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HOT DRY ROCK IN THE UNlTED STATES: PUTI’ING A UNIQUE RESOURCE TO PRAcrrcAL USE 

Dave Duchme 

Los Alamos National Laboratory, Earth and Environmental Sciences Division 
LQS Alarnos. New Mexico 87545 

Hot dry rock (HDR) geothermal energy technology is unique 
in many aspects. HDR resources are much more widely 
distributed than hydrothermal resources, the production 
temperatures of fluids extracted from fully-engineered HDR 
reservoirs can be selected at will, and other important 
characteristics of HDR reservoirs can be controlled and even 
deliberately varied over time. Because HDR reservoirs can be 
rapidly discharged and recharged, a wide variety of operating 
scenarios can be envisioned that are not normally feasible for 
hydrothermal systems. 

Flow testing over the past few years has shown that HDR 
systems can be operated in a routine, automated manner that 
should make them rapidly adaptable to industrial applications. 
An industry-led HDR project now being formulated wiU lead 
to the development and operation of a practical facility to 
produce and market energy from an HDR resource by the turn 
of the century. 

BACKGROUND 

Although the geothermal resource base potentially available to 
supply the energy needs of the world in the 21st century is 
extremely large, only a small fraction of that resource can 
every be retrieved by simple extension of the hydrothermal 
technologies that are employed commercially today. The vast 
majority of geothermal energy found at accessible depths is 
locked up in rock that is hot but is not in contact with the 
mobile fluid required to transfer its thermal energy to the 
surface for use by man (Armstead and Tester, 1987). The 
development of the technology to access, remeve, and use the 
thermal energy from this hot dry rock (HDR) resource has 
been underway for more than twenty years, first in the United 
States and subsequently in both Europe and Japan. 

The fundamental process for recovering energy from HDR by 
heat mining was invented at Los Alamos National Laboratory 
more than two decades ago and demonstrated on a small scale 
in the late 197Os.(Potter et al., 1974; Dash et al., 1981) at 
Fenton Hill, NM. During the past 15 years, a larger, deeper 
HDR reservoir has been developed at Fenton Hill, an 
industrial-quality surface plant has been mated to that 
reservoir, and an extensive reservoir flow testing program has 
been conducted.@rown, 1990, Ponden, 1992; Brown, 1993) 

HDR heat mining is carried out by circulating water through an 

engineered geothermal reservoir. The reservoir is initially 
created by hydraulic fracturing techniques which entail the 
injection of water into hot, basement rock at very high 
pressure. In operation, a high-pressure injection pump is used 
to circulate water through the engineered reservoir in a closed 
loop as shown in Figure 1. 

Figure I .  An HDR heat mining system. A high-pressure 
injection pump provides the sole motive force for circulating 
water around a cbsed b o p  to extract thermal energyfrorn M 

engineered geothermal reservoir and deliver it to a power plant 
on the sulface. 

The injection pump provides the sole motive force for moving 
the water continuously around the loop to collect energy from 
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* the resetvoir and deliver it to a power plant on the surface. The 

hydraulic pressure applied via the injection pump also serves 
to prop open the joints within the reseryoir (Brown 1991). The 
operating parameten applied to the injection pump thus p t l y  
affect both the flow rate through the reservoir and its 
instantaneous fluid capacity. By using a combination of 
injeCtiOR and production CORtrOl measures, an h o s t  hitless 
variety of operating scenarios may be employed at an HDR 
heat mine. 

UNIQUE FEATURES OF I D R  GEOTHERMAL 
ENERGY RESERVOIRS 

In many respects HDR heat mining technology is similar to 
that employed commercially to generate power from liquid- 
dominated hydrothermal resources. Hot water is withdrawn 
from an underground reservoir through one or more wellbores 
and the thermal energy resident in that hot water is extracted to 
produce power. Beyond this simple analogy, however, the 
similarities end and the unique aspects of heat mining come 
into play. Because HDR reservoirs are fully-engineered, they 
can be much more completely characterized than natural 
hydrothermal reservoirs. In addition, the HDR heat mining 
process developed at Los Alamos offers certain operating and 
reservoir management advantages. Some of these unique 
characteristics of HDR heat mining are described below. 

