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Introduction: Geothermal research
stti at Sandia National Laboratories has

. conducted a program in slimhole drilling
research since 19921. Although our
original interest focused on slim holes as
an exploration method, it has also be-
come apparent that they have substantial
potential for driving small-scale, off-grid
power plants.

This paper summarizes Sandia’s slim-
hole research progrq describes tech-
nology used in a “typical” slimhole
drilling project, presents an evaluation of
using slim holes for small power plants,
and lists some of the research topics that
deserve tin-ther investigation.

Sandia Slimhole Program: The pro-
gram aimed to reduce exploration cost,
especially up-fior$ b.ydrilling cheaper
holes to locate and characterize a geo-
thermal reservoir. For the geothermal
industry to accept this concept, however,
it was necessary to demonstrate two cru-
cial points: 1) that slim holes actually
cost less than production-size wells, and
2) that data from slim holes can be ex-
trapolated to accurately predict produc-
tion from M-size wells. To do this, we
used cost-shared drilling projects with
the U. S. industry, in-house and contract
theoretical analysis of wellbore flow,
and contract analysis of a large data set
comparing slimhole flow tests with data
from production wells in several Japa-
nese geothermal fields. Both of the
points have now been demonstrated and
detailed results of the program will be

published in a Slimhole Handboo@~ ~ #
is now in review.
Cost comparison; Sandia has managed
drilling for four slimhole (total of seven
holes)-reservoir evaluation projects. The
four reservoir projects2’3>4’5documented
that slimhole-drilling costs, while vari-
able with the specific site, are typically
lower than those for rotary drilling. A
brief summary of these results is shown
in the table below.

Drilling Cost, dollars/foot
Well location Slimhole/Rotary

Steamboat Hills, NV 150/377
Vale, OR 110/153
Newberry , OR 200/33 1
Ft. Bliss, TX 73/not available

Predictive capability In a general sense,
discharge rate from a geothermal well is
controlled either by flow resistance in
the formation (transmissivity) or by flow
resistance (pressure drop) in the well-
bore. If transmissivity is very low, for
example, a large-diameter well will not
discharge significantly more than a slim
hole because the formation limits the
amount of fluid that can reach the well-
bore. On the other hand, if transmissivity
is high, the discharge is limited by di-
ameter of the wellbore and flow rate in-
creases more rapidly than the wellbore
area6. The task of analysis, the% is to
understand which of these situations, or
some intermediate case, prevails in the
well under consideration. The first step
in this process was a comparison of field
data with several different wellbore flow
models2, which showed good agreement
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and supported the principle that dis-
charge can be realistically modeled.

Although this comparison was a valu-
able and necessary f~st step, there was
not enough available data in the U. S. to
provide a statistically valid proof of the
correlation between discharge from slim
holes and production-size wells. Sandia
contracted with Maxwell Technologies,
Inc. and &oHills Associates to acquire
a large data set from five different Japa-
nese geothermal fields in which both
slim holes and production wells had
been discharged and injection tested.
Analysis of those data fi.mthersupported
the conclusion that large-well productiv-
ity (and injectivity) can be predicted
from slimhole discharge data.

Demonstration of the cost benefits and
predictive capability of slim holes was
essential to support slimhole drilling as
an exploration method, but a spin-off of
the analysis was the realization that slim
holes can also be used to drive small
geothermal power plants. Extensive
analysis by Pritchett7 has shown that,
depending on reservoir depth and tem-
perature, even a 4“ diameter hole can
supply several hundred kilowatts and a
6“ hole can supply more than a mega-
watt. Thk potential has led Sandia to
several efforts toward establishing a
Geothermal Small Power-Plant program,
but to date DOE has given this concept
only minimal support.

Slimhole Drilling Technology: “Slim
hole” is a somewhat arbitrary term, but
we use it to designate a well-with a pro-
duction interval not greater than 6“ in
diameter. All of the cost-shared slim
holes drilled by Sandia and U. S. indus-
try partners have had bottomhole di-
ameters drilled with HQ (3.85”) or NQ

(2.97”) coring tools. As this implies, the
drill rigs used for these projects were
those most often used by the mining in-
dustry for mineral exploration; these rigs
differ fi-omconventional rotary rigs in
several important ways.

