not consist of a single "penny-shaped" fracture but a volume containing 
many interacting fractures and flow paths. It is pressure-sensitive and may grow 
uncontrollably, resulting in economically unsustainable water losses, if subjected to too 
high a pressure. 

One of the practical problems is that we can only examine the fracture system at the 
well-bore. To try to understand what is going on deep within the reservoir, we have to 
rely on correlation of plausible models with observed hydraulic behaviour. The 
"apparent" aperture of fractures seen at the borehole wall is irrelevant to their hydraulic 
behaviour; what matters is the way in which any particular fracture links up with its 
neighbours within the rock mass. Two questions then arise - what techniques are 
available to us to understand the overall fracture network, and what means have we of 
altering it? Creation of a successful commercial HDR programme, and hence the 
prospects for industry - the purpose of this workshop - will depend on the answers. 

Visualization of fracture svstems 

One technique that is producing useful insights is the so-called stochastic disc 
modelling. This involves a statistical technique whereby natural fractures are 
represented by discs distributed through space with densities, orientations and assumed I 

dimensions and hydraulic properties derived from borehole observations and hydraulic . 
testing (Lanyon et af., 1992; C a w  and Bruel, 1989). These models can provide quite 
good matches with experimental hydraulic data. Among other things, they show that to 
travel between a pair of HDR wells, which will be at least 300m apart, the fluid has to 
move from one fracture to another, typically 10-20 times (Fig. 2). They also illustrate 
that the major resistance to flow in the system arises predominantly itS a function of the 
connectivity of the natural fractures. 5 
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Figure 2. Simulation of the largest 5% of fractures (by aperture) seen in the three boreholes 
of the Rosemanowes (Cornwall, W) HDR project; the right-hand view shows only those 
fractures in a connected flow system. The volume modelled is a 200m cube, and the tracks of 
the boreholes are shown. 

This raises the question of whether we can influence such connections at great distances 
from the well, given that stress anisotropy imposes an upper limit on the hydraulic 
pressures that can be applied. My suspicion is that at present we cannot. However, we 
do know that many natural geothermal systems depend on flow through fractured 
reservoirs, so the right conditions can exist in nature. Our task is to learn how. It may 
be that the first generation of HDR systems may ave to depend on exploiting 
favourably arranged natural systems, while development of the bulk of the resource 
awaits our greater understanding bf the necessary stimulation techniques. If so, then 
HDR is just like any other mineral deposit - a few very favourable zones that are the 
first to be exploited, and a spectrum of increasing 

This means that we are redefining the resource categorization. No longer is the quality 
of the resource determined simply by the temperature gradient but also by the quality of 
the underground fracture system. This raises the question of how it might be 
determined 

One possibility might be to work in areas where the basement outcrops, so that the gross 
pattern of fractures seen at outcrop or from satellite imagery can be used as an 
additional constraint and calibration for the statistical modelling. Another, and one that 
might provide the quickest entry to a successful HDR development, is to focus initially 
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on areas where the fracture system is already fairly well understood. If we combine that 
with a requirement for high temperature gradients in order to optimize the economics, 
that leads naturally to the conclusion that the best location for the next generation of 
experiments - and the location offering the best prospects for industrial involvement - is 
on the dry fringes of existing high-enthalpy geothermal developments. 

Though it offers little immediate comfort to those of us interested in opening up the 
HDR resource in lower gradient areas like northern Europe and the east coast of the US, 
I am becoming convinced that the first generation of commercial HDR developments 
will have to be in these better areas, while the still immense potential of the more 
"normal' areas will become second generation or later developments. 

Conclusion 

Experience over the past IS years has shown that HDR reservoirs 
natural fracture system in the basement rocks, a feature over which we have as yet very 
limited control. The best prospect for rapid progress may be to locate the next 
generation of experiments in regions where the fracture systems are already well- 
characterized, particularly in the "dry" margins of existing high 
fields. 
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Review of Japanese HDR Program 

sutoru YACIAGUC 
NEDO 

Tokyo, Japan 

- .  

Background 
T h e  research and development work of HDR in Japan was start- 

ed at Yakedake in F Y - 1 9 7 8  as a part of the Sunshine Project of 
AlST, YITI. In parallel with the f i e l d  experiment at Yakedake, 
NEDO (New E n e r g y  and Industrial Technology Development Organiza- 
tion) participated in the Fenton Hill H D R  program for seven years 
under an IEA agreement. 

Based on the results of the Yakedake and the Fenton Hill 
studies, NEDO has been conducting field experiments at Hijiori, 
Okura Village, Yamagata PrefectureCVgr.11 since FY 1985. The main 

. purpose of tlie'lijiori project is to develop fundamental tec'hnol- 
ogies. 

Short History .~ 

Fr.om FY 1985 to 1986, a seven-inch casing was installed in 
the existing SKG-2 well ( 1 , 8 0 2 ~  or deep, bott-om hole terperature 
of 253 C ) ,  which had been drilled to exploit a conventional 
hydrothermal reservoir, with a 14r zone left uncased at the 
bottom hole; and hydraulic fracturing was conducted in the gra- 
nodiorite basement to create an artificial reservoir around 
1,800~ de~thCVgr.21. 

In F Y  1987, a new HDR-l'well (1.80Sm deep) directed toward 
the created reservoir was drilled and penetrated the fracture 
successfully. The horizontal distance .between the two wells is 
about 3511 in the v i c i n i t y  of t h e  bottom-of the boreholes. 

. In F Y  1988, a circulation test for heat 'extraction was per- 
formed for two weeks. In this test, hot water and. steam at a 
aaxiaum temperature f 180 O C  wer produced. However, the test 
data could not be us to determin the reservoir's characteris- 
tics, because hot water and steam i r o n  the production well blew 
out intermittently. After the two-weeks circulation test, well 
HDR-1 was deepened to 2,20Sm, and a P B R  casing liner was in- 
stalled leaving 50r of the bottom hole open. 

In F Y  1989, well HDR-2 was drille to confirr the location 
of the fractur detected b y  AE. Well HDR-2 intersected the 
fracture very c to its expected cation, thus confirming 
the resultg.of the ture mapping b y  AE. After the completion 
of HDR-2 (1,91Om), a 29-day (1-month) circulation test was car- 

' ried out. Because the back pressure was applied at the wellheads 
of production wells to avoid flushing within the wellbore, the 
production flow was nearly continuous over the duration of the 

. .  . 
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I i 

i - .  Vgr.1 'Location of NED0 Hijiori HDR test s i t e  ' .  

, -  . .  

1986 Conducted hydraulic 
fmcturing(1000m3) . II .- 

3 8 7  Drilled HDR-1 

(f 11 1988 Conducted 
2 weeks -circulation 

W 
1989 Drilled HDR-2 

. . .  Lonaucteci 
1 month-circulation , 

vgr.2 History of H i j i o r i  HDR projec t  



t e s t .  However, t he  recovery r a t e  of t he  f l u i d  s t i l l  remained a t  
about 40%. 

I n  F Y  1990, a new H D R - 5  well ( 1 , s  I) was d r i l l e d  toward 
1 t h e  r e s e r v o i r  around 1 , 8 0 0 ~  t o  improve t h e  water recovery b y  
I c o n s t r u c t i n g  a mult i  production well  system. Well HDR-3 was 
I d r i l l e d  toward t h e  e a s t e r n  s i d e  o f  t h e  SKG-2 wel l ,  where notab le  

AE were emi t ted  dur ing  t h e  29-day c i r c u l a t i o n  t e s t .  
I n  F Y  1981, a 80-day c i r c u l a t i o n  t e s t  was conducted using 

SKG-2 as an i n j e c t i o n  wel l ,  and H D R - 1 ,  H D R - 2 ,  HDR-3 as product ion 
wel l s .  I n  t h i s  90-day c i r c u l a t i o n  t e s t ,  s u r f a c e  monitoring o f  t h e  I in jec t ion i 'p roduct ion  flow r a t e ,  temperature  and p res su re ,  PIS 

~ l o g g i n g ,  and geochemical surveys,  including a n a l y s i s  of produced 
h o t  water and t r a c e r  t e s t s ,  were conducted t o  o b t a i n  information ! 
o n  t h e  s i z e ,  mechanfcal p r o p e r t i e s ,  number of f l o w  zones, a z i -  

i 

r u t h ,  d ip  and thermal p r o p e r t i e s  o f  t h e  f racturesCVsr.81.  i .  

Performance 
I n  FY 1988, o n e  product ion well c i r c u l a t i o n  t e s t  was con- 

I I ducted f o r  two reek.s. Because o f  t h e  c y c l i c  .blow ou t s IVgr .4J  from 
i t h e  product n wel l ,  i't was hard t o  e s t i m a t e  t h e  thermal ou tpu t  
i and water 1 s. I n  t h i s  t e s t ,  i n j e c t i o n  r a t e s  was kept cons t an t  

a t  0 .50  and '1.01 ton/min for s e v e r a l  days. Water recovery ratios 
were 38% a n d  24'%, r e s p e c t i v e l y .  Estimated thermal o u t p u t s  were 
3.0WW and 3.8WWe r e s p e c t i v e l y .  

I n  F.Y 1888, 29-day c i r c u l a t i o n  t e s t  was conducted using two 
product ion well  system. Water recovery and thermal o u t p u t ,  when 

. t h e  i n j e c t i o n  r a t e  was kept cons t an t  a t  I.OSton/min, were 39X 'and  
6 . S H W .  respec t ive ly[Vgr .S l .  Compared a t  t h e  same i n j e c t i o n  r a t e ,  
water recovery inc reased ' f rom 24% t o  89%. 

In F Y  1991, t h r e e  product ion well c i r c u l a t i o n  t e s t  was 
conducted f o r  90 d a y s ,  Water recovery of 77% and thermal o u t p u t  
o f  7.9MW a t  s t a b l e  s t a g e  were achievedCVgrs. 6 ,  7,  81. From t he  

~ 

I I r equent  downhole' logging. wi th in  the  th ree  product ion wells, i t  
7 as c l a r i f i e d 8  t h a t  t h e r e  were a t  l e a a t  thr.ee product ion zones I *  
1 i t h i n  each / 
1 
j i Future Plan 
I mentioned above were conducted 

using the  a r t i f i c i a l  r e s e r v o i r  around 1 ,800 i  depth. I n  FY 1992, 
I h y d r a u l i c  f r a c t u r t n g  t e s t  was conducted in HDR-1 t o  c r e a t e  an 

a r t i f i c i a l  r e s e r v o i r  around 2 , 2 0 0 ~  depth. NED0  refers t o  t he  I 
1 
I 1,80O~-dee  r e s e r v o i r  as t he  sha l lower(upper )  r e s e r v o i r  and t b e  

2,2001-deep r e s e r v o i r  as t h e  deeper(1ower) r e s e r v o i r .  
1 I n  F Y  1993 and i n  FY 1994, we l l s  HDR-3 and H D R - 2 ,  which 

d e p t h s  a r e ' l , 8 0 0 r  now, t i l l  b e  deepened toward t h e  deeper r e s e r -  
vo i r .  After F Y  1886, a l o n g  term c i r c u l a t i o n  t e s t ,  a t  l e a s t  1 
year ,  i s  p l a  

I 

I 
I 

~ 

I I 
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I 

i 
I 

I 

l a  
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POTENTIAL US. HOT-DRY-ROCK ACCESSIBLE RESOURCE BASE' 

€in H. Sass and Marianne Guffanti 
U.S. Geological Survey 

Flagst&, A2 86001 and Reston, VA 22092 

Introduction 

I .  There are many localities where rocks at cost-effective drilling depths are hot enough 
to provide usable amounts of energy but lack favorable permeability to provide an 
accessible heat reservoir wGr.11. Borrowing from the technology of enhanced petroleum 
recovery, various engineering-research groups have proposed and tested schemes for 
creating permeability through hydraulic fracturing of these hot rocks. The first such 
venture was initiated by scientists and engineers of Los Alamos National Laboratory 
(LANL) about 20 years ago at Fenton Hill on the western rim of the Valles Caldera in 
New Mexico. The LANL group launched an ambitious program in which inclined holes 
were drilled to depths of several kilometers into impermeable rocks and connected by 
hydraulically induced fractures. Sporadic short-term closed-loop flow tests of the induced 
circulation systein been carried out, and long-term flaw-testing is presently under 
way. 