.Ubiauitous Resource Distribution: Like oil and gas, 
hydrothermal resources are where you find them. Unlike fossil 
fuels, however, it is not feasible to ship steam or hot water 
long distances. Consequently, low-temperature hydrothermal 
resources typically remain mused unless they just happen to 
be co-located with facilities that can take advantage of their 
available energy. Higher-temperature hydrothermal resources 
can be made portable by converting their thermal energy to 
electricity, but even in these cases it may be necessary to build 
expensive high-tension lines to remote locations, and 
sometimes through environmentally-sensitive mas, to realize 
the transportability advantages of electric power. 

In contrast, HDR is the typical condition of the earth at depth. 
Upon the ultimate development of heat mining, HDR 
resources should be exploitable at almost any location. This 
advantage has not yet been realized, of course, because heat 
mining technology is stili in its infancy. 

Resource Temperam Selectabili& The utilization temperature 
of the HDR resource - again in contrast to hydrothemal 
resources - is highly selectable. h any particular location, the 
HDR resource temperature generally increases directly with 
depth. Within limits, it is possible to simply drill deeper to 
reach a hotter resource. This advantage is mitigated at presenr 
by the high costs of deep drilling which place an economic 
limit on the resource utilization temperature for any practical 
HDR heat mining facility. As drilling technology improves, 
however, the economic constraints on HDR utilization will 
lessen and it will become ever more practical to select the 
resource temperature that provides the maximum efficiency at 
the power plant. It will also be possible to increase the 
utilization temperature of heat mining systems already in place 
by simply drilling existing wellbores deeper, into hotter rock, 
and subsequently creating hotter, deeper. HDR reservoirs. 

Resource Control: Unlike hydrothermal reservoirs, the 

characteristics of any particular HDR reservoir can be well 
understood and closely regulated. Seismic technology has 
developed to the point where the size, shape, and orientation 
of the system, can be determined with a relatively good degree 
of precision. This means that well-placement can be matched 
to the dimensions and shape of the engineered reservoir so that 
no funds are wasted by drilling into unproductive areas. 

The sensitivity of the fluid capacity and flow characteristics to 
the applied pressure makes it simple to rapidly discharge or 
recharge an HDR reservoir. In fact, management strategies 
based on continuous, but regulated, reservoir growth may 
make it feasible to routinely generate power from an HDR 
resource while at the same time continuously increasing the 
accessible quantity of that resource. Under such a management 
scheme, an HDR resource takes on a character that is truly 
renewable in the broadest sense of the word. 

. . .  rational Flexliuhy: A number of important operating 
advantages accrue to HDR systems because they are fully- 
engineered. For hydrothermal reservoirs, pressure control 
typically consists of preventing premature pressure decline and 
the resultant loss of productivity. The pressure of an HDR 
reservoir, on the other hand, can be adjusted either upward or 
downward by changing the system operating controls. As 
mentioned above, pressure regulation can be used to rapidly 
discharge or recharge the reservoir. The high degree of 
operational flexibility thereby obtained should permit rapid, 
routine. and repeated changes in system power production. 
Such intermittent or cyclic operations shouId, in turn, make 
heat mining especially suited to load following applications in 
the electric utility industry. Since energy is more valuable at 
times of peak demand, load following production strategies 
may significantly improve the economics of the utilization of 
HDR resources. 

As of June 1995, only a few simple experiments had been 
conducted to evaluate intermittent or cyclic energy production 
from an HDR reservoir. Figure 2 shows the pressure and 
production profiles duxhg a short cyclic experiment conducted 
during the spring of 1993 (DuTeau, 1993). 
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Figure 2. Brief interruptions in fluid production from the 
Fenton Hill HDR system were followed by surges in the jlow 
upon re-opening of the production wellbore. After a few 
minutes the production rare began to slowly decline toward 
more n o m /  levek. 
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The data r e p a n t e d  in this figure make it clear that even brief 
system shut-ins can have immediate effects on the production 
rates. Figure 3 depicts the daily energy production during the 
period of this cyclk test. 
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Figure 3. The total daily production increased each day during 
a three-day experiment involving brief shut-ins of the 
production well on a once-a-thy basis. 

The increases in total daily production Seen on those days 
when production was briefly interrupted demonstrate that 
cyclic operations can have ongoing as well as short-term 
effects on the output of HDR systems. Within the limits of 
available HDR funding, additional testing of a variety of cyclic 
operational schedules that may be of value for load following 
is planned for the summer of 1995. 

