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ABSTRACT
The potential synergism between a hot dry rock (HDR)

geothermal energy source and the power requirements for the
conversion of biomass to fuel ethanol is considerable. In
addition, combining these two renewable energy resources to
produce transportation fuel has very positive environmental
implications. One of the distinct advantages of wedding an
HDR geothermal power source to a biomass conversion
process is flexibility, both in plant location and in operating
conditions. The latter obtains since an HDR system is an
engineered system, where the surface fluid production and
injection conditions of flow rate, pressure, temperature, and
water chemistry are under the control of the operator. The
former obtains since, unlike a naturally occurring geothermal
resource, the HDR resource is very widespread, particularly in
the western US, and can be developed near transportation and
plentiful supplies of biomass.

Conceptually, the pressurized geofluid from the HDR
reservoir would be produced at a temperature in the range of
200° to 220°C. The higher enthalpy portion of the geofluid
thermal energy would be used to produce a lower-temperature
steam supply in a countercurrent feedwater-heater/boiler. The
steam, following a superheating stage fueled by the
noncellulosic waste fraction of the biomass, would be
expanded through a turbine to produce electrical power.
Depending on the lignin fraction of the biomass, there would
probably be excess electrical power generated over and above
plant requirements (for slurry pumping, stirring, solids
separation, etc.) which would be available for sale to the local
power grid. In fact, if the hybrid HDR/biomass system were
creatively configured, the power plant could be designed to
produce daytime peaking power as well as a lower level of
baseload power during off-peak hours.

The exhaust from the steam turbine, at a temperature of
about 110°C, would be used to supply the heating needs of the
ethanol distillation/dehydration section of the plant, which
typically represents about 70% of the overall ethanol plant
thermal power requirements.  The residual heat contained in
the geofluid exiting the HDR power plant boiler section could
be used to supply the heating requirements of the biomass
pretreatment stage or other lower-temperature plant heating
requirements. After mechanically separating the solid fraction

in the process feed stream upstream of the distillation
section, additional geothermal heat would be used to dry and
harvest this lignin-rich solid waste which would be used in a
lignin-fired superheater, increasing both the efficiency and
power output of the steam turbogenerator. Finally, the waste
water stream from the distillation section would be combined
with the cooled geofluid exiting the pretreatment section heat
exchangers and reinjected into the HDR reservoir,
eliminating the costly tertiary treatment of this waste water
stream. The high temperature and pressure available in the
HDR reservoir could potentially destroy the organic content
of the waste water -- originally with a high biological oxygen
demand (BOD) -- and permit the water to be recycled back
through the HDR surface plant and reinjected again.

INTRODUCTION
The synergism between two ubiquitous renewable energy

resources -- geothermal energy derived from the vast resource
of Hot Dry Rock (HDR) in our country, and biomass-derived
fuel ethanol -- has been investigated, not as a detailed
engineering study by rather as an initial conceptual study.
This is because the details of the optimum (from both cost and
efficiency standpoints) biomass conversion process are still
being developed (see for instance, Grohmann et al., 1990).
Further, a biomass-to-fuel-ethanol plant might well be
optimized in a somewhat different configuration if a
reasonably priced and plentiful source of HDR-derived thermal
energy were available. When one considers the uniqueness
and flexibility of both the thermal and electrical power
outputs from an HDR geothermal power-generation system,
as discussed below, there should be many opportunities for
optimization between the HDR power supply and the thermal
and electrical power requirements for the various stages of the
biomass-to-fuel-ethanol conversion process.

Obviously, if lignin heating and conventional electric
power were to be specified in the design phase of a biomass-
to-fuel-ethanol plant, then the only real engineering study
would involve reducing the heat and power demands to
minimize the use of both electrical and thermal power per
gallon of ethanol produced. This would most probably be
done with a modicum of additional capital investment for



equipment used for system optimization and heat recuperation
over and above the “standard” biomass-to-ethanol plant.
However, if environmental externalities were to be considered
in designing the biomass conversion process, the preferred
system might well involve the use of HDR geothermal
energy.

    Hot Dry Rock Geothermal Energy
The heat contained in the accessible regions of the earth’s

crust -- down to about 6 km -- represents one of largest
resources of thermal energy available to mankind (Tester et
al., 1989). Because of the shear size of the HDR resource, it is
generally included with other forms of renewable energy
(e.g., hydropower, solar, and biomass) in the broader context
of renewable energy options. Compared to the limited
hydrothermal geothermal resource in the form of naturally
occurring hot water and steam, the HDR resource is
considerably larger and very broadly distributed in those
much more numerous crustal regions where no significant
natural porosity exists (Duchane, 1995).