Similar hot-dry-rock (HDR) projects have been undertaken in Japan, Soultz-Sous- 
Forgts on the western margin of the Rhinegraben (a joint Ranco-German venture) 
Tyrniauz in Rusha, and Cornwall in England. Despite the fact that this type of research 
has been carried out for more than a generation, the commercial feasibility of HDR 
technology has yet to be demonstrated. The long-term flow test presently being carried 
out at Fenton Hill is an attempt to move a step closer to that goal. 

In the absence of a proven technology, it is impossible to be quantitative in terms of the 
energy resources that can be extracted from the HDR environment; however,. it is safe to 
say that the accessible resource base is orders of magnitude greater than that for naturally 
occurring hydrothermal systems, since the latter are rare and fortuitous combinations of 
heat, permeability, and available water. As a first step towards assessing the potential 
HDR accessible resource base, we will point out regions where the heat is and show some 
temperatures to depths of 4 to 5 km, on the assumption that it will b 
unfeasible to drill deeper than that. 

Existing Geothermal Resource Assessments 

nited States was 
published by the USGS in cooperation with the then Energy Research and Development 
Administration (ERDA) as USGS Circular 726 (White and William, 1975). That 
document was updated in USGS Circular 790 ( M u . e r ,  1979) dso in cooperation with 

en at the EPFU Workshop on Potential of HDR Reruurccr fur the Electric 

The first modern-day geothermal resource assessment for 

Power Indu&, Philadelphia, PA, 14-15 January 1993. 
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1 Conceptual diagram illustrating the qualitative fields in temperature-water 
or depth-water space for the various types and grades of geothermal energy. 

Temperature Scale, C 
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VGr. 2 Temperature profiles for the Salton Sea Geothermal Field illustrating the 
conductive cap (linear high gradient) and the hydrothermal convection system 
(low and variable gradient). 



the U.S. Department of Energy, successor to ERIDA. A geothermal resource analysis of 
the Eastern United States was prepared by Renner and Vaught (1979). Finally, USGS 
Circular 892 was devoted entirely to low temperature ( ~ 9 0 ° C )  resources (Reed, 1983). At 
present, a geothermal resource assessment of the Cascade Range is in preparation by the 
USGS. 

The existing geothermal resource assessments can serve as a starting point for the 
evaluation of the HDR accessible resource base. The highest temperatures at drillable 
depths are still associated with hydrothermal and m a p  convection; for example, the 
Salton Sea Geothermal Field pGr.21. Another case nt is The Geysers region of 
CaJifoxnia (Stone, 1992), the world’s most productive geothermal field. Much of the heat at 
The Geysers is associated with impervious rock, and overproduction has led to productivity 
declines within the existing reservoir. ‘ In both the present Geysers geothermal field aad 
surrounding areas, it may eventually be possible to apply HDR technology to enhance 
productivity in the existing steam reservoir and to create new reservoirs in what is truly 
“hot-dry-rock.” 

Distribution of Heat Flow Within the United States 

- ‘ 

North America was one of the first continents on which heat-flow measurements were 
made, starting with the work of A. D. Misener and associates in Canada and fiancis Birch 
and colleagues in the United States. The United States has one of the highest densities of 
reliable heat-flow measurements of any continental terrane, but, there are still large data 
gaps in some regions. 

David Blackwell and his associates recently have made a significant contribution to 
the heat-flow literature as part of the Geological Society of America’s “Decade of North 
American Geology’’ (DNAG) map series (Blackwell et al., 1991; Blackwell and Steele, 
1992) [vGrs.3,4]. As demonstrated by these maps, heat flow west of the Great Plains is 
higher than that to the east, and a proportionally larger and higher-enthalpy geothermal 
resource is found in the west. In the east, relatively high (70-90 mW/m2) heat flows 
are generally related to basement terranes of high radioactive heat production (New 
England and possibly the Atlantic Coastal Plain) or to gravitationally driven h y d m t h e d  
convection systems in the Appalachians, A r b s  

Relation of Heat Flow to Temperature 

Since the objective of geothermal de heat, we should concentrate 
o w  efforts (subject, of c m e ,  to the markets) on areas where 
temperatures axe relatively high. Some workers have used the’ distribution of shallow 
temperature gradients as an exploration tool in this regard. It is preferable, particularly for 
crystalline basement rocks, to start with the distribution of heat flow. For deep sedimentary 
basins, carem evaluation of deep temperature gradients (Gomold,  1985; Nuthemon and 

7 and 1988; AAPG-USGS, 1976) provide useful adjuncts to the heat-flow 

product of temperature gradient and rock thermal conductivity. Thus 
conversion of heat flow to temperature at depths presupposes a knowledge of thermal 

, 

he Great Plains. 
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conductivity. Fortunately, the range of thermal conductivity for crystalline basement rocks 
is quite small, and in such terranes, realistic estimates of temperature can be made from 
heat flows, including downward continuation of heat flows calculated in shallow wells. The 
situation with sedimentary basids (which t y p i d y  demonstrate significant variations in 
thermal conductivity, both laterally asd vertically) is more complex, and in the absence 
of a detailed knowledge of the lithology, estimates of temperature from shallow heat-fiow 
values are subject to large uncertainties. In these cases, equilibrium temperature profiles in 
deep wells provide the most reliable information. “Corrected” bottom-hole temperatures 
can also be of d u e  in these situations, but they should be used with caution and followed 
up by measurements of higher quality wherever possible. 

To illustrate the relative effects of thermal conductivity and radioactivity on subsur- 
face temperatures, we discuss the differences in temperature to 5 km for three examples 
where heat flow is 80 mW/m2 pGrs.5,6,7]. For a site typical of the White Mountains, 
Maine and New Hampshire (the only crystalline terrane in the east having such a high 
heat flow), temperatures are somewhat lower than for an equivalent site in the Basin and 
Range because the high heat flow in the east is the result of high radioactivity in the up- 
per crust pGr.61. A site covered by a kilometer or so of low-conductivity sediments will 
have a substantially higher temperature at 4 to 5 km than either of the previous examples 
pGr.7],‘simply because of the blanketing effect of the sediments. 

We propose an interim working definition of a potential hot-dry-rock resource as 
“a potentially economic concentration of the Earth’s heat, wherein available water is in 
short supply.” This definition broadens the resource target from massive rock of zero 
permeability and allows us to invoke both the language and technology of oilfield-reservoir 
enhancement. To the extent that HDR technology when developed will be useful to direct- 
use applications of geothermal energy, most states will have some potential WGr.81. For 
electrical generation where foreseeable technology requires temperatures of 150°C and 
above, the highest potential appears to be in California, where there are numerous high 
heat-flow regions (Coso, The Geysers, Cascades, Long Valley, Salton Sea, and others) and 
a large potential market for low-pollution energy sources. The Basin and k g e  states, 
Alaska, Hawaii, Washington, and Oregon also could be evaluated as HDR prospects for 
electrical generation. The German-Fkench project near Soultz, on the western margin of the 
Rhinegraben, and the Russian project at Tymiauz in the Caucasus are lower-temperature 
sites probably destined for direct-use applications or at best, low-enthalpy, high-cost, 
binary-fluid power generation. Sites like these can be found in the aforementioned Western 
states, as well as many meas within the Rocky Mountains and Great Plains states, and a 
few sites in the east and midwest. 
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VGr. 5 Heat flow (q) versus radiogenic heat production (A,,) for -the 
eastern United States and the Basin and Range province. Dashed 
horizontal line emphasizes the difference in heat production between 
the two provinces for a heat flow of 80 mW m-2. 

Temper2 

VGr. 6 Temperature profiles in crystalline rocks for a heat flow of 
80 mW m-2. Higher temperatures in the Basin and Range result &om 
lower u p p e r d a l  radioactivity and higher heat flow &om the lower 
crust and upper mantle (see previous viewgraph). 
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Economic Analysis of HDR for the US. 
. Current Outlook and Pmjections 

Exceqts taken from: The Economics of Heat Mining= An AnaZysis ofDesr;Sn options 
mrd P4o-e Requirements of Hot D v  Rock (HDR) Geothemral Power Systemr, by 
J. W. Tester and H. J. Hemg, Energv Swems and Poky, Is, pp. 33-63 (1991) and 
from T&oq on Hot DIY Rock Geothermal Emqp presented by J. W. Tester to the 
U.S. House of Representatives Committee on Interior and Insular Affairs, 
Subcommittee on Energy and the Environment on January 23,1992, published in 
Geothemzd Resources corurcil Bulletin 21(5), pp. IN- 

study were first, to several economic 
assessments of HDR geothermat energy systems, and second, to reformdate an 
economic model for HDR with revised cost components. The work discussed in the 
paper cited above in large part is an extension of our earlier work on HDR economic 
forecasting (see Tester and Herzog (1990) for a detailed .discussion of the methodology 
used). The economic models reviewed 

Electric Power Research Institute (EPRI)-cummingS and Morris (1979) 
Los AIamos National Laboratory (LANL)-MUT~~ et aL (1982) 
United Kingdom O S h O c k  (1986) with an update by Harrison and Doherty (1991) 
Japan-Hori, et aL (1986) 
Meridian-Entingh (1987) 
Bechtel(l988) 
Geothermik-Smolka and 

the following smdies sponsored by: 

Key and Performance Parameters 

The development of the HDR resowce at a particular location depends in large part 
on gaining access to high rock temperatures at reasonable depths. Although some 
exploration for locating high quality HDR resources k required, the difficulty and costs 
associated with locating a suitable HDR site are far less than for hydrothermal or fossil 
fuel resource development. In fact, the more or less ubiquitous nature of the HDR 
resource suggests that its grade in terms of average geothermal gradient will be the single 
key factor influencing the "oommercid@~ of a pslrticular site. In Heat Mining, 
Armstead and Tester (1987) subdivide the grade of HDR resources in the U.S. into two 
categories, themrrl with above average gradients a80@/km and non-themal with 
gradients of about 20 to 25OC/km. About 16% of the land area in the US. can be 
categorized as a thermal area with a significant fraction existing in hyperthermal regions 
near or within active hydrothermal systems. A typical range for average gradients in 
such hyperthermal systems would be from 60 to 8o"c/km. Fenton HiIl, NM and 
Roosevelt Hot Springs, UT fall into this latter categoq. 