Typical large rotary drill rigs, mostly
used for exploration and production of
fossil-fiels and for geothermal produc-
tion wells, use fill-diameter bits to drill
holes from 6 to 26 inches in diameter to
depths sometimes more than 20,000 feet.
The drill string comprises the bit, the
drill pipe, and an oflen-complex bottom-
hole assembly (13HA)made up of drill
collars, stabilizers, reamers, crossovers,
and other special tools. The string is
turned by a top drive or a rotary table,
either of which applies torque to the
string while allowing it to travel down-
ward under its own weight. Holding
back a portion of the drill-string weight
controls weight on bit. Coring can be
done with this kind of rig, using dia-
mond or roller-cone bits, but the com-
plete drill string must be tripped to re-
trieve the core sample.

Core rigs, most often used by the miner-
als industry to explore for ore bodies,
use diamond bits which cut a thin cylin-
drical kerf in the rock leaving a core
sample protruding up the center of the
drill string inside a separate tube usually
called the inner barrel. Hole diameters
are from 2 to 6 inches with core diame-
ters of 1 to 4 inches, respectively. Afler
drilling through an interval the length of
the inner barrel (usually 5 to 20 feet),
rotation is stopped and the drill string is
raised, breaking off the core just behind
the bit. A wireline is then run down in-
side the drill string to retrieve the core in
its inner barrel, thus avoiding the neces-
sity for tripping the drill string to get the
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core sample. The drill string is turned
\eithe~by a top drive, which uses a hy-
drauhc motor to rotate the entire drilling
assembly from its topmost connectio~
or by a chuck, which grips the outside
‘diameter of the drill rod and rotates it.
Because the cuttings produced by the
diamond bits are very fine and make up

. a smaller fi-action of the hole volume
than in rotary-rig coring, minerals-type
core drilling can continue without drill-
ing fluid returns. This ability to drill
“blind” makes the core drill popular for
geothermal exploration holes and, as de-
scribed above, these exploration holes
can be tested to evaluate the reservoir’s
potential.

A third technique, used in a scientific
drilling projects in Long Valley Caldera
during 1998, is to attach a separate top-
drive unit to a conventional drill rig.
This allows the high rotary speed and
precise feed control of a core rig com-
bined with the pipe-handling capability
of a rotary rig. The Long Valley Ex-
ploratory Well project had excellent re-
sults with this method and it should be
considered for fiture deep slimhole
drilling.

There are tradeoffs among the kinds of
drilling but, in Sandia’s geothermal
slimhole prograq the small hole sizes
favored the use of core rigs. These rigs
may not be cost-effective in oil and gas
exploration because rotary drilling has
much faster penetration in many sedi-
mentary formations and can therefore
drill those intervals more cheaply, but
the advantage of being able to drill
through .Iost circulation zones in geo-
thermal formations can offset slower
penetration. In either kind of drilling,
however, there will be substantial sav-
ings in a smaller hole because smaller

casing, cement jobs, drill strings, and
drilling tools are much cheaper than
conventional sizes. Cost savings also
accrue to the reduced environmental im-
pact and smaller drill sites and mobiliza-
tion charges for smaller rigs. Finally,
most coring rigs have at least limited
capability for rotary drilling, so it is pos-
sible for both kinds of drilling to be used
in the same borehole. For example, the
Vale exploratory slim hole3 was rotary
drilled to the interval of interest (ap-
proximately 3100’) and then cored to TD
(5800’) with the same rig.

Slim Holes for Power Plants: In just
the past few years, a great deal of tech-
nical progress has been made toward re-
alization of small-scale geothermal proj-
ects for off-grid electrification. The
following barriers, however, still appear
to exist:

●

●

●

●

●

Investors perceive geothermal proj-
ects as risky because of the uncer-
tainty and expense of exploration.
There are no convenient “maps”
showing overlap of geothermal re-
sources, energy markets, and fi-
nancing.
There is a low return-on-investment
compared to, say, large geothermal
power projects or the stock markets.
“Due diligence” costs are relatively
higher for small-scale geothermal
electrical power projects.
Financial institutions are reluctant to
lend because they have no case histo-
ries or demonstration projects docu-
mented by disinterested parties for
comparison.