For the past 25 years, researchers at Los Alamos National
Laboratory have been engaged in developing the technology
for creating fully engineered geothermal reservoirs in hot, but
essentially impermeable, crystalline rock. The HDR
reservoirs that have been repeatedly tested since the late
1970’s at the Laboratory’s Fenton Hill HDR test site in
north-central New Mexico were created by hydraulic fracturing
techniques, and subsequently circulated with water to mine
heat from the hot rock. The results from this testing have
indicated that it is practical to operate a commercial-scale
HDR heat mining facility to produce thermal power on a
sustained basis.  

The heat mining concept is shown schematically in Figure
1. An initial well would be drilled into hot basement rock, to
a depth where a commercially useful rock temperature exists
(usually at least 150°C). Water would then be injected into an
isolated zone at the bottom of this well at pressures high
enough to open the preexisting joints in the surrounding rock
mass.  As pumping continued, an interconnected array of
pressurized joints would be progressively extended outward
from this initial wellbore, forming a man-made geothermal
reservoir in a region where insignificant permeability had
previously existed. Seismic monitoring techniques would be
used to follow the growth of this pressure-stimulated region
and to determine its depth, orientation, and approximate
dimensions (House, 1987). This region of greatly enhanced
porosity and permeability -- the HDR reservoir -- would then
be connected to the surface through a pair of production wells
drilled to intersect the extremities of the reservoir region. 

Three attributes of HDR geothermal energy are of particular
note when coupled to the biomass production of fuel ethanol:

1. The very widespread distribution of the HDR resource in
the western half of the US, making this type of power supply
essentially non-site-specific,

2. The demonstrated ability of an HDR energy supply
system to rapidly follow varying power demands, both for the
biomass conversion processes and in providing excess
electrical power during periods of peak demand,

3. The non-polluting nature of the HDR energy source as a
replacement for fossil-fuel-derived energy supplies.

FIGURE 1.  HOT DRY ROCK; A SYSTEM ENGINEERED FOR
GEOTHERMAL HEAT MINING.

THE DISTRIBUTION OF THE HDR RESOURCE
IN THE CONTINENTAL US
As shown in Figure 2, the HDR geothermal resource -- as
indicated by the distribution of geothermal temperature
gradients, is concentrated mainly in the western half of the
continental US. Figure 2 shows that within the “lower 48”
states, above-average temperature gradients (30 to 45°C/km)
exist in much of North and South Dakota, Nebraska, and
Kansas. In addition, about half of the states of Texas,
Louisiana, Arkansas, Colorado, Utah, New Mexico,
Wyoming and Montana as well as significant portions of the
other western states also exhibit temperature gradients of 30
to 45°C or higher. Of more importance to this discussion
involving biomass conversion, however, is the very large
portion of the upper Great Plains -- much of the very fertile
heartland of the country -- that has a significant HDR
geothermal potential. In particular, I would like to draw
attention to the western portion of state of Nebraska, a region
with both high temperature gradients and a significant
agricultural base. The temperature gradients in this region are
quite well defined due to the presence of numerous oil wells
drilled through the sedimentary section and into the
crystalline basement at depths of from 5000 to 7000 ft (Sims,
1990; Sims et al., 1991).  



FIGURE 2. THE DISTRIBUTION OF GEOTHERMAL TEMPERATURE GRADIENTS IN THE “LOWER 48” STATES.

SUGGESTED BIOMASS SUPPLY
On what remains of the wild prairie, we find cool season

grasses, warm-season grasses, legumes, and members of the
sunflower family. This is what all of Kansas used to be, and
what some 400 million acres of North America once was,
from the Rockies to the Mississippi and from Saskatchewan
to Texas. In this drought-resistant mixed grassland, the
predominant features were that the soil was deep and fertile
and that the plants were mostly perennials, with 75 to 85% of
the biomass existing below ground level (Chadwick, 1995).
It is from this native ecosystem, now mostly vanished, that
one should look for guidelines in establishing a mixed-
species grassland as the potential biomass source for the
production of fuel ethanol. Once established, this mixed-
grassland should require only a modicum of water or fertilizer,
and only a minimum of insecticides or herbicides, when
compared to present methods of agriculture. In other words,
this reestablished mixed-grassland ecosystem would be
topsoil-preserving, water-conserving, and much less water-
polluting. 

