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ABSTRACT 
The UK Department of Energy’s Geothermal Hot Dry 
Rock (HDR) Programme was last reviewed in 1987/88, 
when a number of technical problems were identified. 
These related to the size of reservoir (heat exchanger), 
its thermal behaviour (short circuits) and water losses. 

A programme of work to address these problems was 
subsequently set up. This work has recently been 
reviewed. The main conclusions are: 

a satisfactory procedure for creating a commercial- 
scale HDR reservoir has yet to be demonstrated; 
there is a dearth of information on rock properties at 
the 6-7 km depths needed for a commercial reservoir; 
a satisfactory method of sealing short circuits has not 
yet been demonstrated; 
although it is difficult to determine accurately the 
economics of HDR because of these technical 
uncertainties, it is believed that electricity from a 
commercial HDR power station is unlikely to be 
competitive with conventional means of generation in 
the short to medium term; 
despite the earlier promise of the technology, HDR has 
been shown over the past two years to be still at an 
early stage of development and it is unlikely to attract 
private sector funding in the short term; 
participation in a joint European programme offers the 
opportunity of resolving some of the technical 
uncertainties. 

INTRODUCTION 
At depths of several kilometres below the Earth’s 
surface, the temperature of the rock is sufficiently high 
to allow steam to be raised for electricity generation. 
However the heat is not readily accessible in the UK 
because the rock is usually dry and has low permeability. 
The UK Department of Energy’s Hot Dry Rock R&D 
Programme aims to remove these restrictions by 
developing techniques to introduce water into the rock 
from the surface, circulate it through an artificially 
created heat exchanger in the rock, and bring it back to 
the surface. However, translation of this simple principle 
into practice represents a formidable technical challenge, 

With no technical or economic constraints it was thought 
that it might be possible to site local power stations 
widely across the UK, providing a pollution-free supply 
of heat and electricity. This was the appealing target in 
1974 when the Department first became involved in hot 
dry rock research. 

HDR TECHNOLOGY 

The UK Department of Energy’s R&D Programme is 
attempting to extract heat from rocks which are hot but 
which do not contain water or steam capable of being 
circulated to the surface. This resource has become 
known as hot dry rock (HDR). In the UK, the granite 
formations of south west England are the most attractive 
in this respect since their temperature rises more rapidly 
with depth than other rocks because of radiogenic decay 
of natural isotopes. The temperature gradient in 
Cornwall (UK) is 30-35°C per kilometre of depth and it 
would be necessary to drill to 6 km to reach 200”C, a 
temperature suitable for generating electricity. 

The basis of the technology for extracting this heat is to 
pump water down an injection borehole drilled from the 
surface, circulate it through enlarged or ‘stimulated’ pre- 
existing fractures (or joints) in the rock and bring it back 
to the surface via a second, production, borehole. The 
joints behave as the conduits of a subsurface heat 
exchanger. 

In Cornwall the pattern of jointing can be seen in the 
rock where it outcrops on the surface. Two jointing 
planes, nearly vertical and at right angles to each other, 
are known to extend to a depth of at least 3.5 km. They 
are expected to go deeper still although, as depth 
increases, the joints are likely to become ‘tighter’, with 
less width between the faces. 

In a commercial system, the initial sections of the two 
boreholes would be drilled vertically but they would be 
deviated at depth to intersect the maximum number of 
joints. See Figure 1. In practice, the deviation is 
currently limited~by drilling constraints to about 35” 
from theyertical. The diameter of the lower part of the 
borehole would be about 180 mm. The vertical sections 
would be drilled using technology based on standard 
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figure 1 Schematic of a commercial HDR reservoir (not to 
scale) (Courtesy of New Civil Engineer) 

oilfield practice, but HDR experiments to date have 
shown that the deviated sections would be best drilled 
using an hydraulically driven downhole motor to turn the 
drilling bit rather than turning the whole drill assembly 
from the surface. Although HDR drilling to depths of 
about 6 km in the hostile environment of hard, hot, 
crystalline rock is currently difficult, it does not present 
a major technological problem - apart from its cost. 

The major problem with HDR technology lies in the 
creation of the subsurface heat exchanger, usually 
referred to as a ‘reservoir’. Use of the word reservoir has 
developed by analogy with reservoirs found in oil- 
bearing rocks and geothermal aquifers. In the HDR 
context, the use of the term is not so clear and is not 
strictly justifiable since an HDR reservoir neither has a 
well-defined boundary nor contains a significant amount 
of fluid. However, the term has been used for a number 
of years and is retained here. 

