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ALTERNATE OPERATING STRATEGIES FOR 
HOT DRY ROCK GEOTHERMAL RESERVOIRS 

BRUCE A. ROBINSON 

EARTH AND ENVIRONMENTAL SCIENCES DIVISION 
LOS ALAMOS NATIONAL LABORATORY, LOS ALAMOS, NM 

Abstract 

Flow testing and heat extraction experiments in prototype Hot 
Dry Rock (HDR) geothermal reservoirs have uncovered several 
challenges which must be addressed before commercialization 
of the technology is possible. Foremost among these is the cre- 
ation of a reservoir which simultaneously possesses high perme- 
ability pathways and a large volume of fractured rock. The 
current concept of heat extraction -- a steady state circulation 
system with fluid pumping from the injection well to a single, 
low pressure production well -- may limit our ability to create 
heat extraction systems which meet these goals. A single injec- 
tion well feeding two production wells producing fluid at mod- 
erate pressures is shown to be a potentially superior way to 
extract heat. Cyclic production is also demonstrated to have 
potential as a method for sweeping fluid through a larger volume 
of rock, thereby inhibiting flow channeling and increasing reser- 
voir lifetime. 

Introduction 

For the past 20 years, research has been carried out to develop 
HDR geothermal technology in the U. S . ,  Great Britain, Japan, 
and Europe (Batchelor, 1984, Armstead and Tester, 1987). All of 
the projects have been patterned after the original Los Alamos 
concept of actively extracting heat from the rock mass: fracture 
flow paths between a pair of wellbores are created by hydraulic 
stimulation techniques, and a circulation loop is established to 
extract heat from the rock. Originally, the concept was envi- 
sioned as one in which a few hydraulic fractures of large surface 
area were created between the wells. That theory has given way 
to the understanding that hydraulic pressurization results in the 
stimulation of pre-existing, perhaps sealed joints, with shear dis- 
placement and associated enhancement of fracture permeability 
(e. g., Brown, 1988, Batchelor, 1989). Locating the 
microearthquakes emitted from numerous joint shear displace- 
ments during pressurization is currently the best technique for 
estimating the extent of the stimulated fracture network and the 
location of permeable zones. 

Despite the differences in rock type and geologic setting of the 
various HDR projects, all have adopted the steady state circula- 
tion technique for heat extraction from a two-well system. Fur- 
thermore, all projects have envisioned similar operating 
conditions. Namely, the injection flow rate is kept constant at the 

highest feasible rate, and the pressure at the production well is 
kept as low as possible to maximize the pressure difference 
across the reservoir. Typically, the production pressure is just 
high enough to prevent flashing of water and dissolved gases). 

Results of long term flow testing performed in the U. S .  and 
Great Britain, while in many ways encouraging, have identified 
several problems with the HDR concept related to the engineer- 
ing of the reservoir. First, joint stimulations carried out with 
either water, as at the Fenton Hill, New Mexico site in the U. S . ,  
or viscous fluids, as in the later British experiments carried out 
at the Rosemanowes Quarry site in Cornwall, have resulted in 
flow impedances which are not as low as needed to produce 
acceptable pumping power requirements. Second, heat extrac- 
tion from the f is t  HDR reservoir in the U. S .  and the Great Brit- 
ain reservoir have resulted in significant thermal drawdown of 
the produced fluids within one year of circulation. A new reser- 
voir at Fenton Hill awaits further testing to determine its life- 
time. 
Since in the early phases of these projects, reservoirs were 
designed as prototypes to test the technical feasibility of the con- 
cept rather than to test commercial-size reservoirs, the previous 
experiments should not be considered to be failures. Indeed, the 
objective of Fenton Hill tests to date, to demonstrate the techni- 
cal feasibility of the HDR concept on a small scale, was met. 
However, the experience to date does suggest that our current 
concepts for creating and operating HDR systems may need 
rethinking. There need to be ways to create and/or operate HDR 
reservoirs which result in lower pumping power requirements. 
Furthermore, heat must be extracted more efficiently from the 
rock mass so that a larger proportion of the available heat 
accessed by stimulation may be extracted before the production 
fluid temperature declines to an unusable value. 

The goal of this paper is to propose different operating strategies 
for mining heat from HDR reservoirs to alleviate the problems 
identified above. My opinions are obviously greatly influenced 
by my experience in modeling and attempting to understand the 
Fenton Hill reservoirs. However, I believe that the proposed 
operating strategies have general applicability in all HDR sys- 
tem. 