Athough HDR reservoir temperatures (or well depths) are selected as a design 
choice, an acceptable rauge can easily be bracketed for electric power applications for a 
particular resource grade. In any situation, one balances the cost of producing the Quid 
against the cost of converting its thermal energy into electric power. Effectively, this is 
equivalent to balancing drilling and reservoir stimulation costs against power plant 
capital costs to reach a minimat total cost conesponding to an optimal design 

or resemoir depth for a particular HDR site. 

The temperature changes that may occur in themservoir output fluid, as well as the 
rate of power production over the 20 to 40 year lifetime of an HDR system, are crucial 
in determining eoonomic viabiiity and in developing an optimal strategy for resemoir 
management. The most desirable approach is to mintah a constant output temperature 
while maximizing the mass flow rate of fluid through the reservoir. This will not be 
possiile because any finite-sized HDR system will have a finite rate of 
temperature dedine or drawdown. The energy drawdown rate for a frsrchlred HDR 
reservoir with low formation permeability will depend on the following factors: 

Reservoir temperature distriiution 
0 

Net impedance to flow and allowable pressure drop . 
Water loss rates 

Accessible heme szlfface area and rock volume 
Mass flow rate of produced fluid 

Dhiution of fluid across the hctured surface and through the hctured region 
The& properties of the rock (density, heat capa&y, and conductivity) 

High reservoir temperatures, low reservoir flow impedances, and large reservoir 
surface areas and volumes are desirable-leading to lower rates of t h e d  drawdown at 
specified fluid production rates. A key design objective is to maximize the rate of fluid 
throughput and energy production while :mhimizhg the rate of drawdawn. How closely 
this is achieved is the primary measure of energy extraction effectiveness. Furthennore, 

and, in the with low impedance to flow, parasitic PUIllping losses will be xnmmwd, 
optimal situation, "sd~pmpd" systems are possiile as a result of buoyancy drive. 

The issue of water loss raises some speculation about induced seismic effects and the 
possiile economic impact of 8 large makeup supply of water in arid regions of the US. 
It should be emphasized that proper pressure management of the HDR system, which in 
extreme cases may require downhole Pumping from the production well, can control or 
eliminate all water losses should they become a critical e. Furthermore, in all testing 
to date, no measurable seismic risk has occurred. 

The production of electricity from HDR geothermal resources can be a&mplished 
in several ways. Technologies developed for low temperature energy sources such as 
solar, geothermal, and process waste heat are easily adaptable to the HDR system. 
Because pressurized hot water ranging in temperatures from about l50 to 3OOOC will be 
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produced from HDR resemoirs, the foUowhg conversion options are possiile (see 
Kestin, et d (1980), Tester et aL (1989), and Tester (1982) for details): 

Single and multi-stage.flash qdes 
Binary fluids (ORC) 

' K a l i n a  
Trilateral Wet Vapor cycle CTWVC) (Smith (1981)) . 

water (Kalina (IS&) and Bliem (1989)) 

Total flow concepts such as the helical screw expander or the biphase turbine 

Because HDR-produced fluids will most likely have low concentrations of dissolved salts 
and non-mndensr'ble gases, any of the five options cited above are technically acceptable 
in terms of performance - economic factors will eventually detennine what specific 
design selections are best suited to a particular HDR system and its heat rejection 
conditions. 

For all HDR applicati that are envisioned, "off-the-shelf" commercial power plant 
systems are available. Further development of newer conversion technology such as the 
Kalina, TWVCandt systems wil l  undoubtedly increase the attractiveness of 
HDR by permitting op at higher conversion efficiencies. Improved efficiency will 
lower capital costs by reducing the mlmher of we% per untt of outpi  

% 

HDR Component Costs 

~ a n t i ~ ~ ~ n  Chts To establish e &e opsts atlcl a cost range for 
HDR drilling, we reviewed all available drilling and completion cost data for geothermal 
(hydrothermal and HDR) and oil and gas wells for the period 1972-1988. The 
geothermal well costs came from a number of sources including Carson and Lin (1981), 
Entingh (1989), Batchelor (1989a), and Armstead and Tester (1987) as well as from the 
seven case studies being examined. Joint Association Survey (JAS) data for drilling and 
completing oil and gas wells in the confinend U.S year were used as a 
reference point to compare actual HDR well costs 

In order to normake well costs to a common cost hdex was 
established. To develop this index, JAS average oil and gas well costs based on total 
footage for depths ranging from l250 ft (0.38 km) to 20,000 ft (6.1 lun) were used from 
1977 to 1989. In addition, Energy Information Administration (EIA) costs for 1976 to 
1977 (Anderson and Funk (1986)) was used to supplement the JAS data base. For wells 
drilled before 1976, a 17% annual inflation factor was assumed. 

1989 $. The straight line plotted in Figure 1 corresponds to a least squares fit of the 
1989 JAS oil and gas 

Figure 1 presents a composite of actual and acted well costs normalized to 

osite well cost data. One immediately sees that without 
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exception, all hydrothermal and HDR well costs are bigher than a typical average oil 
and gas well clriIled to the same depth. Following the methodology descn’bed earlier by 
Milora and Tester (1976) and later updated by Armstead and Tester (1987), we chose to 
establish a range of expected drilling costs for HDR wells drilled to 10 km depths. In 

the US. and UK R&D programs during the past l5 years (see Amstead and Tester 
(1987), Batchelor (1984 (Gb), l987,1989b), Tester et aL (1989) and Brown et aL (1991) 
for details), Although the field efforts have made considerable progress, there is not yet 
sufficient knowledge regarding rock fracturing characteristics to absolutely guarantee that 
a fractured network of rmfficient size and viability can be created and connected to an 
appropriately designed injection and production well system. Given this inherent 
uncertainty, we must make several assumptions regarding the formation of such a 
reservoir system in order to proceed with an economic assessment of HDR. All studies 
have assumed that current fracturing technology (or some-modest extension of it) is 
sufficient to create a viable HDR resemir at depths of interest.. In addition, they have 
estimated the costs associated with these stimulation methods. These include the costs 
of pumping at high pressures and rates, costs for fluids with special rheological 
properties, and the costs of diagnostic geophysical testing.’ 

Sur/rrae Pows P W  COstr: Estimated costs m 1989 $/kW, installed for HDR surface 
power plants have been correlated as a function of the fluid production temperature that 
would enter the plant. Specific estimates are given in Tester and Hemg, 1991. They 
range from about $lSOO/kW, at lWC to $750/kWe at 300°C. Both direct and indirect 
a t  factors were used to account for such things 8s instrumentation, buildings and 
structures, piping, insulation, environmental controls (under direct costs); and 
engineering and legd fees, overhead, contingency, and emrirOnmental and regulatory fees 
(under indirect costs). The combined effect of these factors typically causes the installed 
plant cost to be about 27 h e s  the total purchased equipment cost (Armstead and 
Tester (1987) and Tester (1982)). An upper limit of 300°C for the reservoir temperature 
was chosen to avoid problems of mineral transport and deposition with the HDR 
resemir/power plant system. A nominal SO MW, sized plant has been selected with 

ate range of conditions that would be expected for 
50 MW, power plant approximates an optimaI size for HDR 
economies of s d e  to be found for larg 
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GeneraIized HDR Economic Model for Electricity Production 

. Moriel Des@fbc Building on the models and cornlatiom presented a 
generalized HDR economic model was developed. To distinguish it ffom other 
treatments, we have labelled it the MITHDR economic model, with no Institute 
endorsement implied. For a given set of parameters which define a technology case, the 
model calculates breakeven electricity price 8s a function of gradient. We define 
breakeven electricity price as the selling price of electricity needed to recover all 
expenses, including the cost of capital. That is what economists tern the supply price. 
To m e r  a range of reservoir performances and costs, the following four technology 
cases were considered: 

Today's TechnoIogy Case - Reflects today's relatively high drilling and completion 
costs (see Figure 1, base case line) with poor. reservoir performance at a level 
comparable to the Fenton Hill System. 

Problem Bardened Case - High drilling and comp€etion co 
performance. 

TechnicaIly Optimized Doublet @OUBLET) Case - Combines good reservoir 
performance with @roved drilling and completioh costs (see Figure I, advanced 
technology line). 

Linear Drilling Technology Case - Introduces advanced concept drilling with a 
DOUFJLE" reservoir structure with good reservoir performance. TinPnr drilling 
assumes a major breakthrough in drilling technology using nonanventiod 
methods such as t h e d  s p ~ o ~  

The specific parauteters used to define these cases are detailed in earlier reports and 
papers (Tester and Hemg (1990,1991)). A thermal drawdown rate of 2% per year was 
selected. This corresponds to an effective drawdown parameter (mass flow rate divided 
by effective reservoir area) of 0.446 x le kg/m2.s. Reddbg  and resthulation are 
done at 5-year intervals to restore reservoir temperatures to their initial values. 

The key results of the MITHDR economic model are shown in Figures 2 and 3. 
As the gradient decreases, driiling and completion costs become more dominant and 
drive the busbar costs up exponentially. Much of the range in costs in Figure 3 at a 
given gradient is a result of reservoir performance. Poor performance correlates with 
low geothermal fluid production rates and/or rapid thermat drawdown which drive up 
the costs. Figure 3 compares the MITHDR ecoIulmic model results to the breakeven 
electricity price reported in the seven other economic studies adyzed. Predictions using 
the MITHDR economic model are in general agreement with the nonnalized results of 
the previouS HDR economic studies with the exception of the Japanese study. This 
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Figure 2 MIT HDR econodc model results for electricity 
breakeven price as 'a function" of gradient for . 
the four levels of drilling technology depicted 
in Figure 1. Base case reservoir pcrformancc 
assumed for all cases. 
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Figure 3 Comparison of MIT HDR economic model results to 
those of the eight economic studies analyzed. 



agreement, however, is fortuitous unless the individual component costs for each model 
are close to one another. In comparing studies, specific component costs such as drilling, 
stimulation, or m e r  plant costs differed widely in most cases, But to the extent that 
the studies agreed on their methodology, we were able to use their data to justify and 
specify critical cost components in the revised composite model. 

On another note, we recently received a copy of a report by Harrison and Doherty 
(1991) that updates the Shock (1986) study of HDR economics in the UK. The resource 
and resewoir performanoe parameters used by Harrison and Doherty are identical to 
those used by Shock Harrison and Doherty based their power plant design on a binary 
cycle and their estimate of 1451 pence/km (approximately 23a/kWbJ, while at the 
upper end of our range, is consistent with our projections for mid- to low-grade HDR 
resources. 

The case for investing in drilling R&D can readily be seen by examhhg the 
breakeven prices for gradients below 6 O T k  As shown in Figure 2, with advanced 
linear drifling, the entire U.S. land mass becomes commercially competitive for HDR 
development at today’s energy prices. A supply curve scenario has been generated for 
the entire U.S. using three different technologies and five (I-V) HDR resource grades 
from 2OTm to 8 O T / h  This amoults to a total electricity production capacity of 
41,600 GW, for 20 years of continuous supply which is about 55 times larger than the 
U.S. current capacity of 734 GW, Figure 4 shows the effect of driUing costs on 
breakeven price. 

Conclusions and Recommendations ~ 

Table 1 summafjzes the results for the cases of high-, mid-, and low-grade HDR 
resources assuming base case performance and oompment costs. Several general 
conclusions regarding the economic viability of HDR can be drawn kom our projections: 

1. High-grade (8OT/h) HDR resources would be competitive with today‘s 
energy prices with a projected breakeven electricity p&e of approximately. 
S&l@/kW. 