One native species existing in the tallgrass prairie is
switchgrass, a biomass feedstock that has been extensively
studied (e.g., Reshamwala et al., 1995), and is apparently
coming into favor as the energy crop of the future because it
can be grown on marginal croplands, harvested in a
conventional manner, and does not have the lead time for
income production that nonherbaceous energy crops (such as
poplar) have.  Therefore, for this initial study, the biomass
considered for conversion to fuel ethanol is switchgrass, a

deep-rooted perennial plains grass that exhibits a number of
favorable characteristics when considered as a biomass
feedstock (Parrish et al., 1997). According to Reshamwala et
al. (1995), a representative switchgrass composition (dry)
would be: cellulose (45%), hemicellulose (31%), lignin
(12%), protein (4%), and other (8%). However, as mentioned
above, the preferred biomass source, according to several
experts on the native prairie ecosystem (e.g., W. Jackson of
the Land Institute in Salina, Kansas), would me a mixed
grassland, which would be more tolerant of insects and more
drought resistant than any single monoculture, regardless of
its other attributes.

THE BASIC COMPONENTS OF A BIOMASS
CONVERSION SYSTEM

Although the details of the “preferred” grass-based fuel-
ethanol conversion process are still evolving and therefore
differ to some degree from concept to concept, the basic
components appear to be reasonably well established as
shown in Figure 3. They are as follows:

1. A pretreatment step where the cellular structure of the
biomass is destroyed, the hemicelluloses hydrolyzed to
monomeric sugars, and the cellulose substrate made available
for subsequent enzyme-catalyzed hydrolysis to glucose. The
protein content would be extracted prior to fermentation
while the residual lignin and other waste biomass would be
dried and used as boiler fuel. Two competing pretreatment
processes are presently under consideration:



FIGURE 3.  PRODUCTION OF ETHANOL BASED ON ENZYMATIC 
HYDROLYSIS

dilute acid hydrolysis and high-temperature “autohydrolysis”
(Grohmann et al., 1990). A recently developed third
pretreatment process, ammonia fiber explosion (AFEX),
produces both cellulose and hemicellulose substrates suitable
for subsequent enzymic hydrolysis (Reshamwala et al.,
1995). Some of the drawbacks of the dilute acid hydrolysis
pretreatment include the simultaneous decomposition of the
released sugars, the high cost of corrosion-resistant
equipment, and the post-processing of the acid solution. For
the AFEX approach, the handling and recirculation of the
ammonia is the major drawback, while for the high-
temperature “autohydrolysis” pretreatment, the major
drawback appears to be the high temperatures and pressures
involved. Recent experimental and numerical studies of the
“autohydrolysis” pretreatment of biomass prior to enzymic
hydrolysis (Lynd et al., 1997 and Ladisch et al., 1997)
investigated batch-mode reactors employing high-
temperature (200-260°C) aqueous soaking for up to one hour
per batch -- analogous to the common kitchen pressure
cooker, but at much higher temperatures and pressures.

2. The generally accepted second step is the simultaneous
saccharification and fermentation (SSF) of the batch mixture
from the initial pretreatment step. In the SSF step, cellulase
enzymes are used to convert the cellulose to glucose while at
the same time a judiciously selected microorganism is used to
ferment the resulting sugar to ethanol. This step is
essentially exothermic, although careful temperature control
is required (in the neighborhood of 35 to 40°C). However,
renewed interest in separate saccharification and fermentation
steps is apparent (Stenberg, et al., 1997), and is the process
shown in Figure 3. The principal advantages are the ability to
ferment all of the sugars in the same fermenter using recently
developed microorganisms (Mohagheghi et al., 1997) and the
ability to use a higher, more optimum, temperature in the
cellulose enzymic-hydrolysis reactor.

3. The final step involves the distillation of the dilute
solution of ethanol produced from the fermenter to about 95%
pure ethanol. The distillation step is the most thermal-
energy-intensive step in the whole process and would
normally involve an initial steam temperature of about

110°C. A final dehydration step is often added, where the
remaining 5% of the water content is removed.