Conceptual Model for the Fenton Hill Phase II Reservoir 

Before proposing changes in the operating strategy for extract- 
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ing heat from HDR reservoirs, it is desirable to develop a con- 
ceptual model for the current reservoir at Fenton Hill, so that 
data may be introduced which supports the case for these new 
methods of extracting heat. This conceptual model has been 
developed over the past several years from observations of the 
reservoir’s hydraulic performance during two classes of tests: 1) 
short-term circulation experiments, and 2) long-term pressure 
transient testing in which the reservoir was inflated at low flow 
rates with the production well shut in and used as a monitoring 
well. The model incorporates information from pressure tran- 
sient data, tracer response curves, hydraulic stimulation experi- 
ence, and microseismic event locations. It is expected that, even 
if the model is refined as new experiments and data are obtained, 
its general features will remain the same. 

The main permeable pathways that are being exploited in the 
current reservoir were created in the so-called Massive Hydrau- 
lic Fracturing (MHF) Experiment. In this experiment, 2.12~10’ 
kg of water were injected into wellbore EE-2, resulting in seis- 
micity which occurred due to numerous shear displacements of 
pre-existing joints (Fehler et al., 1986). It is presumed that along 
with the shear displacement came permeability enhancement. 
Figure 1 shows a plan view of the locations of the epicenters of 
the microseismic events found by measuring the shear and com- 
pressive wave arrival times from each event to a number of near- 
surface and downhole geophones. It is generally assumed that 
the microseismicity occurred along the flow paths taken by fluid 
during the stimulation. Assuming this is so, then the shape of the 
rock mass stimulated during the MHF can be approximated as a 
parallelepiped with approximate dimensions of 300 and 1100 
meters in the horizontal directions, and a vertical height of 900 
meters. 

The nonunifom shape of the reservoir is thought to be due to a 
combination of an anisotropic stress field and the particularchar- 
acteristics of the fracture network encountered at this depth. One 
explanation is that most of the joints trend basically north-south 
(the long direction of the reservoir), with connectivity supplied 
in the east-west direction by a set of dipping joints intersecting 
near vertical joints. The result is a rock mass that at these length 
scales possesses a greater permeability in the north-south direc- 
tion, with fluid inhibited from traveling as rapidly in the east- 
west direction. 
Although this volume of rock was stimulated during the MHF, it 
might be expected that at the lower reservoir pressures at which 
we would extract heat, the extent of the reservoir in the three 
dimensions would be smaller. Brown (1991) presents a calcula- 
tion based on an ongoing experiment in which the reservoir ini- 
tially was kept at a constant pressure long enough for the entire 
connected flow system (joints and microcracks) to obtain uni- 
form, pressure. Brown argues that in this state only the mineral 
constituents in the rock mamx are being compressed, as opposed 
to the joints and microcracks themselves. Given a bulk modulus 
for the minerals (primarily quartz and feldspars) and the known 
amount of fluid injected to raise the pressure level a given 
amount, the affected rock volume may be calculated: 

V , =  K- Avf 
AP 

where V, is the rock volume, K is the bulk modulus, AVf is 

amount of fluid injected, and AP is the pressure increase for that 
incremental fluid storage. This calculation yields a rock volume 
of 2 0 ~ 1 0 ~  m3, a more conservative estimate of the rock volume 
available for heat extraction. Assuming a similar reservoir shape 
to that determined by the microseismic analyses, the correspond- 
ing reservoir dimensions are 150 and 400 meters in the horizon- 
tal direction and 350 meters in the vertical direction. 

The wellbores have each been redrilled and stimulated since the 
MHF, so it is important to consider the well locations in order to 
characterize the effective rock volume accessed by the wells. 
Specifically, in a steady state circulating loop with the wells as 
the inlet and outlet, the physical locations of the wellbores prob- 
ably control the rock volume swept by fluid. The mean distance 
from the zone which accepts fluid in the injection well and the 
producing zone in the production well is about 125 m. Thus a 
steady state flow field set up between the wells will access only 
a fraction of the total rock volume stimulated during the MHF 
test. 
In support of this observation, tracer data obtained during a sub- 
sequent thirty-day, closed-loop circulation experiment indicated 
that roughly one-third of the injected fluid travels more or less 
directly between the wells, while the remainder probably fol- 
lows more circuitous pathways accessing the remainder of the 
stimulated rock mass. Nicol and Robinson (1990) showed that 
tracer data may be used to specify the flow distribution and in 
turn to assess the impact of flow short-circuiting on the heat 
extraction process. The situation in the current Fenton Hill res- 
ervoir is decidedly superior to that of previous Fenton Hill reser- 
voirs and the Rosemanowes reservoir, in which approximately 
70% of the injected fluid channelled between the wells. None- 
theless, even one third represents a large enough fraction to 
cause some concern about the potential lifetime of the reservoir. 
Much of the available rock accessed by the MHF test may go to 
waste if the short-circuiting paths cool rapidly and result in a 
decline in the production fluid temperature. 