2. Mid-grade (SVC/km) HDR resources would be only m&ginally competitive with 
today’s energy prices. With higher oil prices >$3O/bbl or by including the 
emTironmental damage costs associated with fossil-fuel fired systems (e.& an acid 
rain or carbon tax equivalent to increasing the price by 2 to 3c/kWh), mid-grade 
HDR systems would be competitive at about 8c/km. 
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3. Low-grade (3ooc/km) HDR resources would not be competitive for electricity 
production until significantly higher energy prices and/or lower drilling and 
reservoir development costs exist. Although it should be noted that for direct 
space or process heating or for cogeneration applications, low-grade HDR 
resources would compete much more favorably because Second Law efficiencies 
for conversion of o not limit performance. 

4. Withadvancedhear of HDR resources are 
competitive for baselo 

I I 

Breakeven Ekctricity Price (cents/kWh)l 5.3 I 8.2 1 23.5 i 
I 

(a) Reported 

(b) Includes fluid distribution cos 

As a result of our economic analysis, we can identify where resear& should be 
concentrated to improve the commercial viability of lower grade HDR resources. A 
sustained R&D effort focussed on the following crucial areas of HDR technology d d  
greatly lower development costs: 

. 
Improved drilling technology to reduce drilling and completion costs. 

Reservoir formation and stimulation technique development to improve reservoir 
performance, including flow impedanaz reduction. This will lower costs 
proportionately. 
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Reservoir diagnostic technique d and other 
geopnysical .methods for geometry characterization-and system design optimization 
to reduce risk. 

Modeling of the thermal-hydraulic behavior of fractured HDR 

Evaluation of untested resemir/power plant mncepts such operation with 
multipfe production wells (e.& triplet arrangement); and cyclic operation with 
pumped storage for peaking power supply or hybrid/cogeneration applications to 
demonstrate fiexiiility of HDR systems. 

emirs to reduce risk. 

As stated above, one way to make HDR geothermal energy commercially 
competitive for low-grade resources in the US. with gradients ranging from 
20 to 3ooc/km, is to fundamentally change the way in which wells are drilled to 
significantly lower costs. For example, with advanced hear drilling cost projections 
assumed, HDR electricity prices would be lowered from about 24e/kWh with today’s 
technology to about 6e/kWh for a 3o”c/lan resource in 1989 $. In addition, with 
advanced drilling and excavation methods available, the economic attractiveness of other 
applications could be shihr ly  af€ected. Costs for primary energy supplies (e.& deep 
well driUing for oil and gas production, coal mining), energy seNices (e.& tunnelling for 
transportation systems, and energy storage and waste trea-bent systems (e.g. cavities for 
gas or compressed air storage) would be significantly lowered by a major breakthrough in 
mining and drilling techniques. Promoting the development of such cross-cutting 
technology seems very much in the national interest and perhaps should become a key 
component of our National Energy Strategy. In order to achieve.these advances, the 
government needs to b e s t  in research on advanced drilhg and excavation methods. A 
viable program should have a reasonable time horizon to achieve results and should be 
suf€iciently funded. to permit field testing of new concepts. 
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to Commercial Application: 

Bonneville Power Administration < 

Portland, Oregon 

,Innoduct ‘On. 
In 1990, the BonndIe Administration (BPA) launched a geo 

Pacific Norrhwtst’s large, but tssent;alh uncagpcd, g c o t h e d  
urces. The goals of the program are to initiate development at three high-potential sites in or 

confirmation program 

BPA service area and to make sure technical and institutional barrius to development can 
me. Our approach was to offer p e contracts for three pilot proj-, orig’inally 

as the incentive for developers to parcici- to be about 10 megawatts 
pate. A request for proposals was published in Jdy 1991, and &e negotiating 
in December. The three p 
Volcano (near Bend, Oregon), Trans-Pacific Geothermal Corporation at Vale, Oregon (ncar the 
Idaho border), and Unod at Glass Mountain (in northern Caifbmia, about 50 miles south of Kla- 
math Falls). All three projects are approximately 30 MW in size and are q e c t e d  to achieve com- 
mercial operation in 1996. Their locations are shown in Figure 1. 

‘ 

As this is written (early January, 1993), B 

selected were from the California Energy Com 

Agreement on the Vale Project is expected 
momentarily. Unods  decision to sell its Glass 

. Figure 1 
PILOT PROJECT LOCATIONS to g k  developers m p k  opportunity to formu- 

*Summary of presentation to be given at the EPRI Workshop on Potential of HDR Rcrourcts fbr rhe Ekcaic Power Industry, 
Philadelphia, PA, 14-15 January, 1993. 



. late proposals and to meet with us, if necessary, to discuss the suitability of their projects. The solic- 
itation, which amounted to a paragraph pub1 
sions that narrowed the field of p&nt;a p 
of having restrictive threshold criteria, but was also necessary because BPA could not devote much 
d t o  the program. The main elements in the solicitation were as follows: 

n Commerce Business Daily, had s w d  proVi- 
was an incidental consquence 

e High-Pomtkd Site - The rcsourcc had to be considered capable of supporting at least 100 
MW of development. Since we required the sites be undeveloped, there was obviously no 
way we (or the developer) could know the size of the resource at the fiont end. If bemr data 
were not available, a resoufce estimate such as the U.S. Geological Sukrey's Circular 790 or 

basii for mecting this requirement 

for Unit Operation - One arategy for reducing the danger of uncontrolled dwel- 
opment and resource deplelion was to rquire the developer to be in substantia! control of 
the resource area. The lease blodc had to be unitized or &le for unit operation with the 
developer as operator. This tended to 
pation to companies with longterm 

ome other autho&uive source was considered s 

rs and to respia partici- 

e 

e 

Output Contracts - BPA would pay only for output. or i n t a d  in financing 
projects or guaranteeing debt service. As a result, devel le to finance exploration 
billing were at a severe disadvantage Since BPA cannot make an irrevocable commitment 
to sign a power purchase conqaa until a 1-1/2 to 2-ye.u environmental review proccss 
required by NEPA has been completed, agreement on contract principles alone would usu- 
ally be insufEcient to stcure financing. 

Cost Sharing by O&er Utili& - BPAwanted other utilities in the region to hdp foot the 
bill for what was expeacd to be a power purchase at above-markt rates (thii tumeciout not 
to be the case). Bccause most utilities have to overcome signXcant regulatory barriers to buy 
resources that aren't aleast-cost: this requirement has been extremely difficult to achieve. 

e Not a Price Competition -Although we asked for a price proposal, capid cost estimate, 
and cash low for each project, we recogn'ned that so much was unknown - indudmg the 
terms of &e power purchase contraa - at thii early stage of the development process that 
no developer should be 

jaas using other 
lot of flcxib;tity to ncgo 

to make a price commitment prior to negotiations. We 
treated the price estimate and starcing point for negotiations, but selected pro- 

proach proteaed us fiom low-ball proposals, and gave us a 
reasonable price Strumre. It also had a down side, as wilI be 

cussed later. Developer track record and abiiity to meet our criteria were judged more 
osing among proposals than just taking 

2 



The solicitation aKLilcttd seven proposals, two of which were dearly not of interest and quickly 
declined. One proposal was withdrawn. BPA chose the negotiating group fiom the four remaining 
proposals. *To date we are satisfied that we selected reputable developers, and we have formed good 
working relationships with them. 

c 

Early in the program, BPA identified a number of principles that we wanted reflected in the power 
purchase contram. All of them were implemented, although not always in ways we might have pre- 
diad. Some of the most important principles were 

0 Pay Only for 0 BPA management amant that the agency not pay for any- 
thing except energy delivered. These were seen as hi@-risk, R&D-type projects, extremely 
susceptible to cost overruns. BPA was willing to forego potential cost benefits from guaran- 

debt service or other forms of risk sharing. 

0 costs are repaid, 
idly low operation and maintenance (OtQM) corn should makc possible relatively low 
powu corn in the out-years of the contract. Partly in order to take full advantage of this, we 
considered contracts with very long (up to 50 year) terms. 

Incentives and Disincentives to Promote Lo 
ment stream are front loaded, we searched for ways to makt sure the project would ddivcr 
energy in the out years that we had essentialy already paid for in the early years. We ended 
up with a combination of operating security accounts (power plant and w d  r e p b e n t  
hds) ,  heavy penalties for early termination, and performance standards that trigger termi- 
nation ifnot met. In return, BPA is obligated to purchase all $IC plant produces, and has 
very Limited curtailment rights. 

Minimal Oversight by BPA- Since an output contract puts virmally all risk on the devel- 
oper, we agreed it was appropriate fbr BPA to have little decision-making power (except 
regarding transmission system aspens) during project development. However, we have the 

' 

0 , Rdible Operation - B-e the pay- 

right to be hlly informed about every aspea of the project. + 

e Option on Future Units at a Guaranteed Maximum Price - BPA and io utility partners 
have an option on the next 100 M W  (if available) at a price not to exceed BPA's alternative 
cost. 

romote EfZcient Use of the Resource - Unit operation, developer control of both wellfield 
and power plant, and longterm contracts with heavy penalties for early termination due to 
developer-caused resource depletion will, we hope, tend to promote efficient use of the 
resource, 

3 



. .  ontract NePonat ions 
The power purchase contracts took almost a year to negotiate, fir longer than acpecced. One reason 
for this was BPA's i n s ince  that another utility participate on some equitable basis in each project. 
Defining "equitable" is always a problem, and including a third party (the other utility) in the ncgc+ 
tiations increased the difficulties by an order of magnitude As mentioned earlier, avoi&ng a price 
dmpetition had s e v d  advantages. The disadvantage was that it made price something we had to 
negotiate. 

Since the developers may not know the tumS of longterm 
want as much flexibility as possibie in case interest rata rise.or they can only secure financing with a 
very short term. BPA wants a price cap (at least), needs a power cost estimate for budgeting pur- 
poses, and seeks to minimike the amount of h n t  loading in the payment stream. Our solution was ' 

to use BPA's publiicd schedule of alternative costs (what most utilities d "avoided costs") to 
define the price "envelope" for &e projects. These costs are expr&GTin real levelized d o h ,  and 

~0 years or more, thev 

shown in Table Acoststrea& can beshaped in an in6 

Table 1 
BENCHMARKREALLEVELIZEDALTERNATWECOSTS 

(mills per kwh 1990$) 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

On-Line 
I992 1993 1994 1995 1996 

25.0 25.3 25.5 25.8 26.0 
25.9 26.2 26.4 26.7 26.9 
26.8 27.0 27.3 27.5 27.8 
27.7 28.0 28.2 28.5 28.7 
28.5 28.8 29.2 29.6 30.0 
29.2 29.7 30.2 30.7 31.2 
30.0 30.6 3 1.2 31.9 32.5 
30.7 31.5 32.3 33.0 33.8 
31.5 324 33.3 34.2 . 35.1 
32.2 33.2 34.3 35.3 36.3 

An example of two cost streams that equate to the same l cvc l i i  cost is shown in Figure 2. The 
shaded portion ofthe chart sum to a hnt-loaded cost stream that is r d i c  for a developer- 
fimced projea. The darker area reflects capital cost repayment. The lighter afea is composed 
mosdy ofvariabIe costs, inflated by an assumed percentage (&cy will actually indate according to a 

. -  4 



COST STREAM * I  COMPARISON 

Variable Costs 

YEAR 

price index based on producer price i 
service is spread over the entire contract term, as shown by the lower line on the chart. The upper 
linetracks variable corn, again intl 

Both the Ncwbeny and Vale projects are priced - on a real, level is - at Or below BpA’s 
current alternative costs. By definition (of alternative cost), they are therefore competitively priced 
compared to other resources with the same contract terms and operating d.laraaursa ‘s. Thepilot 

projects receive no subsidy or “R&D premium.” BPA is signing contracts with customer utilities 
for customerdeveloped hydro projects that ham first year costs exceeding those of at least one of the 
pilot projects. 