The permeability of a rock such as granite is determined 
by the aperture and frequency of its natural joints; the 
joint apertures in the undisturbed state are likely to be 
0.01 to 0.1 mm at the depths of interest in Cornwall, and 
the joint frequency is about one in 20 m. To enable 
sufficient volumes of water to circulate at acceptable 
pumping pressures the rock must be ‘stimulated’ to 

increase the joint widths. Hydraulic fracturing is a 
procedure that has been developed in oilfields to 
encourage flow of hydrocarbons from reservoir rocks to 
wellbores. In HDR terminology this process is usually 
referred to as ‘rock stimulation’. 

For the initial stimulation of an HDR reservoir, large 
volumes of water or low-viscosity gel would be pumped 
into the rock via the lower section of the first borehole to 
be drilled, at a high enough pressure to open up or dilate 
the natural joints in the rock. The pattern of reservoir 
growth from this stimulation would depend on the pre- 
existing joint pattern and the magnitude and direction of 
the rock stresses. 

Experience gained(’. 2, 3, in the UK Programme to date 
suggests that, in a commercial system, repeated major 
stimulations would need to be made from a borehole, 
spread over the lower 2 km or so, and that the second 
borehole would be drilled obliquely to make the most 
effective intersection with the joints of the stimulated 
rock volume. See Figure 2. 

INIKTION WELL 

ELEVATION IN PLbNE OF WELLS ELEVATION AT 
RIGHT ANGLES 

Figure 2 ‘Modular’ stimulations from a production borehole 

The current targets for the hydraulic performance of a 
complete commercial system are an impedance of 
0.1 MPa per l/s and a total flow from the production 
borehole of 75 I/s. Impedance is defined as the pressure 
differential across the two boreholes divided by the flow 
out of the production borehole. Given these commercial 
targets, a differential pumping pressure of 7.5 MPa 
(about 1100 lb/in2) would be required for water 
circulation through the reservoir itself; in addition there 
will be substantial friction losses in the well casings. 
Power for this pumping represents a severe parasitic load 
which must be subtracted from the output of the HDR 
power station. 

For a reasonably long lifetime (about 15 years) a 
commercial reservoir of a few MW electrical output 
would have to act as an effective heat exchanger of 
sufficient size for the temperature drop (at the production 
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well) from cooling of the rock to be less than 1 "C per 
year. To ensure this, the reservoir would need to have a 
stimulated rock volume of 300 million cubic metres with 
a heat transfer area of 10 million square metres spread 
evenly over a multiplicity of flow paths of comparable 
impedances. 

Immediately after the stimulations, or at some later time 
during the life of the reservoir, it is quite possible that 
the flow pattern in the reservoir between the two 
boreholes would prove to be unsatisfactory: 

the reservoir impedance might be too high, requiring 
excessive pumping pressures for the required flow; 
one or two preferential flow paths (short circuits) 
might be established between the boreholes giving in 
effect a smaller reservoir than intended and leading to 
a rapid decline in the temperature of water reaching the 
production borehole; 

unacceptably high; 

characteristics. 

water losses between the two boreholes might be 

geochemical effects might adversely affect reservoir 

For all these reasons the geothermal engineer will need 
to have at his disposal a selection of techniques to 
determine whether the HDR reservoir has the necessary 
thermal and hydraulic properties to operate as an 
effective heat exchanger over the required lifetime. If 
not, he must be able to diagnose the shortcomings and 
carry out repairs to rectify any problems. Development 
and testing of these repair or manipulation techniques 
has been an important part of the UK HDR R&D 
Programme to date. 

The energy release associated with the displacement of 
joints during stimulation causes microshocks which can 
be detected by a suitable network of sensors located at 
depth and near the surface around the stimulation site. 
Measurement of this 'microseismicity' has been used to 
infer the shape and extent of the experimental reservoirs 
created in the Programme. By recording and processing 
the microseismic data associated with the microshocks, 
the location of each one can be calculated. With suitable 
graphics software, a 3-D map can be built up showing 
the extent of the microshocks - and this has been 
interpreted as the envelope of the reservoir. It has been 
claimed that areas of dense microseismic activity (the 
blackest areas in Figure 3) represent regions of 
significantly enhanced permeability through which water 
can be expected to flow once circulation starts in the 
reservoir. However, more recent work has suggested that 
this hypothesis is open to question. 