The hydraulic behavior of the reservoir under circulating and 
static conditions (injection in one well while monitoring the 
pressure in a shut in production well) has indicated a strong pres- 
sure-dependence of joint permeability. Table 1 shows the pres- 
sure at the surface required to inject fluid at various flow rates in 
wellbore EE-3A. Note the highly nonlinear behavior: higher 
injection pressures and flow rates result in much greater perme- 
abilities, so that the increase in pressure required to incremen- 
tally increase flow rate declines significantly at higher pressures 
and flow rates. Thus, as pressures rise, fracture permeabilities 
increase and pumping power requirements, per unit mass of fluid 
injected, decrease. 

The theory of joint dilation as a function of effective stress may 
be invoked to explain this behavior (Brown and Robinson, 
1990). The fractures in an HDR reservoir have an initial normal 
stress acting to close them. The magnitude of the stress normal 
to the fracture face is afunction the in situ stress field and the on- 
entation of the joint with respect to the components of the stress 
tensor. Fluid pressure in the joint counteracts this normal load- 
ing, and is typically modeled as a simple additive process, 
whereby the effective stress on the joint equals the normal stress 
minus the fluid pressure. It is well-known that as effective stress 
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in very low water consumption. 

“Pressure Propping” as a Means to Increase Permeability 

One of the major challenges identified above in the development 
of HDR technology is to produce a reservoir with acceptable 
hydraulic characteristics. The system must have a low imped- 
ance to flow so that pumping power requirements are minimized, 
while at the same time exhibiting little water loss to the sur- 
rounding rock. Tests in the Fenton Hill reservoir have shown that 
joint permeability increases dramatically with pressure, so that 
raising the pressure in the fractures would seem to be a viable 
method for reducing flow impedance. This technique can be 
thought of as “pressure propping”, since the joint apertures are 
held open with fluid pressure as opposed to the particulates used 
in the standard propping techniques employed in the oil industry. 

Robinson (1989) demonstrated this concept in a series of steady 
state reservoir simulations using a fracture network model. The 
model was calibrated by matching the quasi-steady state flow 
and pressure data from a thirty-day circulation experiment. A 
computed pressure distribution is reproduced here in Figure 4. 
Note that due to the strong pressure-dependence of fracture aper- 
ture and permeability, a large fraction of the pressure drop takes 
place close to the production well, which in this simulation is 
held at low pressure. The theory behind pressure propping, in 
this case implemented by simply raising the production well 
pressure, is that although a higher production pressure decreases 
the driving force for flow across the reservoir, this disadvantage 
is largely compensated for by the larger joint permeabilities at 
higherpressures. A series of simulations, the results of which are 
shown in Table 2, suggest that through this form of pressure 
propping, lower pressure drops (and thus pumping power 
requirements) can be attained with minimal decline in the pro- 
duction flow rate up to a production well pressure of 10- 15 MPa. 

Pressure propping can also be implemented by injecting at 
higher pressures, so that more fractures are at pressures suffi- 
cient to achieve propping. This fact was illustrated experimen- 
tally in the two segments of the thirty-day flow test, in which a 
35% decrease in flow impedance (the pressure drop per unit flow 
rate) was achieved by operating at higher flow rates and pres- 
sures. 
There are limits to the usefulness of this approach for reducing 
flow impedance in a two-well system, however. Recall that 
water losses in the Fenton Hill reservoir have been shown to be 
small as long as the pressures at the boundaries of the fractured 
region are kept low enough that diffusion into the solid rock 
matrix is the only transport mechanism. This was clearly not the 
case during the latter stages of the thirty-day flow test. Water 
losses were higher than would be expected from pure diffusion, 
and microseismicity measured during the test indicated that new 
fractures were being stimulated with a corresponding increase in 
the net water loss. An examination of the pressure contour plot 
of Figure 4 shows the reason for the fracture extension. On the 
opposite side of the reservoir from the production well, there is 
no pressure sink to collect fluid and lower the pressure. There- 
fore, pressures in this section of the reservoir an high enough to 
induce reservoir growth by fracture extension, as evidenced by 
microseismicity and increased water loss. Indeed, literally all of 