Some Thoup hts RF rdinv a Hot DN Roc k Demonstration Proiea 
As I see it, the main problem confionting aHDR demonstration projea is that 
opment component is unproven, and therefore capital costs may not only be higher than expected 
but also can’t be recovered if there is insufficient or no power to sell. For the same reason (reservoir 
ncertainty), O W  costs and reliability are u Or may bemu*worseb arpeaed 

ume some elements of the B a d d  be applied he t the projea done 
by a private developer, with minimal government or utility subsidy, oversight, or inuderencc The 
private seaor will finance the projea, and a utiiity (or group of buy *e O U P L  what 
p r o b l b  might arise, and how migh 

it;es) 
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1. &gblem: Capita! and O W  costs can't be known with much certainty, especially as 
they apply to the reservoir. 

Solution: Buy down capital costs to levels competitive with current technology. Provide 
project components with RBrD value at t reduced or no cost to the proj& Subsidize 
O M  costs, ifnecessary, for the fint ten ytars of operation, while providing developer 
incentives to keep them low. The federal government and the Electric Power Research 
Institute may have roles he&. Anapproach s i m i i  to that used in the U.S. Depamnent 
of Energy's (USDOE) User-Coupled Drilling Program - in which the USDOE pays a 
large share of costs for unsucccssM wells, but a small share for successful 
be applied here. 

2. Problem: T h e  project will be d best) to finance, because of the risks involved. 

I Solution: Provide loan guarantees. The federal government may be in the best position 
I 
I todothis, 

3. Problem: Utilities will be reluctant to purchase the output because the nliabiiry is 
&own. + Regulatory approval may be difficult to obtain. 

Solution: If the project is succcssfkl, provide attractive terms on a subsquent proj& 
Do a joint venture to spread the risk Limit utility exposure to alternative (or avoided) 
costs by buying down capital cosa 

~ In short, the necessary components of a HDR demonstration projca appear to be: 
! 

, I Capidcostbuy-down . 

Power purchase 

This analysis probably vastly understates the difficulty of implementing such a project, but dreaming 
g thii technology. We got this fir with the 

so commited to making them succcssftl 
p potential problems will not help us s u d  in 
iloi projeas because the developers-and BPA 

. 

that they persevered through months of groping for workable financial and contractu! structures. 
Also critical were timing (the Northwest was just emerging from a long power surpl 
were beginning to acquire resources), institutional and public backing (the projects were action items 

6 



in BPA’s 1990 Resource Program and the Northwest Power Planning Council’s 1991 Power Plan, 
th of which underwent extensive public rcvicw), and support fiom the Oregon and Washington 

commitment and support may be fieeded to implement a hot dry rodc demonstration project. 
energy ofkes, the Forest Service, and the Bureau of Land Management. A similar critical mass 

References 
Darr, G.D., 1990. The Bonneville Power Administration’s Geothermal Program - Pilot Projects in 

the Pacific Northwest, Geothermal Rcsources Council Bullern, December 1990, 
’ pp. 308-310. 
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HDR Potential for the Electric Utili 

eph A. Orlando, P.E. .D 
President 

GKCO, Incorporate 
7620 Little River Turnpike 
Annandale, Virginia 22003 

When contacted to participate in this program on the poten- 
tial for HDR resources in the Eastern United States, my hediate 
response was to ask "What is HDR?" Once that question was an- 
swered my next reaction was one of interest, .tempered by a com- 
plete lack of knowledge of the .technology. ile 1 consider 
myself knowledgeable of cogeneration techno1 nmst of that 
experience has been in the development of-somewhat simpler gas 
and oil fueled systems. As a result, the title of my presenta- 
tion here today is somewhat of a misnomer. I have no idea as to 
he potential of HDR based cogeneration! ot even know that 
t is an economically viable technology wi current and pro- 
ected energy prices. Rather, my objective today is to establish 
hallenges which ems must mee if they are to be- 
one an option. 

round the non cogeneration and in- 
ependent power industry is bringing approximately 4,000 MW into 
service each year. The U.S.  Congress recently increased the 
tential for non-utility generation by creating the Electric 
olesale Generator," thus allowing re ed utilities greater 

access to the independent-market and hating the need for 
non-utilities to establish thermal ho While there is con- 
siderable debate as to the extent to which non-utility generation 

I 

haps through some administrative proceeding rather than the tra- 
ditional cost of sentice approach to rates. As a result, capac- 
Ity sup be under great pressure to minimize both the 
project the risks that the pr will not perform to 
anticipated technological and cost goals. 

potential it is 

GKCO, Incorporated Page 1 
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era1 questions. 

- .  . 1, What performance requirements will HDR based plants be 
required to meet? 

Moreover, while HDR may have a fuel cost advantage, as with 
other renewable sources of energy, two additional questions must 
be answered: 

2. How significant is the fuel cost advantage in the mar- 
ket place? 

3, What additional costs does the use of HDR impose on a 

The definition of performance requirements is straightfor- 
ward and partially dependent upon the plant's expected duty cy- 
cle: baseloaded, intermediate or peaking. As plant duty cycles 
move from baseloaded to peaking performance, there is increased 
need for the ability to cycle a plant on and off on, seasonal, 
weekly or daily schedules. In addition, while availabili$y is 
important to any powerplant, the peaker must be have an ab'ility 
t o  be brought on-line rather quickly to meet 1 

Plant duty cycle is usually a trade off between operating and 
capital costs, with peakers having low capital costs but: high 
fuel costs. Thus, from an operating cost perspective, the HDR 
system would appear to have the most significant cost advantage 
when compared to a peaker. However, based on my limited under- 
standing of HDR technology, it does not appear to have the sapid 
cycling and dispatchability requirements that peakers del'iver. 
Moreover, the limited hours of operation results in a lessening 
of any fuel cost advantage. Therefore, I start with an assump- 
tion that HDR technology will most likely be applied to interme- 
diate and baseloaded facilities. 

In today's market place much of the capacity requir 
are based on a need for peaker capacity, a therefore, a large 
segment of the NUG capacity market will ailable. Even 
where utilities are in need of baseloaded ty, by the btil- 
ity. While some baseloaded plants may operate in excess of k , O O O  
.or 7,000 hours per year, utilities will seek an* ability to' con- 
trol and reduce the output of those plants based on relative 
marginal operating costs. Thus dispatchability and some ab'ility 
to accommodate cycling will be required of HDR systems. Given 
my limited understanding of D R  technology, it appears -that HDR 
plants will have to be baseloaded in order to maximize any appar- 
ent fuel cost advantage. Moreover, based on the nature of to- 
day's power purchase contracts and commission orders, an9 HDR 
plant built for baseload use will be required to achieve the 
capacity factors equal to those of traditional fossil fueled 

project? 
f 

e load changes. 
I 

GKCO, Incorporated Page 2 
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baseloaded plants. NUG's cannot afford experiments, and state 
commissions appear ss likely to pass the costs of a new or 
emerging technology onto ratepayers. The benchmark for perfor- 
mance will be traditional fossil fueled am plants or newer 
combined cycle gas plants: 

A second issue is the value of a st advantage. To- 
day, a gas fired combined cycle power plant is capable of achiev- 
ing heat rates of less than 8,000 Btu/kWh. Simple cycle cogener- 
ation plants with full use of recoverable steam can reduce the 
effective heat rate to 6,000 Btu/kWh. With natural gas available 
in the range of $2.00 to $3.00 per MMBtu and coal even less cost- 
ly, the cost of fuel from a combined cycle plant will be in the 
range of $.016/kWh to $.024/kWh; a simple cycle plant will expe- 
rience costs of between $.012/kWh and $l.018/kWh. Coal fired 
plants will have even lower incremental fuel costs. 

Assuming an average of $.020/kWh and 8,000 hours of opera- 
tion per year, the ability to use HDR as an energy source is 
worth $16O/kW/year. Incremental maintenance costs will reduce 
this margin, as a simple cycle cogeneration system will have an 
incremental maintenance cost of $.OOS/kWh or less. 

Assuming that the entire $160/kW is available for the HDR 
system's incremental Costs, and assuming a utility fixed charge 
rate of approximately 15%# the fuel savings will allow an incre- 
mental investment of $1,067/kW. Thus, an initial cost goal is 
that a HDR based plant must be no more than $1,067 more costly 
than the equivalent combined cycle, baseloaded natural gas plant. 
As noted above, incremental mafntenance costs will reduce this 
premium as will lower priced coal fired systems. 

The combined cycle plant will have costs in the neighborhood 
of $l,OOO/kW, and therefore, the HDR premium appears reasonable 
when compared to some other renewable resource plants such as 
hydro electric facilities, where installed costs may approach 

As noted above, it is my belief that the next generations of 
capacity will be built in a regulatory environment wherein budget 
risk is borne by the plant developer. As was characteristic of 
the NUG industry, those risks are typically passed on to the EPC 
contractor who is responsible for plant engineering, procurement, 
construction and start-up. Any attempt to develop HDR based 
capacity as a commercial option, must first remove the budget and 
performance uncertainty and risk which the EPC contractor per- 
ceives. Experience is the only answer to this challenge, and 
therefore, initial plants will require both cost and performance . 
risk guarantees or management from organizations such as EPRI and 
the Department of Energy. Until such time as the industry devel- 
ops an understanding of the technology, any developer of an HDR 

$3 8 OOO/kW. 
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project will be forced to include contingencies and margins to 
compensate for the added uncertainty and risk. These will be 
real costs! 

In conclusion, HDR technology must compete with both other 
renewable options and with proven cogeneration technology. Given 
the NUG industry's need to reduce fuel cost uncertainty, HDR can 
provide a bankable benefit the form of relatively inexpensive 
energy. If that benefit is to be realized commercially, the HDR 
industry must convince the NCJG industry, and its suppliers and 
financiers that the cost advantage is sustainable over the thirty 
or more year economfc life of a project. 

GKCO, Incorporated Page 4 
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wLl.iAh4 (CONN) ABNEE 
Construction Engineering Manager 
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EAST KENTUCKY POWER COOPERATIVE. INC. 

4758 Lexington Road P.O. Box 707 
Winchester. Kentucky 4039 I 
Phone: (606)744-4812 

G E O m a E A T m  

Ladies and Gentlemen: 

There are three major lssues that face the electric utilities of our country: .. 1) energy 
utitization, 2) efficiency of products and 3) environmental impacts these products have 
on us as a society. 

Let’s examine how the geothesmal heat pump addresses these issues. Presenrly there is 
approximately 680,000 Mws of electric generating capacity available in the US. Of 
that, we utilize approximately 525,000 Mws, thus allowing a 22% margin for e x m e  
weather or other rarely occufnn * g events. With a growrh rate of approximately three 
percent &nually, it becomes n 
country to maintain o w  economy. 

for us to grow shztegically in order for our 

Annual capacity growth can be eliminated by wrrect u-on of energy efficient 
products such as the geothermal heating and cooling system. This system can ehnhate 
demand growth for electric utilities. It is highly conceivable that the nation’s winter 
peak demand for electricity can be reduced by 66% or replace 50% of the electric 
heating demand. Not only is this savings for the consumer, but also for the utility. 