A detailed study has been done for the Colorado School of
Mines to assess the use of a geothermal resource to provide
the thermal energy required for the production of fuel-ethanol
from biomass (Coury and Associates, 1978). In their study,
using corn or wheat as the feedstock and with heat
recuperation, a total heat requirement of 42,000 Btu/gallon
ethanol was required. An interesting result of their study was
that the heat requirements for the distillation stage -- using
industrially proven technology -- represented about 70% of
the total plant heat load. This study would imply that the
coupling of an HDR geothermal heat source to a biomass
conversion process would primarily involve a modest re-
engineering of the distillation/dehydration sections to
accommodate the 110°C steam discharge (at above
atmospheric pressure) from the steam turbine. It has been
estimated (Tester et al., 1989) that a direct-heat-use HDR
geothermal system could produce heat in this temperature
range for about $2.40/106Btu throughout much of the Great
Plains, which is reasonably competitive with current prices
for natural gas.  

THE ABILITY TO RAPIDLY VARY THE HDR
THERMAL POWER OUTPUT TO FOLLOW PLANT
REQUIREMENTS

One of the unique aspects of an HDR thermal power supply
is that the output can be varied over a wide range on a time
scale of only a few minutes. The basis for this variable
behavior is twofold. First, the pressurized HDR reservoir
functions as a fluid capacitor with the capability of being
rapidly discharged (Brown 1996a). Second, in a steady-state
mode of production, the thermal output can be varied by up to
a factor of 10 by merely adjusting the production
backpressure via a surface throttling valve (Brown, 1994).
Employing a PC-based digital control system, the Fenton
Hill reservoir was operated over a wide range of thermal power
outputs during the most recent phase of testing from 1992
through 1995 (Duchane, 1995). 

WHAT AN HDR-POWERED ETHANOL
PRODUCTION SYSTEM MIGHT LOOK LIKE

Obviously, for any serious commercial effort, one would
rely on an established ethanol plant designer (e.g., Raphael
Katzen Assoc. International) to optimize the combined
biomass-to-fuel-ethanol system utilizing HDR-supplied heat
and electrical power sources. However, the general framework
of how the combined system might look is reasonably clear
at this juncture.

One fairly well established criterion concerning the HDR
system is the desirability of operating the earth circulation in
a pressurized, closed-loop, liquid-water configuration -- as
previously shown in Figure 1. The primary reason for this
criterion is the desire to retain any reservoir-derived gases
(e.g., CO2 and H2S) in solution, and to prevent any
contamination of surface waters with reservoir fluids that may
contain traces of arsenic, fluoride, or other possible
reservoir-derived contaminants.

The first step in the design of an HDR system would be the
specification of the reservoir rock temperature, to provide a
surface production temperature appropriate to the biomass



conversion plant -- probably in the range of 170° to 200°C
(Brown, 1996b). However, with the availability of the
residual lignin from the biomass processing (dried using HDR
power plant waste heat) as a boiler fuel for superheating, one
is left with numerous working-fluid and heat-exchanger
options.

If electrical power generation -- actually cogeneration in
the normal sense of the word -- were to be a major component
of the overall biomass-HDR plant design, it would probably
be most appropriate to utilize the higher-temperature geofluid
to raise steam in a counter-current feedwater-heater/boiler heat
exchanger unit in combination with a lignin-fired steam
superheater. This superheated steam would then be used in a
compact steam turbine to generate electricity for the overall
facility power needs. Excess power could be sold to the grid,
particularly during periods of peak electrical power demand, if
the ethanol plant were structured such that the maximum
electrical power requirements occurred during the evening
hours. The turbine would be unusual in that the exhaust would
be controlled at an elevated pressure (about 20 psia) to
produce the 110°C steam supply needed for the
distillation/dehydration section of the ethanol plant. If
configured appropriately, these coupled HDR-power-
generation/ethanol-distillation systems would utilize the
majority of the produced HDR thermal power.

If desirable for autohydrolysis, the still-hot geofluid
exiting the feedwater-heater/boiler section of the HDR power
plant, at a temperature in the range of 140°C to 160°C, could
be reheated with additional lignin or other combustible plant
wastes to bring the geofluid back up to a temperature of about
200° to 220°C. This fluid would then be used as the heat
source in the biomass pretreatment system, particularly if
high-temperature “pressure cooking” of the aqueous-slurry
biomass supply were the selected pretreatment method.
Residual heat from the pretreatment stage could be used for
other lower-temperature ethanol plant heating needs such as
lignin drying, space heating, and wastewater treatment.          
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