decreases the joint opening or aperture increases (e.g. Gangi, 
1978, Sun et al., 1985). Therefore, increased fluid pressures 
dilate the joints, resulting in larger apertures and permeabilities. 

Pumping power requirements have proven to be an important 
issue in the development of HDR reservoirs because stimulation 
techniques intended to create high-permeability pathways 
between the wells have not been fully successful. For example, 
in the current Fenton Hill reservoir, at the conditions of the 
thirty-day circulation experiment, the pumping power require- 
ments were roughly 1 MW, whereas the rate of thermal energy 
production was roughly 10 MW. For a realistic conversion effi- 
ciency to electrical energy, the parasitic pumping losses in this 
system are higher than we would like. Improvements of the tech- 
niques for stimulating joints or, as proposed in this paper, more 
efficient heat extraction techniques, are needed to make the HDR 
concept viable. 

Water loss to the surrounding underground rock mass is also an 
important consideration in evaluating an HDR reservoir, since in 
many locations with desirable geothermal gradients, water is 
scarce and costly to supply. Experiments and modeling of the 
Fenton Hill reservoir for the past two years have been used to 
identify the different components of fluid storage in the reser- 
voir. The goal is separate true water loss to the far field beyond 
the fractured reservoir from the temporary water storage mecha- 
nisms such as diffusion into the rock blocks between the frac- 
tures, and storage in the fractures themselves. In the current 
experiment, water is being injected at low flow rates into the 
injection well, while the production well is shut in and serving as 
a monitoring well. Figure 2 is an averaged injection flow rate 
schedule for the first 100 days of the experiment, and Figure 3 
shows a fit to the data using a dual porosity model incorporating 
fluid transport and storage in the fractures, and diffusion and 
storage in the rock matrix. 

One of the key findings of this work is that diffusion into the rock 
blocks between the fractures and outside the fractured region is 
sufficient to explain the water storage behavior at low pressures. 
In the past, HDR reservoir models of systems in low-permeabil- 
ity, crystalline basement rock have assumed the permeability (k) 
and porosity ($) of the country rock to be negligible. However, 
in this simulation, values of 41 and k at 45 MPa downhole res 

5 .5~10-~’  m2, respectively, were obtained. These values at first 
glance appear to be so low as to be inconsequential, but paramet- 
ric analyses showed that the matrix properties exert a strong 
influence on the behavior of this experiment. 

Also of note is the magnitude of the water loss. At the end of the 
second pressure plateau, the water loss to the country rock was 
just 0.6 kg/s, an exceedingly small value if achieved in an oper- 
ating HDR reservoir. In fact, since the temporary “water loss’’ to 
the rock blocks within the fractured region had not yet been sat- 
isfied after 100 days, the true water loss to the far field was even 
lower. Thus, the solution to the water loss problem at Fenton Hill 
appears to be to operate the system such that the pressure at the 
periphery of the fractured reservoir is kept below the pressure 
required to dilate the joints and increase their permeabilities. 
Then the only mechanism for water loss to the surrounding rock 
is by diffusion in the rock blocks, which, as shown above, results 

sure (the second pressure plateau in Figure 3) of 2.05~10- ? -  and 
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the microseismicity located during this circulation test was on 
this side of the reservoir. Interestingly, no microseismicity was 
located on the east and west sides of the reservoir, where pres- 
sures are also high. This observation lends credence to the 
assumption that fracture connectivity in this direction is insuffi- 
cient to result in significant fluid migration through new joints in 
this direction, except perhaps at the extremely high pressures 
achieved during the MHE 
This problem of water losses on the side of the reservoir without 
a production well is probably a fundamental limitation of two- 
well reservoirs. If hydraulic or viscous stimulations could pro- 
duce fractures with very large apertures, then circulation could 
be carried out at low pressures, with low pressure drops across 
the reservoir. Then, pressures at the boundaries would be insuf- 
ficient to cause additional stimulation. No stimulation carried 
out to date has achieved this objective, however, so researchers 
have been forced to operate at elevated injection pressures to 
dilate the joints and decrease flow impedance. Thus, it is inevi- 
table that pressures near boundaries away from the production 
well have been close to or greater than the pressure required to 
achieve fracture extension. Since no one has yet demonstrated a 
stimulation technique which creates joints with apertures large 
enough to solve this problem, we must assume that two-well sys- 
tems will always be plagued with a potentially limiting trade-off. 
High flow rates may require pressures too large to contain the 
reservoir and minimize water loss. 