Based on results of an international
“Geothermal Off-Grid Power Work-
shop” held recently, the present technical
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and economic situation may be summa-
rized as follows.

Technical issues that are not in dispute:

1.

.

2.

3.

Electrical Capacity: Individual slim
holes can deliver enough geothermal
f@id to supply small wellhead elec-
trical power plants with capacities in
the 100 kW, – 1000 kW, range (and
even up to 3000 kW, for high-quality
reservoir conditions). Reservoir tem-
perature is the most important physi-
cal property influencing generating
capacity of slim holes. Three-inch
slim holes can supply enough fluid
for 100 kWe when reservoir tem-
peratures exceed 170”C, and can de-
liver 600 kW, if reservoir tempera-
tures reach 240°C~ Six-inch slim
holes can provide over 1000 kW, for
reservoir temperatures of 180°C and
can reach 3000 kW, for a 240”C res-
ervoir fluid supply.
Self-Discharge vs. Pumping: If res-
ervoir temperatures are less than
about 150”C, a downhole pump will
be required to raise the geothermal
brine to the wellhead. By contrast, if
temperatures are significantly higher,
the self-discharge from natural gas-
lifl with the expanding steam can
actually provide more wellhead fluid
than a downhole pump.
Downhole Pump Design: If a down-
hole pump is needed, submersible
pumps (with the electric motor lo-
cated downhole) are preferable to
conventional line-shaft designs
(which install the motor at the well-
head and drive the downhole pump
assembly using a long concentric
rotating shaft), particularly for small-
diameter wells. Within the past year,
submersible pumps that will fit into
4.5” (OD) casing and are suitable for

4.

5.

geothermal service have become
commercially available.
Plant Design: Wellhead geothermal
power plants for small off-grid ap-
plications are both available and
practical. For low temperature sys-
tems (less than 170”C or so), either a
simple binary plant or a low-
temperature single-flash condensing
steam turbine will be the best choice.
For higher reservoir temperatures
and reasonably benign fluid chemis-
try, higher-pressure condensing
steam turbines are usually preferable.
Preference should be given to un-
complicated designs that are suitable
for operation and maintenance by
semi-skilled and/or unskilled per-
sonnel.
Well Diameter: Slim holes are likely
to be essential to economic viability
for projects less than one megawatt,
and may be preferable for larger
projects. Actual costs of drilling and
exploration, which come early in the
project, are usually comparable to
(and often exceed) costs for power
plant construction. In many prospec-
tive small-power applications, it may
also be impractical to bring a large
rotary drilling rig to a remote site.

Technical issues to be resolved:

1. Reliability: The combination of slim
holes, small wellhead power plants,
small-diameter downhole pumps and
remote off-grid locations has not so
fir been tried. Although individual
components are commercially avail-
able, the ability of the various com-
binations of equipment to operate to-
gether reliably and economically for
long periods of time without requir-
ing extensive maintenance has not
been demonstrated and is, in fact, not
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2,

.

3.

4.

5.

assured, Ormat’s experience in Tibet
is not encouraging in this regardg.
Slirnhole Completions: Little or no
experience exists concerning the
long-term production behavior of
geothermal slim holes. Furthermore,
there is a need to develop and to test
slimhole casing designs (i.e., well-
bore diameter as a fimction of depth)
for maximum fluid production rates.
Instrumentation: Pressure, tempera-
ture and spinner logging tools that
can be run in slim holes are currently
available. Fracture detection (e.g.
FMWFMI, high temperature bore-
hole televiewer) and borehole and
casing inspection tools (e.g. caliper,
cement bond tools) have yet to be
developed for slim holes. Unfortu-
nately, the market for such instru-
mentation is quite limited and indus-
try service companies are reluctant to
find the necessary research and de-
velopment.
Costs: Economics of small off-grid
geothermal power plants are not well
established under realistic operating
conditions. This is particularly true
for O&M costs. These costs are
likely to be quite site-specific, and
will depend mainly on the long-term
petiormance of the slim holes and
the mechanical complexity of the
power system chosen for the par-
ticular application at hand.
Market Conformance: Geothermal
electricity is usually regarded as only
usefil for grid-connected baseload
power, without load-following capa-
bility. For rural electrification appli-
cations, however, the electrical de-
mand typically varies considerably
throughout the day, and variability
tends to increase with decreasing lo-
cal market size and decreasing local.
prosperity. Peak power demand can

exceed the daily average by a factor
of two or more. There are several
potential solutions to this problem,
but each needs flu-ther investigation.