. Because a relatively w r v o i r  Fluid Composmon C o d  
modest volume of the same fluid is circulated repeatedly 
around an HDR reservoir, it is feasible to modify the 
composition of that fluid in order to improve the operating 
characteristics of the system. Additives may thus be 
conveniently added to the circulating water to minimize 
corrosion or scale. In the long run, it may even be possible to 
replace ordinary water with an alternative circulation medium, 
if improved energy extraction or conversion can thereby be 
achieved. To be economic, of course, losses to the periphery 
of the reservoir would have to be very low for fluids other 
than water, and environmental considerations would be of 
paramount importance. 

This same characteristic of heat mining systems offers 
potential for application of the technology in waste treatment 
and purified water production. It is entirely conceivable that 
treated municipal wastewater could be used as a feed source 
for an HDR energy plant. An HDR plant might be co-located 
with a municipal sewage treatment facility that could provide 
feed water. In such a case, part of the fluid returning to the 
surface could be converted to stem and eventually recovered 
as potable water, while a portion could be recycled along with 
the continuous inflow of additional wastewater. The use of 
treated sewage from the Clearlake California area to partially 
replenish the steam supply at The Geysers, which is now 
being considered (Delliiger, 19951, could provide a model for 
the operation of HDR facilities using wastewater from 
municipal or industrial sources. 

. .  
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AU of the engineering and operational options discussed above 
are well within the realm of technical credibility with today's 
knowledge base. Taken together, they provide a number of 
HDR heat mining engineering and resource management 
opportunities that are inherently impossible in the exploitation 
of hydrothermal resources. 

DEMONS'IRATINGTHEPRACTICALlTYOF 
HDRHEATMINING 

Flow T m  Los - The long-term flow testing 
program of 1992-1993 demonstrated that the Fenton Hill HDR 
facility could be run like a commercial power plant (Duchane, 
1993). Quality construction and automation made round-the- 
clock operation of the plant with minimal manpower 
requirements the norm. From the standpoint of the HDR 
resource, the test results were entirely positive. No decline in 
the temperature of the produced fluid was observed after 267 
days of circulation within a one-year period. Water 
consumption declined throughout the test period, eventually 
reaching a low value in the range of 7% of the injected fluid. 
Fluid geochemistry was benign, and, very importantly to 
ultimate commercialization of the technology, significantly 
more energy was produced than was required to operate the 
plant. The test program, however, was too short and the scale 
of production too small to prove the commercial viability of 
heat mining. 

-Upon the close of long- 
term flow testing it k a m e  clear that private sector leadership 
would be required to move HDR technology the next step 
toward full commercialization. With this in mind, the USDOE 
issued a "Notice of Program Interest" late in 1993 asking for 
expressions of potential interest by non-federal entities in HDR 
development A total of 41 organizations replied to the Notice, 
and 29 of them voiced an interest in participating in an 
industry-led HDR project With this swng input from private 
industry and positive results from experimental testing, the 
DOE decided in 1994 to proceed with an HDR project geared 
toward participation by the private sector. 

D e  HDR On December 28,1994, a 
solicitation was issued by the DOE Albuquerque Operations 
Office seeking bidders for a project to construct and operate a 
facility to produce and market energy from an HDR resource. 
Positive responses were received by the close of the bidding 
period in late April 1995, and selection of the winning bidder 
was scheduled for the summer of 1995. 

Government cost-sharing of the installation phase will serve to 
d u c e  the private capital commitment level to the point where 
the potential return on the industry-led HDR project is 
commensurate with the increased risk incurred due to the 
"first-of-its-kind" nature of the anticipated facility. The DOE 
will also provide reservoir verification support funding for the 
fmt three years of operation of the facility in order to assist in 
the developmenf implementation, and verification of reservoir 
management strategies intended to maximize the efficiency of 
utilizarion of the HDR resource. 

. .  . 

The HDR solicitation document included a number of 
stipulations which place specific requirements on potential 
bidders. The most important of these are as follows: 
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A 50% cost conmbution by the bidder to the installation 
phase of the project was required. The effect of this 
requirement, together with the stated limit of $30 million 
on the total federal government commitment, was to set an 
upper bound on the size of the proposed project based on 
the bidder's ability to commit capital resources to it 

A response by a consortium of two or more OrganiZations 
was required for each bid. This stipulation effectively 
required teaming of two or more non-federal entities to 
qualify for funding under the solicitation. 