A second production well situated on the opposite side of the 
injection well is a solution to this problem. With a second pro- 
duction well, pressures would be reduced on both ends of the 
reservoir to values below the fracture extension pressure, and 
water losses would be greatly reduced. Furthermore, since this 
strategy would allow the reservoir to be operated at higher injec- 
tion and reservoir pressures, the combination of three wells and 
high production pressures would result in advantages which 
would more than outweigh the cost of drilling an additional well. 
For example, Robinson (1989) conducted computer simulations 
using reservoir parameters obtained from the Fenton Hill reser- 
voir to estimate that the addition of one well would increase the 
flow rate by a factor of 2.8 at an overall pressure drop less than 
that contemplated for low backpressure operation. 

Cyclic Operation to Improve Heat Extraction Efficiency 

The other major challenge in the development of techniques for 
efficiently extracting heat from Hot Dry Rock is to engineer the 
system so that heat is extracted for many years before the pro- 
duction fluid temperature declines to an unacceptably low value. 
To date, the reservoirs tested have been designed as prototype 
systems to test the feasibility of the HDR concept, so it would be 
incorrect to characterize the tests as unsuccessful because of pro- 
duced fluid thermal drawdown in the one to four year time 
frame. These experiments were a necessary first step toward the 
commercialization of the HDR heat mining process. 

Nonetheless, some of the obvious solutions to the problem of 
premature thermal cooldown conflict with other attributes we are 
trying to build into HDR reservoirs. For example, placing the 
wellbores a greater distance apart will force the fluid to circulate 
through a larger volume of rock, improving the heat transfer 

characteristics. However, the flow impedance in such a system 
would be larger than one with the wells close together. Further- 
more, the high cost which would be incurred if a drilled wellbore 
failed to intersect the fracture system will always impose great 
pressure to drill the second well close to the original well. Unfor- 
tunately, the resulting steady state circulation system may cool 
prematurely. 

Likewise, stimulation techniques which create large apertures to 
lower impedance run the risk of resulting in short-circuits which 
cool down rapidly. A system with desirable hydraulic attributes 
(low water loss, low impedance) could be inadequate as an 
underground heat exchanger. 

It is sometimes argued that the prototype systems developed at 
Fenton Hill and Rosemanowes should be considered as the 
“building blocks” of a commercial-size system. The proposal is 
to create several fractured regions of size similar to the ones 
developed in the past in the same pair of wellbores. In order to 
accomplish this, a series of hydraulic stimulations would have to 
be performed at different depths in the injection well, the frac- 
tures would have to be mapped using microseismic techniques, 
and the second well would have to be drilled so as to optimally 
intersect the several fractured regions. However, the experience 
of hydrofracturing in wellbore EE-3A was that the direction of 
the stimulated region varied with depth (the stimulated region 
had a greater tendency to grow downward in stimulation exper- 
iments conducted at greater depths), was unpredictable, and 
resulted in no single wellbore trajectory which could intersect all 
of the stimulated regions. Even if this task could be accom- 
plished, it is well understood that downhole flow control would 
likely be needed to prevent the more permeable fractured regions 
from transmitting the majority of the flow and cooling prema- 
turely. In short, there are many technological obstacles to the 
idea of creating multiple fracture zones connecting a pair of 
wellbores. 

The problem of developing reservoirs with an adequate accessi- 
ble heat supply may be more due to our methods of extracting 
the heat than in the total heat available. In fact, even assuming 
the conservative value of 2Ox1O6 m3 of accessible hot rock cited 
above, the total accessible heat available in cooling the rock of 
the Fenton Hill Phase II reservoir from 24OoC to 17OoC is equiv- 
alent to the production of 120 MW thermal for 10 years, USSLUT- 

ing that the heat could be extracted uniformly. Steady state 
circulation loops typically will result in highly nonuniform heat 
extraction, due to the non-optimal placement of wellbores and 
the propensity for at least some degree of short-circuiting. Much 
of the available heat will be left behind at the point at which pro- 
duced fluid temperature has declined to the abandonment tem- 
perature of the power plant. 