One large-scale correction technique which has been 
used attempts to prevent reservoir joints being squeezed 
shut near to the production borehole after the stimulation 
is complete. The technique involves injecting sand 
(referred to in this context as a 'proppant') into the 
joints. This would be done as part of a secondary 
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Figure 3 Comparison of microseismicities from the Phase 2A 
(bulk water) and the Phase 28 (viscous ge!, 
stimulations at Rosemanowes 

stimulation, by injecting a gel into the production 
borehole under pressure to open the joints and carry the 
proppant. If successful, the joints would remain propped 
open as the stimulation pressure was reduced. 

A treatment would also be needed for short circuits, 
which would need to be sealed off to force the 
circulating water to take alternative, more effective, 
routes if the temperature of the production water were to 
be maintained. The ideal treatment would be to seal the 
short circuits within the reservoir using a temperature- 
sensitive gel, to congeal and block cold flow paths. But 
such gels are not yet available. The wall of the well 
could be sealed using conventional oilfield techniques, 
including cement, liners or packers. 

When reservoir creation is complete and a reliable 
supply of hot water is available, there will still remain 
the task of converting it to electricity. A conventional 
condensing turbine has been considered but is unlikely to 
be used; power plants based on the organic Rankine 
cycle or the flash steam cycle are more efficient. This 
technology is well proven and electricity generation units 
are commercially available now for future HDR use. 

THE UK PROGRAMME 
The heart of the HDR R&D Programme in the UK has 
been a series of drilling and circulation experiments('. 2. 3, 

carried out by the Cambome School of Mines at a 
disused granite quarry at Rosemanowes, near Falmouth 
in Cornwall. See Figure 4. Phase I work started in 1977 
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with a demonstration of the feasibility of establishing 
subsurface hydraulic connections between shallow 
(300 m) boreholes drilled into the granite. This was 
sufficiently successful to allow progress to Phase 2. 

Phase 2 was an eight year project attempting to create an 
experimental commercial-scale HDR reservoir. In order 
to ayoid high drilling costs and also the peripheral 
materials-related problems associated with the 
temperatures expected at 6 km depth, the project has 
been carried out at depths between 2 and 3 km, where 
maximum temperatures have been a more manageable 
80°C. The rock jointing and stress regimes have been 
assumed to be similar to those at 6 km. 

Two deviated boreholes spaced 300 m apart at depth 
were drilled to 2 km and a water stimulation made from 
the lower borehole to create a reservoir in the near- 
vertical joints rising to and intersecting the upper 
borehole. When circulation started, the reservoir did not 
behave as expected: water losses were too great for a 
commercially viable operation and the impedance and 
pumping pressures for circulation were too high. It was 
not possible to get within a factor of ten of the 
sustainable target production flow of 75 I/s. Detailed 
examination of the available microseismic evidence and 
findings from pumping and tracer tests suggested that 
each borehole had a large vertical reservoir beneath it, 
but that the interconnection between them was poor. To 
improve this connection by further hydraulic stimulation 
would have risked continuing reservoir growth and even 
greater water losses. 

. 

Measurements made after these two boreholes had been 
drilled showed that the direction of the maximum 
principal stress in the ground was aligned almost exactly 
with the borehole deviation - believed to be the worst 
possible alignment for HDR purposes. Consequently, a 
new borehole was drilled to a depth of 2600 m along a 
helical path crossing the original stimulated region at 
right angles to the vertical plane of the first two 
boreholes to try to get the maximum number of 
intersections. A medium-viscosity gel was used to 
stimulate a reservoir between this new borehole and the 
deeper of the original boreholes. 

From the evidence of extensive circulation experiments, 
this new reservoir has proved to have substantially lower 
impedance and lower water losses than the original one, 
but its better hydraulic performance has been at the 
expense of thermal performance. The temperature of 
water at the top of the production borehole dropped from 
80°C to 55°C over a three year period from 1985 to 
1988. This is due to a short-circuit route that has been 
identified through the reservoir and which has 
significantly reduced its effectiveness as a heat 
exchanger. The rock surrounding the short circuit has 
cooled more rapidly than the rest of the reservoir. This 
has introduced colder water to the production borehole, 
thus lowering the final production water temperature. 
Efforts to date to seal the short circuit temporarily by 
mechanically closing off its entry to the production 
borehole using a steel pipe have been successful. Experi- 
ments are currently planned to seal off the short circuit 
permanently by non-mechanical methods. 