. The efficiency of product issue is addressed due to the ge~thexmaI system being the 
most efficient product on the market with efficiencies o€ a coefficient of perfbmmce of 
4.0 and energy efficien average 
energy savings of E350 for each collsumer over conventional systems. 

While reducing the capacity requirements, the environmental impacts are outstanding. 
For every three ton geothermal system installed, one ton of pollutants from a coal-fired 
generation plant are reduced. 

0 of 15 or better. This eqw to 

From all indications, practical and modeled, the geothermal system is a winner for both 
the consumer and the utility. __ 
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Utilitiy Savings 
From Geothermal Heat Pumps 

5kW System (3 Ton) 

100,000 s = 500,OOOkW 
I 

500,OOOkW @ $2,00O/kW = $1 Billion 

i 



Individual Savings 
From GeothermaI Heat Pumps 

Conventional System 

10,638kWh @ $OmO7/kWh = $750/yrm 

Geothermal System 

5,714kWh @ $OmO7/kWh- = $400/yrm 

Savings = $350/yr. 



A PG&E PERSPECTIVE 
ON GEOTHERMAL RD&D NEEDS 

EPRI HDR Workshop 
Role of The Utility 
January 14, 1993 
Philadelphia, PA 

George A. Hay III 
PG&E R&D Program Manager 
Advanced Thermal Generation 

The electric utility systems in California have historically evolved around the use of natural gas and 
renewable energy sources, particularly hydro, g e o t h d ,  biomass, and wind resources. Elecaic 
power markets in the 1990s are rapidly changing and so is the role of the utility in the development 
of new electric resources and in R&D on bringing new technologies into the market place. These 
changing market conditions require that assumptions abut  resource development and new 
technology R&D be reconsidered in light of the new circumstances. In 1991, Pacific Gas and 
Electric's (PG&E) Research and Development (R&D) Program and the Electric Power Research 
Institute (EPRI) completed a preliminary scoping study of emerging geothermal technologies and 
resources available to PG&E. The purpose of the study was to help detennine what type of R&D, 
if any, PG&E should be conducting related to the development of new geothermal resources 
beyond those at the Geysers. Insights gained in the study were: 

I 

Resemoir risks have been underestimated and could inhibit new resource development. 

Most new high quality resources are outside of PG&E's service area and might reqUire 
signiscant r e g i d  collaboration on resource confllII115Ltion, field management, and , 

A large hot dry rock (HDR) resource potential exists within PG&E's service area at Clear 
Lake, but significant RDW, commercialization, and competitive barriers exist that would 
likely inhibit development of this resource in the 2000-2010 time W e  of interest to 
PG&E. 

Most new resources would be procured via power c 
evaluation process that wo$d consider the costs of new transmissions and dispatchability. 

Advanced technologies far 

I transmission infrasaucture to develop. 

as& on a ~ulti-atllibute 

efficiency cofyversion with greatermodularity could 
ce the risks of new develapment. the sustainabili 

for hybridking 
should be re-evaluated in light of the new market circumstances and growing interest in 
R&D for higher efficien 
conserve gas supplies. 

atural gas in advanced gas turbiie cycles 

that wouldreduce C@ and 

&tY additions in the In 1992, PG&E included 540 M W  of generic third party geothermal 
resources plans in the 2006-2010 time frame. It was detexmhed that better site specific 
information was needed on where PG&Es next 1,OOO MW of g e o t h d  resource would most 
likely be developed in the post-2OOO time frame and how much those resources would cost with a 
reasonable degree of certainty, including transmissions systems impacts. FG&E requested that 
EPRI manage apject to obtain this infarmation and to determine the impacts of advanced 
technologies on the results. EPRI solicited the involvement of other western utilities with similar 
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geothermal interest to participate in a project to define preferred next generation geothermal power 
plant technologies and W&D pathways. The Bonneville Power Administration, Southern 
California &on, San Diego Gas and Electric and Sierra Pacific have indicated an intent to 
cosponsor Phase I of the investigation. 

In addition to encouraging regional collabaration on new re infrastructure development, 
the project will provide a forum for utilities to discuss the best approaches far encouraging 
geothermal resource development through utility price signals ("market pull") in future competitive 
procurements far power contracts with third party producers. The project sponsors are soliciting 
the involvement of interested government organizations, e.g., the Department of Energy and the 
Califurnia Energy COmmisSion. The investigation would involve screening emerging technology 
concepts at high potential regional sites for new development. The smning would use market 
based criteria. The investigation would help to target the most attractive sites for next several 
thousand megawatts of geothermal resource development, electric and gas transmission 
infiasmm requirements, and oppoxtunities forregional collaboration. Selective emerging 
power plant technologies targeted by the cosponsors would be investigated in site-specific case 
studies at the most amactive sites. Assessing RD&D pathways and the market benefits of 
advanced technology for lower cost, rnore modularity, higher efficiency, more dispatchability, and 
alternatives for natural gas cofiring are of particular interest EPRLwill release a request for 
proposal (RFP) in the spring to equipment suppliers and developers. 

Phase I of the EPRI Next Generation G e o t h d  Power Plant Pioject will include an examination 
of hot dry rock opportunities at the Uear Lake, scenarios for commercialization at that site, and the 
impact of advanced conversion technologies. Opportunities at Clear Lake will be campared with 
the costs and development potentials of advanced technologies at sites using more conventional 
resources. 

In addition to evaluating the Clear Lake hot dry rock resource through the EPRI project, PG&E is 
also investigating the application of hot dry roclc technology to help mitigate the Geysers steam 
field decline. In the near-term, FG&E is interested in applying the hot dry rock technology based 
to re-injection. In the longer term, hot dry rock technology could provide innovative approaches to 
"heat mining" at the Geysers. 
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PG&E R&D TARGET TECHNOLOGIES 

o CRITERIA - RENEWABLE OR HIGH EFFICIEN - LARGE RESOURCE - POTENTIAL FOR COST COMP 

- CEC OPPORTUNITY TECHNOLOGY 
.. - PG&E VALUE ADDED 

o DEMONSTRATION TECHNOLOGIES - SOLAR THERMAL - WIND - BULKSTORAGE - ADVANCED GAS TURBINES - FUELCELLS .. - DISTRIBUTED GENERATION 

o TECHNOLOGY ASSESSEMENT - BIOMASS - GEOTHERMAL 

. -  Developing Collaborative R&D * 

Strategies for Advanced Natural Gas 

Carl Weinberg, CURC Chairman 
CURC Advanced Gas Turbine Forum 

December 11,1992 



- - Advanced Natural Gas Technology 
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California R&D Needs 
CAGT Project Small Turbines Alternative Fuels 

-0 Renewable energy hybrids as fuel save pply hedge and 

PG&EStudies 

"Technical Bridge" in era of cheap gas 

- CAES optimSzing wind and solar thermal system integration 
Direct steam solar through combined cycle options 

EPRl studies with other utilities (1993-1994) 
Biomass retrofit and cofiring options 

- .  * 
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. .  PG&E GEOTHERMAL 
SCOPING STUDY 
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l o 1989-92 TECHNOLOGY AND RESOURCE ASSESSMENT 
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'AL 

- NEWRESOUR( iES CONSTRAINED BY TRANSMISS~ON 
INFkA%UCTURE - MARKET CHANGED, LE., CHEAP GAS AND 

. .. 

o NEED FOR REGIONAL COORDINATION - EPRI COORDINATED UTILITY GEOTHERMAL INTEREST GROUP 

o RESOURCE PLANNERS IDENTIFIED 540 MW IN 2005-2010 - HIGHLY UNCERTAIN ESTIMATES ON COST AND PERF. 

EPRI NEXT GENERATION , GEOTHERMAL PROJECT 
. -  

U 

o EXAMINE MULTIPLE POSSIBLE NEXT SITES INCLUDING HDR AT i CLEAR LAKE 

7. 

o EXAM1 NE NEXT SEVERAL THOUSAND REGIONAL MW AND 
INFRASTRUCTURE ISSUE RELATED TO COSTS AND RISKS OF NEW 
FIELDS 

o SCREEN NaCT GENERATION TECHNOLOGY OPTIONS BASED ON 

~ 

I 
-. 

EMERGING MULTI-AlTRIBUTE UTILITY SYSTEM & MARKET CRITERIA 

o INTERESTING RBlNE HYBRID CONCEPTS WiTH NATURAL GAS - GEOTHERMAL INCREASE "EFFlClENCY" - CREATE BRIDGE TO POST-2010 - MANAGE RESERVOIR RISK _.. 
OFF-SET AND FUEL HEDGE FOR GAS 

o SUPPLY SIDE COLLABORATION - TEAMS OF MANUFACTURERS AND DEVELOPERS - UTlLmES TO ENCOURAGE COORDINATED DEVELOPMENT 
SCE, BPA, SDG&E AND SIERRA PACIFIC 
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. -  CURRENT PG&E HDR INTEREST 
.*&' , f 

o NEAR-TERM APPLICATION OF TECHNOLOGY BASE 
TO GEYSERS RE-INJECTION 

o LONG-TERM APPLICATION TO HEAT MINING AT THE 
GEYSERS TO REPLACE EXISTING CAPACITY 

o POTENTIAL INTEREST IN LONG-TERM APPLICATION 
AT CLEAR LAKE FOR NRN GENERATION 

ROLE OF UTILITY 
IN HDR DEVELOPMENT 
A PG&E PERSPECTIVE 

- -  

o HDR CONCERNS - ADEQUATELY ADDRESS TECHNICAL FEASIBILITY AND 
UNCERTAlNTiES AT FENTON HILL - COMMERCIAL FEASIBILITY / SERIOUS MANUF AND DEVELOPER 
INVOLVEMENT AT NEXT PROJECT SITE WITH POWER PLANT - COMMERCIAL COMPETITIVENESS AND TIMING 

-. - COST TO DEVELOP 

o COMMERCIAL PROCUREMENT - COMPETITIVE BIDDING FOR POWER CONTRACTS - CALIFORNIA SECOND PRICE AUCTION 

o R&D COLLABORATION = MARKET PULL - DEFINE MARKET CRITERIA AND COMPRmlON 

- COLLABORATIVE IDENFITY AND CONFIRM NEW RESOURCES 

- IDENTIFY NEAR-TERM NICHE'S AND DEMONSTRATION NEEDS - ENCOURAGE LONG-TERM VENDOR RELATIONSHIPS 

FOR NEXT GENERATION TECHNOLOGIES 

AND COORDINATION ON INFRASTRUCTURE ISSUES 



EPRI Workshop on 
Potential of HDR Resources 

for the 
U.S. Electric Utility Industry 

January 14,1993 

Needed Infrastructure: 

Role of Independent Power Producers 

Bill Leedy 
Senior Business Development Manager 

Constellation Energy, Inc. 

Thank you. It is a pleasure to have the opportunity to cor,.ribute to the furthering of 
this great domestic energy opportunity. 