A potential solution to this problem is cyclic injection and/or 
production of the reservoir. To illustrate this, assume that we 
have created a three-well HDR reservoir with an injection well 
straddled by two production wells. If the wells are spaced simi- 
larly to those in the current Fenton Hill reservoir, the heat would 
be quickly mined from between the wells if we attempted to 
extract the heat at commercially interesting flow rates in excess 
of 100 kg/s. However, suppose a constant injection flow rate is 
established and the production well flow rates are cycled on a 12 
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method available. There are plans to test this concept in the Fen- 
ton Hill reservoir before the upcoming long-term flow test. 

Ultimately, operation at elevated pressures will require that more 
than one production well be used to keep pressures at the bound- 
aries of the reservoir low enough to prevent large water losses 
due to stimulation of new joints. In the Fenton Hill reservoir it 
appears that only two production wells would be required since 
the combination of the in situ stress field and the orientations of 
pre-existing joints effectively inhibits fracture extension in the 
east-west direction. Development of HDR reservoirs at other 
sites will tell us whether this is a general conclusion or one spe- 
cific to Fenton Hill. 

Another option is that better stimulation techniques be devel- 
oped for creating a multitude of high permeability path ways 
between the wells. For example, results using viscous stimula- 
tion fluids in the British HDR program have been reasonably 
successful. However, the ultimate success of this technology in 
a given location is highly dependent on specific in situ condi- 
tions which are largely unknown at the time of reservoir cre- 
ation. Also, stimulation fluids which are stable at elevated 
temperatures have not yet been developed. Alternatively, the 
idea that joint apertures and permeabilities are strongly depen- 
dent on the effective stress is a well established concept likely to 
be valid anywhere, and one that allows the operator a degree of 
control over the properties of the fracture network. 

Cyclic operation has also been proposed here to more efficiently 
exploit the heat contained in the rock mass stimulated by hydrau- 
lic fracturing. Microseismic techniques and rock mechanics 
arguments used to estimate the size of the stimulated region have 
shown that the creation of large fractured regions is feasible 
using current techniques. Indeed, the current Fenton Hill reser- 
voir is large enough to supply heat at commercially interesting 
rates for at least 10 years, iftechniques for extructing the heat 
efficiently can be developed. Preventing short-circuiting and pre- 
mature thermal cooldown of a few flow paths is a fundamental 
problem with steady state circulation heat extraction which 
needs to be solved before we can confidently promote the HDR 
heat extraction technique as a commercially viable option. 
Cyclic production is an alternative which in theory forces the 
fluid to bathe a greater portion of the fractured rock mass. It is 
also compatible with the idea of pressure propping to lower the 
flow impedance. 

It is important that these concepts be tested in the current Fenton 
Hill reservoir to the greatest degree possible. As mentioned 
above, a high production well pressure test will be conducted. 
The other concepts require a second production well for full val- 
idation. Drilling another wellbore is an extremely unlikely pos- 
sibility in the near tern. Nonetheless, with only two wellbores 
we could attempt to prove that as methods to improve hydraulic 
performance, the concepts of pressure propping and cyclic oper- 
ation are viable, by designing tests of short duration with a single 
production wellbore. During these tests we are apt to suffer large 
water losses at the end of the reservoir where a second wellbore 
would be located, but by modeling the experiment and perform- 
ing numerical simulations which include a second production 
well, we can probably test the concepts adequately. Assessing 
the hydraulic performance under cyclic operating conditions 

hour on, 12 hour off schedule. During the periods in which the 
wells are not being produced, water is being forced to the outer 
extremities of the reservoir, and the pressure everywhere in the 
reservoirrises. During production, the water is drawn back to the 
production wells from both the internal region encompassed by 
the wells, and from the extremities of the reservoir. Clearly, if 
cold injection fluid is allowed to bathe a greater volume of rock, 
a greater fraction of the total accessible heat may be extracted. 