There are equally important non-
technical barriers to small-scale geo-
the~al projects, including:

1.

2.
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Typical Geothermal Developers:
Companies that have promoted con-
ventional geothermal power projects
in the past have failed to accept the
challenge of small-scale off-grid
geothermal power development.
These developers perceive small-
scale “mini-geothermal” as a threat
to the larger grid-connected projects
in which they are heavily invested.
Most of the private interest in pro-
moting small-scale projects has come
from smaller entities such as equip-
ment suppliers, service companies,
and technical consultants, but they
lack the expertise and the capital re-
sources to arrange financing for
small offshore power projects on
their own.
Size Mismatch: Traditional sources
of project financing for geothermal
power projects (such as the World
Bank) use procedures that are ill-
suited to small-scale power projects.
Legal costs of “due diligence” can
easily amount to two million dollars
per project. This is burdensome but
not overwhelming for a large geo-
thermal project, but is lethal for a
small-scale project in which devel-
opment costs may be one million
dollars or less. To overcome this bar-
rier, either alternative financing
sources must be found or many small
projects must be bundled, on a pro-
vincial or national scale. The latter
solution will require the cooperation



.

3.

.

,

and assistance of in-country govern-
mental authorities.
Local Government Hesitancy: En-
ergy ministries in many developing
countries have expressed interest in
geothermal development, but are un-
derstandably reluctant to “bet their
country” on technology that they
perceive to be unproven. Critical
elements that are missing include:
(a) a slimhole-based mini-
geothermal facility which has been
operating successfully for along pe-
riod of time under relatively primi-
tive conditions, and (b) a definite and
visible commitment to this new
technology on the part of the U. S.
Government. Most third-world gov-
ernments see the United States as the
global leader in such technology and
as the most probable source of de-
velopment fi.mds.

Many of these barriers could be ad-
dressed by a demonstration project,
planned, fimded, and documented by a
disinterested party such as a National
Laboratory.

Further Drilling Research: Even
though the critical issues for viability of
slim holes in small-power generation are
resolved, there are several technology
developments that would be usefil and
appropriate for fi.n-therwork.

●

●

Software – A “Slimhole Toolkit”
software package, containing data
management and analysis finctions
that would greatly simplify evalua-
tion of a reservoir’s potential, has
been proposed, but finding is cur-
rently not available.
Resource map – A map showing
where potential resources and mar-
kets overlap with available financing

would stimulate project initiation and
development.
Hybrids/energy storage – Identifica-
tion of hybrid systems, energy stor-
age methods, or load-following gen-
eration technology would alleviate
the perceived load variability prob-
lems with geothermal power and
would broaden the potential market.
Drilling/testing technology – De-
velop: a) Hard-rock bits for higher
rate of penetration; b) Better meth-
ods to treat shallow lost circulation;
c) New logging tools, including sili-
con-on-insulator devices that can op-
erate in slim holes at high tempera-
ture without a thermal flask or De-
war; and, d) Better criteria for de-
ciding what drilling method to use in
a given situation and improved “hy-
bridization” for small rigs to do this
drilling.
Demonstration project – A pilot

project integrating resource assess-
ment, well locatioL drilling, well
completion, power-plant installation,
and long-term petiorrnance moni-
toring may be the essential first step
to stimulate industry and government
finding.

Conclusion: Barriers that have pre-
vented widespread development of small
geothermal power projects are financial,
institutional, and perceptual, not techni-
cal. Although certain technology devel-
opments can be pursued for incremental
improvements in cost-benefit ratio, it is
likely that a well-documented integrated
demonstration project is the only
mechanism with enough stimulus to
move this concept substantially forward.
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