I've been asked to speak on what an Independent Power Producer requires to develop 
a geothermal project using hot dry rock resources. First, however, at the risk of sounding a 
bit commercial, a little background about Constellation Energy. Constellation is a non- 
regulated affiliate of Baltimore Gas and Electric. The company was formed in 1985'and is the 
focus of BG&Es efforts in the competitive power generation market. Currently, Constellation 
has 23 operational projects in its portfolio and many more in development. The operational 
projects represent more than 700 MW of generating capacity and nearly $2.25 billion in 
capital investment. Of the 23 operational energy projects, 11 are geothermal projects. Each 
of these geothermal projects utilizes the binary Rankin Cycle technology. currently, 
Constellation is the lead developer of a 49 MW binary Rankin Cycle project in northeast 
California. 

Now then, what does a typical independent power producer require to become 
involved in a geothermal project? The answer: a reasonable risk/reward balance. While 
sounding a bit simplistic, achieving such a balance is not so easy, especially in today's very 
competitive market. Geothermal projects present an unusual set of risks and appropriate 
rewards are often very hard to come by. 

. 

Let's examine more closely these risks and rewards. 
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R E W A R D S  

f 10-20% of Total Cost 

Debt - Treasuries plus 3% 

Resource Owner - Royalties of %lo% of 
Gross Revenue 

.. ~ - 

P R I N C I P A L  . ’  RISKS 

* Fuel SuppIy 

* PowerMarket 

* Suitable Site 



There are three principal risks: fuel supply, power market and project site. Each of 
these must be addressed for a geothermal project developed by an Independent Power 
Producer to be successful. 

The fuel supply risks are the most challenging. The developer must be able to 
accurately quantify and qualify the geothermal resource not only initially but throughout the 
term of the power sales agreement. Additionally, the initial and ongoing cost of producing 
the geothermal resource must be predictable with a high level-of confidence. Among the 
aspects which the developer must accurately predict are initial and long term resource 
temperature and composition, hitial and long term reservoir and well performance, "dry hole" 
risk and parasitic power requirements. The power purchaser and the financing parties will 
require the opinion of an independent qualified consukant that supports the developer's 
expectations regarding the resource. At this point in the evolution of hot dry rock technology 
it appears that the relatively high capital and operating cost of the geothermal wells and the 
uncertainty about the long term performance of the reservoir are the biggest challenges that 
must be overcome in the successful development of a geothermal project using hot dry rock 
resource. 

In todays competitive market, it is a major challenge to negotiate a power sales 
agreement that contains power rates that are acceptable to the purchasing utility, its 
ratepayers and the regulatory authorities, and that provides sufficient revenues to support the 
project and pay a reasonable return to the project participants. Among the most difficult 
hurdles to overcome is convincing the power purchaser to accept at least some of the long 
term resource risk. In the context of the current state of the "art", there are no fuel supply 
guarantees in the geothermal business. Once this hurdle has been overcome, term and 
price become the key issues. Geothermal project developers have found that the minimal 
environmental impact, low fuel cost escalation risk and capital intensive cost structure 
aspects of geothermal projects are currently among the more important keys to making 
geothermal projects competitive. Optimizing the d u e  of these features typically results in 
contracts with terms of 30 to 45 years. The initial price in such contracts is typically in the 
range of 7.5 to 8.5 cents per kWh (1996 $). Frequently, much as 2/3 of that price remains 
fixed for the first 20 years of the term of the p Thereafter, this fixed component 
of the price can sometimes be reduced by as much as 2/3. While this price is relatively high 
initially, the escalation of the price is often substantially less than underlying inflation rates and 
the price escalation rates for alternative power projects. 

__ 2 
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S U I T A B L E  S I T E  

* Environmentally Acceptabl 

* Publicly Tolerable 

* Water Supply 

* Power Market Accessibility 

P O W E R  M A R K E T  

* Buyers Resource Risk 

* 30-45YearTerm 

* 7.5 - 8.5 CentSkWh 

30 - 50MW 



Finally, a successful geothermal project requires a suitable site. Obviously, the site 
must be environmentally acceptable. More importantly, the project must be acceptable or at 
least tolerable to the local community. Environmentat and public acceptability are equally 
important to a successful permitting effort. An adequ pply of water is required not only 
for the resource but for condensing in t ooled applications. There must 

so be reasonable access to the ma her the project must be located 
ithin the power buyer's transmission system or there must be affordable. long term 

transmission capability from the project site to the power buyer's transmission system. 

Rewards are the consideration earned for risk taken. The developer, the equity 
investor, the lender and the resource owner are each essential participants in a successful 
geothermal project and each deserves reasonable consideration for the risks they assume. 
For the risks the developer takes in devetoping the project, a fee of 10 to 20% of the capital 
cost of the project is typical. The equity investor o is sometimes but not always the 
developer, requires an after tax return on equity invested of from 14 to 18% in today's market. 
The long term lender, which supplies the balance of the capital required for permanent 
financing, generally requires an interest rate equal to comparable Treasuries plus 3%. And 
finally, the geothermal resource owner requires a royalty of from 3 to 10% of gross revenues 
from the project. 

In conclusion, the environmental benefits of geothermal power are compelling but the 
risks are high. Commercially viable generation of electric power using hot dry rock 

othermal resources is possible but first, the resource risks must be better understood. 
Predicting and verifying through a qualified independent expert the initial. and long term 
performance of the resource and the reservoir with reasonable confidence is essential. A 3 
to 10 MW electric generating demonstration project would go a long way toward providing 
essential information about the long term performance of hot dry rock geothermal reservoirs. 
Additionally the cost structure of the project must be sufficient to appropriately compensate 
the project participants for the. risk they take. Compared to hydrothermal applications, hot 
dry rock geothermal power proje y represent higher capital and operating costs 
and greater resource risk. With risk mitigation measures, such as resource or 
financing guarantees, the c market for electric power offers rile 

risk. 

I opportunity to accommodate the additional cost or to provide additional reward for the higher 

Thank you. I'd be more than happy to entertain your questions. 
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F U E L  SCPPLI' 

- Reservoir Performance - Well Performance - DryHoleRisk - Parasitic Loads 

* Independent Expert Confiiition 

* HDRChdIenges - High Capital and Operating Cost - Limited Reservoir Performance 
. 

Knowledge 

C O N C L U S I O N S  

* Improve RisWReward . 
- - Lower Resource Cost - Greater Externalities Credit - Government Support 

- ResourceG&tees 

* Increase Reservoir Understanding 

* 3-10 M W  Demonstration Project 



The Role of the Federal Government in Advancing Geothermal Energy 
I 

John E. Mock 
Director, Geothermal Division 
U.S. Department of Energy 

Washington, D.C. 

The f e d d  geothermal fesearch and development program was initiated in the early 
1970s to investigate the feasibility of harnessing the earth's heat as an alternative energy source. 
The Atomic Energy Commission, the National Science Foundation through the Research Applied 
to National Needs program, and the U.S. Geological Survey were charged with directing the 
early resource and technical assessments. The program continued as a scientiiidtechnid effort 
with only marginal CommerciaIization interest until passage of the Geothermal Energy Research, 
Development, and Demomtration (RD&D) Act of 1974. It ws'during these early years that 
the concept of extracting heat from hot dry rock originated at Los Alamos National Laboratory. 
It was also the time during which background and field investigations were conducted to 
determine if hot dry rock existed at accessible drilling depths.. 

After enactment of the RD&D Act, the federal government established a broad-based 
geothermal R&D program as well as a formal commercialization program. Between 1977 and 
1981, the government participated in cost-shared demonstrations plants, such 8s at Heber, 
W o e ,  supported cost-shared resoufce assessments by industry and states; promoted direct 
use applications; established a loan guaranty program; and streamlined leasing, environmental 
regulation, and . In the early 1980s, emphasis shifted from 
comrnercidhti d technology development. Federally sponsored 
efforts included the development of technologies for the economical use of hypersaline 5uids and 
oftemperature-hardened materials and components capable of withstandhg high temperatme 
environments. Long-term research goals involving hot dry rock, geopressured, and magma 
resourceswerealsop 
emphasized application and development to assi and utilities in qloiting 
geoth the near- to mid-term. 

The recently signed Energy Policy Act of 1992 has lent further support to this 
appEcations-oriented strategy. One provision of the Act contains language pertaining to 
demonstration and comm n projects which utilize high temperature and low 
temperatme geothermal as other renewable energy and energy efficieslcy 
technologies. As par& of this provision, the Secretary of Interior is granted authority to eater 
into contracts and coopefative agreements with any public or private entity to carry out projects 
utilizing hot dry rock resources. 

1988, the fedeml program has refocused its effbrts and bas 

. 
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Energy Policy Act of 1992 

Demonstration and commercial application projects 
for renewable energy and energy efficiency 
technologies 

Production incentive program for qualified renewable 
energy facilities 

A National Energy Plan that includes a-ieast-cost 
energy strategy 

Permanent extension of th 

. Conduct a &year program for the gene 
electricmhy from renewable energy sources 

Continuation .of the research pr.ogram in basic energy 
sciences 

Establishment of a cooperative program to identify, 
select, and class'rfy .areas that have a high potential ' 

for energy production from HDR; Secretary of 
Interior is authorized to enter into agreements to 
carry out projects -utilizing hot dry rock 

Encourage the installation of geothermal heat 



Another integral part of the federal geothermal program has been the transfer of 
technology and the results of research activities. It is through discussions and Participation in 
conferences, workshops, and seminars - both formal and informal - and the distribution of 
technical and programmatic publications that much of the transferoccurs. The 
establishment of two government-intiustry partnerships for Cooperative and cost- 
shared research and development has also been an effective mechanism for bringing new 
technologies into use. The Geothermal Drilling Organization, with Sandia National Laboratories 
acting as the contracting agency, addresses high priority problems affecting the geothermal 
drilling industry and the Geothermal Technology organidon, with Idaho National Engineexkg 
Laboratory as the contracting agency, is involved with research and development in the 
geosciences. The Hot Dry Rock Program at Los Alamos National Laboratory has gone to 
extraordinary lengths to interact with numerous public and private organizations to communicate 
current information about hot dry rock issues. One such group is the Program Development 
Comcil, an industry advisory panel, which provides technical input to the Hot Dry Rock 

I 

i 
i Program at Los -0s. 

Fedeml Contributions to the Hot D v  Rock h p m m  ' 

The development of hot dry rock resou~ces from its inception to its present status has 
been predorninantly an undertaking of the federal gwemment. Considerable progress has been 
made as a result of the persistent efforts of scientists at Los Alamos National Laboratory and 
elsewhere. The federal government has spent approximately $170 million between FY 1973 and 
FY 1992 conducting research directly applicable to hot dry rock. The governments of Japan and 
Germany, through the International Energy Agency, provided $32.5 million of the total funds 
under a cost-sharing agreement and made valuable contributions to the development of hot dry 
rock technology. 