It is envisioned that the production would take place at a moder- 
ately high pressure so that the advantages of pressure propping 
near the production well would be realized. Furthermore, pump- 
ing power requirements would be greatly reduced since at the 
high flow rates and pressures that would be encountered in a 
commercial-scale operation we are taking advantage of pressure 
propping throughout the reservoir. The practical limit to this pro- 
cess would be that the pressure levels at the boundaries of the 
reservoir would have to be kept low enough to prevent unaccept- 
ably high water losses. In such a system, some fracture extension 
may even be desirable since it would increase the volume of 
accessible hot rock. The goal would then be to tailor the system 
so that moderate growth in the thermal capacity would be 
achieved, subject to the restriction that water losses be accept- 
ably low. 

The arguments made here in favor of such an approach are qual- 
itative: it seems obvious that the heat extraction efficiency would 
be superior since the injected fluid would be forced to circulate 
through a larger volume of rock. To provide quantitative esti- 
mates of the improvements that this operating mbde would pro- 
vide, the fracture network model used in the simulations 
described above will be enhanced to include energy transport, 
and the results will be reported at a later date. 

Discussion and Conclusions 

In his overview of the status of HDR technology, Batchelor 
(1989) discussed many of the roadblocks which have been iden- 
tified in the development of the technology. He points out that in 
large measure the reservoir lifetime and hydraulic properties of 
the reservoir are controlled by the joint structure of the rock 
mass, and cannot easily be “engineered” to the specifications of 
the HDR developer. To obtain the reservoir size and flow char- 
acteristics needed for a commercial size system, Batchelor pro- 
poses that in situ structural features such as faults be exploited so 
that large interwell distances with high permeability path ways 
can be attained. 

Although there is no doubt a dilemma in creating a reservoir in 
jointed rock which simultaneously possesses desirable flow and 
heat transfer characteristics, Batchelor’s approach also has limi- 
tations, such as the possibility of large water losses and even 
seismic hazards when attempting to circulate through large-scale 
structural features. The present study has attempted to make the 
case that new methods of heat extraction employing “non-tradi- 
tional” operating modes (high production well pressure, cyclic 
operation) should be attempted. Calculations using partially cal- 
ibrated reservoir models show that a vast improvement in the 
hydraulic performance can be achieved by operating the reser- 
voir at higher pressures. Raising the production well pressure 
should be attempted fist  since it is the simplest, least costly 
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will be carried out at the end of the long-term flow test. However, 
testing the heat extraction advantages of cyclic production must 
be accomplished primarily through modeling studies, which 
hopefully will be sufficiently definitive to judge the validity of 
the concept. 

Along with its ubiquitous nature, one of the major potential 
advantages of HDR resources which spurred interest in its devel- 
opment was the idea that such systems could be engineered for 
optimal capacity. The possibilities of this engineering design and 
capability were originally perceived to reside in our ability to 
control the number, size, and location of hydraulic fractures con- 
necting the wells. Field testing has shown that developers have 
little control over these properties of the reservoir, since the 
structure is dominated by the existing joint network and the in 
situ stress conditions. Nonetheless, large rock masses have been 
stimulated, and the key remaining question is whether the heat 
can be efficiently extracted at high rates. The purpose of the 
present study is to present the case that engineering to improve 
reservoir performance is possible at the heat extraction stage of 
the development of an HDR reservoir. An understanding of the 
behavior of fractured rock masses has led us to consider different 
operating strategies which could significantly improve the 
hydraulic and heat transfer characteristics of HDR reservoirs. 
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Table 1. EE3A Injection Flow Rates at Different Pressures 

Flow Rate, kg/s 

0.56 16 
1.1 19 

11.1 26.9 

17.3 32 

Injection Pressure, MPa 

Table 2. Effect of Production Well Pressure on Flow Rate 

Inlet Pressure = 26.9 MPa 

Production Well 
Pressure, MPa Flow Rate, kg/s 

2.41 7.9 

6.90 7.9 

10.35 7.8 

13.79 7.2 

17.24 6.2 

20.69 4.6 
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Figure 1. Plan View of Microseismic Event Locations During the Massive 
Hydraulic Fracturing (MHF) Test. The maces of the current injec- 
tion well (EE-3A) and production well (EE-2A) are shown. 

Figure 3. Measured and Simulated Pressure at the Monitoring Well During 
the Long-Term Pressure Transient ExDeriment 
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Figure 2. Injection Flow Rate Schedule During the Long-Tern Pressure 'bn- Figure 4. Shulated Pressure Distribution for a Two-Well Circulation Exper- 
sient Experiment. iment, 