' 

Figure 4 Production and injection boreholes at Rosemanowes Quarry, Camborne School of Mines, located in 
Cornwall (UK) (Photo courtesy CSM) 
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An experiment to place proppant particles in the joints 
close to the production borehole (as part of a secondary 
stimulation using high-viscosity gel) was successful in 
reducing water losses and reservoir impedance even 
further -but also served to worsen the short circuit; the 
reasons for this are unclear. 

Throughout the period of the project, the experiments at 
Rosemanowes have been supported by other research 
including the development of modelling programs. The 
research has also included development of high- 
temperature downhole instrumentation (an example is 
illustrated in Figure 5 )  and data acquisition systems, 
investigation of geochemical effects in HDR systems and 
a continuous monitoring programme for possible seismic 
implications of HDR exploitation. The modelling has 
encompassed HDR costs, the dependence of temperature 
on depth, the size of the nationwideresource, and 
reservoir creation, manipulation and operation 
techniques (hydraulic, thermal and geochemical). 

Since late 1988 when Phase 3 of the UK R&D 
Programme started, more emphasis has been placed on 
the commercial prospects for a viable HDR technology. 
RTZ Consultants Limited, assisted by the Camborne 
School of Mines, have carried out a conceptual design 
for a 6 km deep, commercial, HDR prototype. 

Although this summary concentrates on UK research, 
other countries - notably the United States, France, 
Germany, Japan and Sweden - are also involved in HDR 
drilling, stimulation and circulation experiments. The 
main HDR work abroad is being carried out at Fenton 
Hill, New Mexico, USA, at Hijiori, Japan, and near 
Soultz, 50 km north of Strasbourg, France. None of this 
work is as advanced as that in the UK. The work at 
Soultz is funded by the French and German 
Governments, and by the Commission of the European 
Communities. An experimental hole is being drilled to 
3 k m .  

The proposed European geothermal research programme 
includes a possible experimental prototype, and a first 
task is to carry out feasibility studies on sites in France, 
Germany and the UK with the intention of selecting a 
suitable site by about 1992. 

THE RESOURCE 
A simple analysis shows that there is a large amount of 
heat contained in the rocks at depth. A cubic kilometre 
of granite at 200’C contains approximately 4 x I O i 7  
joules of heat and the cooling of this rock with a 
temperature reduction of 10% over a lifetime of 15 years 
would be equivalent to a thermal power transfer of 
90 MW. However, the thermodynamics of the 
conversion of heat to electricity involves inevitable 
inefficiencies, and the maximum available electric power 
from the cubic kilometre is likely to be only about 
12 MW. The size of the target reservoir described earlier 

Figure 5 Downhole ‘hydrophones’ developed by the 
Camborne School of Mines 
(Photo courtesy CSM) 

is about one-third of a cubic kilometre with a 
corresponding electric power of about 4 MW. Pumping 
requirements could halve this figure, resulting in a final 
net output of about 2 MW. 

In practice the geothermal resource in the UK i s  limited 
to depths that can be reached by reasonably economic 
drilling. The economics of HDR and the size of the 
resource are thus inextricably linked. UK 
meas~rements(~) by the British Geological Survey carried 
out as part of the R&D Programme have established that 
only the south west peninsula of England and the 
Weardale area in north east England are likely to yield 
worthwhile temperatures at accessible depths. 

HDR is for all practical purposes a non-renewable 
resource, available for extraction once only. Any 
subsequent reheating of the granite after HDR 
exploitation at a site would require thousands of years. 
For this reason, HDR is not a ‘renewable’ energy source 
like wind or wave power; but it offers an 
environmentally clean alternative to conventional fuels. 

PRESENT STATUS 
After a decade of funding by the UK Department of 
Energy in support of theoretical and experimental 
research into HDR technology in the UK, progress has 
been made in understanding the important factors 
controlling reservoir development and economics. 
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Nevertheless it is now concluded that: 
a satisfactory procedure for creating a commercial- 
scale HDR reservoir has yet to be demonstrated; 
no effective method of sealing reservoir short circuits 
has yet been demonstrated; 
there is little information available on the properties of 
rocks at the 6 km depths needed for commercial HDR 
reservoirs; 

HDR accurately because of these technical 
uncertainties, electricity from a commercial-size HDR 
power station built in the short to medium term could 
be an order of magnitude more expensive than 
electricity generated by conventional means. 

although it is difficult to determine the economics of 

FUTURE PROSPECTS 
Despite the promise of the technology in the early 1980s 
and an expenditure of &40M in the UK, HDR is still at 
an early stage of development. It is unlikely to attract 
private sector funding in the short term. Collaborative 
research within a European programme could however 

resolve some of the technical and economic 
uncertainties. 
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