A number of specific project stages, each with golno-go 
decision points were specified. This stipulation required 
the bidder to break down the stages of the proposed project 
in accordance with pre-determined guidelines. 

The bidder was required to specify a customer for the 
energy to be produced from the HDR facility. 

As mentioned above, the solicitation commits the USDOE to 
provide funding of up to 50% of the total project installation 
cost of an industry-built HDR facility up to a limit of $30 
million. In addition, a further $1.5 million per year is 
promised in reservoir verification funding during the first three 
years of operation of the HDR energy facility. Throughout 
both the construction and operational phases, DOE funding for 
this project will be subject to the yearly federal funding 
allocation process. I 

The installation phase of the industry project envisioned in the 
solicitation is expected to take 2-4 years, dependent upon both 
technical and funding considerations. The operational phase 
will entail government technical, as well as financial, 
participation for three additional years. When government 
participation terminates, the industrial party may take full 
possession of the project assets and the facility may continue 
to operate as a private enterprise. 

Interim Field W o k  Field opentions at Fenton Hill resumed in 
the spring of 1995 to gather operational data in support of the 
anticipated industry-led HDR project. After procurement and 
installation of a suitable injection pump, full-scale circulation 
through the Fenton Hill HDR reservoir was re-initiated on 
May 10, 1995. Specific test strategies during 1995 will be 
directed toward answering questions related to the commercial 
operation of HDR reservoirs. After definitively re-establishing 
steady-state operating conditions, methods for improving the 
productivity of the Fenton Hill HDR system will be 
investigated. These will be limited to techniques that can be 
readily applied to routine operation of an HDR power plant, 
including such practical measures as recovery of the residual 
mechanical energy in the circulating fluid, and operation of the 
plant in a variety of pumped-storage and load-following 
modes. 

PROSpuJrS FOR SUCCESS 

During the early 1990's. field testing at Fenton Hill 
demonstrated the technical feasibility of operating HDR 
systems on a sustained basis with limited on-site manpower. 
The solicitation that was subsequently developed by the 
USDOE to promote the development of privately led HDR 
project now provides a means for taking heat mining 
technology the next step toward commercial viability. 

As this paper is being wrinen, the period for responses to the 
HDR Solicitation has closed. Bids have been received and 
these are in the process of evaluation. A preliminary check by 
the DOE Albuquerque Area Field Office has indicated that 
there are bid packages that meet all  the statutory requirements 
of the solicitation. The success in attracting bidders to respond 
to the DOE solicitation for an industry-led, commercial-scale 
HDR project bas demonstrated that forward-looking US 
industrial organizations are excited enough about the potential 
of HDR technology to commit significant financial r e ~ ~ u r c e ~  
to it. 

During the months of June-July 1995, a technical review 
committee consisting of representatives from industry, 
academia, and the public sector will review the eligible bids 
and select a winning proposal. The winning bidder will then 
negotiate a formal contract with the DOE and the project 
implementation should begin shortly thereafter. The Fiscal 
Year 1995 DOE budget for HDR specified $1.5 million to 
initiate the industry-led HDR project. In the spring of 1995, a 
DOE budget request of $2.2 million for HDR in Fiscal Year 
1996 was submitted to congress. 

With the solicitation promising up to $30 million over the next 
several years to implement the industry-led project, it is 
obvious that the DOE budgets for FY 1997 and several years 
thereafter will have to increase substantially if the project is to 
be completed in any reasonable time frame. If the winning bid 
proposes a strong project which will meet the goal of moving 
heat mining to the threshold of commercialization, it should be 
possible to acquire the needed funds. With a concerted effon 
to develop and implement the industry-led project, the 
prospects for successfully moving HDR into the commercial 
energy arena by the early years of the 21st century are 
excellent 

SUMMARY 

In less than a quarter of a century, HDR heat mining 
technology has moved from an entirely untested concept to a 
demonstrated method for routinely extracting clean energy 
from the earth. The mechanism is now in place to take this 
2lst-century energy technology into the commercial 
marketplace. With a continuing commitment by both the 
federal government and the private sector, HDR can become a 
major clean energy resource for the world and help to 
definitively establish the position of the United States as the 
worldwide leader in the development of renewable energy 
resources. 
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