Activities conducted in the early 1970s demonstrated the scientific feasibility of the heat 
mining concept .by identifying the presence of hot dry rock at accessible drilling-depths and 
establishing that much of the technology needed to construct a hot dry rock system already 

Construction of a small hot dry rock system at Fenton Hill, New Mexico, was then 
initiated. Testing of the system (Phase I) was performed between 1978 and 1980 and produced 
up to five megawatts of thermal energy. This system demonstrated the engineering feasibirity 
of extracting heat from hydraulically fractured, low permeability, hot crystalline rock. The 
success of this cent provided the impetus for the construction of a larger, deeper, and 
hotter system (phase II) at the same site. The objective of this phase of the program is to prove 
the economic feasibility of the HDR concept by demon from hot dry 
rock can be an &nomidy competitive energy option. 

initial closed-loop flow test of the Phase II system in 1986 produced very enmuraging 
ed and built. The long-term flow test of 
state conditions and will be completed 

t four months of operation 

ults and, consequently, a 
this system commenced in 
sometime during the current y 



Major Mile nes of the 
Federal Hot Dry Rock Program 

Accomplishments of the Federal flot Dry Rock Program 

Driliing and completion of directional wells in hot crystaIIine - 

rock 

Creation of underground reservoirs by hydraulic fracturing 

Extraction of heat from hot dry rock reservoirs f o r m  extended 
period of time 

Development of inert and reactive tracers for determining 
reservoir size and characterizing flow patterns 

Development of passive and active rnic 
mapping hydraulically fractured regions 

Development of diagnostic techniques and equipm r high 
temperature in Siu geophysical rn 

Development of sofhivare for sim 



produced an average of four megawatts of thermal energy. Water was circulated through the 
reservoir %-hours per day and the system availability was 99%. Critical parameters about the 
performance of HDR technology, including reservoir productivity, t h d  lifetime, water loss 
rates, flow impedance, corrosion and scaling, and environmental effects, are expected to be 
resolved after the test data are analjked. With this new inforhation, it is hoped that industry 
will be in a position to make informed investment decisions about hot dry rock technology. 

Conclusions i 

Over the last 20 years, the idea of mining heat from hot dry rock for useful purposes has 
developed from a plausible concept to a potential reality. The scientific and engineering 
feasibility has already been demonstrated and determination of the economic viability of hot dry 
rock technology is currently underway. In addition to the successes achieved in the COIlStNCtion 
of a workable reservoir created in low permeability rock, the program has also had other 
accomplishments. For example, passive and active microseismic methods have been developed 
for mapping hydraulically fractured regions and. inert and reactive tracers have been deweloped 
and used to determine reservoir size and to chamterm flowpattems. High temperatme 
cableheads; spinner, tempratwe, and pressure instruments; very small high temperature dectric 
motors; precision temperature probes; and downhole fluid samplers have been developed and 
commerciaked. The researchers at b s  Alamos National Laboratory are commended for their 
efforts as we are pleased with the progress that has been achieved. 

The hot dry rock resource is a very large and attractive source of energy which has the 
potential to compete economically in the long-term. Any future attempt to develop hot dry rock 
on a commercial d e  would be a role best suited for industry at such time that industry is 
convinced of the economic fai i l i ty  of hot dry rock technology. If industry is sufficiently 
inkrested in pursuing heat mining from hot dry rock resources after the current flow test at 
Fenton Hill, it might be possible to obtain government support for an industrydrivea, cost- 
shared, pre-commercialhtion project at a second site. The rate at which this emerging 
technology will become commercialized rests largely with industry. 

Duchane, D.V., editor, 1992, Hot Dry Rock a1 Development Program Annual 
Repo?t FY 1991, Los Alamos National Laboratory report LA-UR-92-870, h s  Alamos, 

House Interior and and the Environment, 1992, 
Testimony , DC. 
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esearch t o  Advance HDR Technology 

improve drilling technology 

Develop reservoir formation and stimulation techniques 

0 Develop seismic, tracer and 

0. , Model thermal-hydrauk and geochemical. behavior of 

Evaluate multiple productio cyclic operations . 

Conduct site-specific resource application and 
economic assessments 
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Tester, J.W., D.W. Brown, and R.M. Potter, 1989, Hot Dry Rock Geotknnul Energy 
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COLLABORATIVE EFFORTS OF UTIIIITIES, IPP'S AND GOVERNMENT 

EPRJ WORKSHOP ON POTENI'UIL OF HDR RESOURCES 
FOR TEE U.S. ELEXTRIC UTIlWTy INDUSTRY 

. i  

. .  
LARRYKErnRMAN . 

CITIZENS POWER & LIGHT C0RPOM"ION 

1. HDR RESEARCH AND DEVELOPMENT MUST BE CUSTOMER-ORUENTED 

The concept of HbR (ie, exploiting ambient earth heat) is believed 'to be central to the 
future of the geothermal industry. 

Commercial scale, market-ready _applications which can be readJiiJ produced, instalied, .* 
I marketed and serviced are potentidly capable of attracting custbmers. . 

Comparative economics and comparative risk drive customer decisions.' 
* -  

If HDR applications do not possess a sustainable economic competitive advantage, t h q  
will not penetrate the market. Choices amongenergy options &e governed by availability. 
reliability, risk and cost. 

I 

Concept # l  Attention and resources in the research arena should be focused on those c ~ n  ;ju 
and applications which have the potential to compete with conventional tesourm 

- 



2. THE CUsTOMEn Is THE UTILITY 

i 

Geothermal applications fall on both the supply-side a d  the &&-side of electric utility 
power supply and economic interests. 

Utilities and utility actions and programs are the most critical decision makers related to 
the market penetration of any geothermal technology, horn large scale wholesale power 
HDR applications to geothermal heat pumps. 

.. . .  
The "customer" needs to be comfortable with the concept and economic attractiveness of 
utiking ambient ea& heat to supply or save electric power. 

A contiruurrn of apptications, from small-scale demand-side projects to large scale supply- 
side generation projects, can help provide utility comfort as applications are incrementally 
enhanced and up-sized. 

Concept#2: Utility needs and decision criteria should be driving farces for HDR , 
commercialization and R&D activities. 

3. THE CUSTOMER IS RISK-AVERSE 

The only organizations that ate willing to a&pt risk are.$&se which are either 
economically rewarded for p0sitiv~'butcomes or those which are hot chartered to make 
money. 

Utilities are neither of the above. 

dncept  #3 Don't look to the utility to accept material technological, economicor institutional 
risks. Look to the "R&D" program to wring out all of the maferial risks so that an 
environment can be created in which the utility industry is potentially willing to 
expend significant resources in applying the technoloa. . 



INDEPENDENTS .. GOVE-rn - * 
. Ownership/operation of assets Purchase of outpit and/or 

investment in assets 

High societal returns sought High owner returns sought. 

Willingness to accept d 

Regulatedreturn 

"Tilted playing field" 
programs limited risks associated with . of regulation results 

in need to shift risk 
while still accomplishing 
corporate mission 

development and operations, 
not with technologshiabiiiity 

4. '&EE TIklING FOR HDRAPPLICATXONS IS NOW 

The electric power industry and its major appliqtions are in the midst of a dramatic 
restructuring. 

e '  
stments made since the late 1980's and continuing, 

-- .- 
environment within which power industry transactions will take place for the foUowing 
&c&s (eg., DSM investments, oil refuelinglrepowerings, etc.) 

The relative val monetized "envimnrnental externalities" is likely never to be as great 
as it is today due to technology advances in fossil fuel combustion and emission control. 

Concept #4 Emphasis on what is currently or nearly "market ready" may be attractive relative 
to promising "advanced conepts" because of today's electric-utility industry 
environment. 

> .  



WHAT DOES THIS MEAN? 

In the end analysis, nothing happens until the utility does something, buys something or 
builds something. ' 

, 
I 

I 
I 

I 

The most dazzling and cost-effective of new HDR applications will not help to earn utility 
shareholders a higher rate of return on investment. 

Innovation and risk taking by utilities is not economically rewarded. 

Independents can earn a premium return through innovating and accepting eb only to 
the extent that they can get a utility to say "yes" to the lower risk proposition of buying 
the power _and to the extent they can convince the financial institutions to lend high 
leverage, non-recourse debt against a project. 

I Financial institutions who are asked to lend high leverage, course debt against a 
project are even more risk averse than utilities. Independents are thus forced to attempt 
to shift risk to suppliers, vendors, constructors and others. 

In an immature industry such as utility-scale HDR, supplik, vendors, constructors and 
others are not able or willing to accept the risks of development, construction and 
operations in a manner similar to that which is accepted for gas, coal and .even 
conventional geothermal plants. 

HARNESSING EARTHS HEAT IN INNOVATIVE WAYS 

Geothermal Heat Pumps . -- L i d  Commercialization 
todax expansion imminent 

I , . Commercially Viable but 
not Ekploited 

1 
i 

j 

Hydrothermal System Enhancement b d y  for 
Commercialization 

Hot Dry Rack A d v a n c e d  P r e -  
I Commercialization 



A WORKABLE MODEL GTEP 1 

- -  

Focus on market penetration of attainable applications concepts which can be cwt- 

tion, technology transfer and 

development and 

- Utilities acquire ouppIy-side poweddemand-side savings on a pay-for- 
performance basis, gaining tamilintity with applications and eventually 

s i  . .  becoming willing to 0w1l and rate base similar assets themselves. . .  

. A WORKABLE MODEL: EiTEp 2 

working commercial applications, pursue incremen in those areas 
which offer material potential fix improved market penetration or cost-effectiveness. 

Oavernment pr 
aqiunction with and cons 

Independents idente needs to enhance the marketability and finanwability 
of earlier stage MDR applications. 

Utilities provide insights related to needs, viability of applications in their 
resource plans and portfolios, and the competitive position of existing 
applications as well as wherehow that competitive position could be 

results-oriented, application specific funding in 
with industrg. 

- 

- 
. 

ngthened. 

- Actively incorporate utility nt and independent activities. 
Become customerdriven. 

-- - 
AWO M 

Ling long-term, potential high value research and development to perceived utility long 
term needs and competitive power supply and resource markets of the future. 

ment research funds are focUsed on a limited set of programs and 
applications which are designed to meet the needs of tomorrow's markets, not 
today's markets. 

- enti& their 

- ^Utilities identibj. their view of tomorrow'6 nuidsets. 

Of the independents and the utilities have differins views as to what 
tomorrow's markets will be like, the custoxper, ie the utility, wins.) ' 



THE BOTTOM IJ.NE ON COLLABORATIW HDR EFFORTS 

e 

e 

l e 

e 

e < .  

e 

Customer-oriented. Standards for utility research in the 1990s are b 
,an emphasis on meeting the requirements of an increasingly competitive market. 

Utilities want options, involving either demand-side or supply-side resources, which c8n: 

line focused with 

- enhance operating flexibility and utility control of power supplies and use - improve the operating efficiency of the existing power supply system - reduce existing risks and avoid imposing new ones - diversify existing resource and fuel portfolios - improve environmental compliance and conform with social values 
i i  . .  

A strong understanding of the incentives, 
utilities will help government to focus research funding in the highest value arenas 

Utilities and independents benefits from forums for communicating common interests and 
perceived needs to each other and to government. 

tivations and risk tolerances of independents and 

With a more clearly defined role as the "customer", utilities can better exploit independents' 
ability to accept, shift and manage risks which are not viable for utilities to accept, and 
consciously use independents as a vehicle for early stage commercial application of HDR 
technologies. 

Independents can better define the risks which they can accept from utilities and gowmment. 

AN EXAMPLE FROM ANOTHER ASPECT OF TBE INDUS'l'RY 

-- Not selling fuel; selling a solution to utilii problems. 
tr 

I 
The product does not sell itself, no matter how many inherent advantages it possesses. 

There are many decision making criteria which utilities must satisfg in order to get to "yes". 

I 
I 

"R&W not only incorporates technology and product, but developing a package of associated 
enirironmental enhancements investments, financing, risk sharing and pricing flexibility. 

Novelty and innovation create the perception of risk.even when a least cost alternative is 
proposed. 




