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ABSTRACT 

Growing worldwide population and expanding economic develop
ment are causing increased stress on the natural environment. There 
is a rising international awareness that we must make future develop
ment sustainable or risk catastrophic deterioration of the environ
ment. The sustainability of production, from geothermal resources is 
a topic that has received almost no study, leaving the question open 
to conjecture. As geologic phenomena, hydrothermal systems in the 
continental crust can be shown to persist for tens of thousands of 
years. However, system lifetimes can be foreshortened by artificial 
production at the surface during geothennal energy extraction. 
Geothermal project feasibility studies typically deal only with devel
oping a certain sized power plant to be run for an arbitrary period, 
usually 30 years. Such limited studies fail to capture a true measure 
of the useful energy that can be produced from a geothermal resource. 

New studies are recommended to provide estimates of the sustain
ability of production from geothermal resources. These studies 
shouldiaccount for: (1) the energy content of the whole thermal sys
tem, not just the immediate reservoir; (2) the expectation of improv
ing technology, leading to greater ability to mine heat and turn it more 
efficiently into electrical power and other products; (3) the expecta
tion that energy prices will rise in the future; (4) the value of geo
thermal energy for preserving the environment; (5) the value of geo
thermal resources due to their indigenous nature; (6) the value of 
geothermal energy projects in providing fuel diversity and risk diver
sity to a utility's or a country's energy portfolio; and, (7) the potential 
for mining heat from hot dry rock and deep crustal resources. The 
recommended studies should be undertaken with full consideration of 
changes being brought about by such institutions as the Worid Bank 

"in their quest to develop new economic-analysis systems that account 
for measures to preserve the natural environment, 

1. INTRODUCTION 

As the world's population increases and nations attempt to further 
their social and economic development, an increasing level of stress 
is being placed upon the natural environment. To cope with rising 
rates of natural-resource consumption and spiraling levels of envi
ronmental damage, governments and institutions worldwide are 
becoming more and more interested in how their finite resources can 
be deployed to ensure an acceptable future for the human race. They 
are striving for ways to ensure the sustainability of our atmospheric, 
hydrologic, mineral-resource, energy-resource, biological, social, and 
economic systems (Brown et al., 1990; Gore, 1993; McLeod, 1995; 
Serageldin and Steer, 1994). 

Availability of adequate energy supplies at acceptable costs is pre-
lequisiie to social and economic progress. In past decades, there was 
concern that fossil fuels were being depleted too quickly. Today, 
however, the primary concern over using fossil fuels is environmen
tal degradation. We have found economic ways to curtail emissions 
of sulfur and nitrogen oxides resulting from fossil-fuel combustion, 
but we lack technology for economically eliminating carbon dioxide 
emissions. Non-carbon fuels will be needed to avert a major envi-
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ronmental crisis if an unacceptable amount of greenhouse warming 
eventually proves to be resulting from the well-documented buildup 
of CO? in the atmosphere. Despite the enormity of this potential 
problem, generating plants using fossil fuels are being built at 
increasing rates worldwide. 

Accelerated commercialization of renewable-energy resources is an 
option being promoted by a growing segment of society. The reasons 
are well known — renewable-energy resources: (1) have environ
mental advantages over other energy sources; (2) are available local
ly, mitigating the costs and many other problems of importing, mov
ing fuel minerals around the globe, and maintaining security of sup
ply; and, (3) are supported by enormous resource bases. However, 
under present systems of compensation, renewable energy resources 
will not be able to satisfy even new demand for energy in the fore
seeable future, let alone replace existing fossil and nuclear uses. In 
the decades to come, when energy use must rise dramatically in order 
to support economic growth for a growing population, we must find 
significantly better ways to obtain and use energy resources. 

Definitions of Renewable and Sustainable 

In the strictest sense, the sustainability in consumption of a resource, 
of whatever kind, is dependent on its initial quantity, its rate of gen
eration and its rate of consumption. Consumption can obviously be 
sustained over any time period in which a resource is being created 
faster than it is being depleted. If the rate of consumption exceeds the 
rate of generation, consumption can nevertheless be sustained over 
some time period dependent upon the initial amount of the resource 
available when consumption begins. 

The term "sustainable development" was used by the World 
Commission on Environment and Development (the Brundtland 
Commission) to mean development that "meets the needs of the pre
sent generation without compromising the needs of future genera
tions" (Brundtland Commission, 1987). This is a different sense of 
the concept of sustainability than the strict sense presented in the 
paragraph above. To meet the Brundtland Commission's definition of 
sustainability for energy supply, we must consider the interactions 
among all available and reasonably foreseen energy sources. If one 
resource becomes depleted, we need only have an available substitute 
to ensure that future generations are able to meet their needs. 

Brown et al. (1990) offer a definition similar to that of the Brundtland 
Commission, namely that "a sustainable society is one that satisfies 
its needs without jeopardizing the prospects for future generations". 
However, these authors depart from the Brunddand Commission by 
stating that since geothermal energy is the only renewable that does 
not depend on sunlight, "it must be tapped slowly enough so as not to 
deplete the accessible reservoir of heat, and thus be truly renewable". 
This suggestion is not practical for the vast majority of hydrothermal 
reservoirs using today's methods of economic analysis and financial 
compensation. 

McLeod (1995) quotes New Zealand's Resource Management Act in 
defining sustainable management as "managing the use, develop
ment, and protection of natural and physical resources in a way, or at 
a rate, which enables people and communities to provide for their 



social, economic, and cultural well-being and for their health and 
safety while; meeting the needs of future generations, safeguarding 
the environment, and avoiding, remedying, or mitigating any adverse 
effects of activities on the environment." This definition is opera
tionally similar to that of the Brundtland Commission. 

Kozloff and Dower (1993) believe that whether or not consumption 
of a resource be can said to be renewable depends on the time frame 
under consideration. They suggest that a perspective of 300 years or 
more of continuous production is adequate for an energy fuel to be 
considered as renewable, since technical advances during that time 
will have rendered today's perspective obsolete. Kozloff (personal 
communication, 1994) has stated that the biggest problem he per
ceives in assessing the potential contribution of geothermal energy to 
society is not so much the lack of knowledge of resource occurrences, 
but rather the lack of information on the sustainability of production 
from these resources at usefiil rates. 

In this paper, we will see that natural flows of thermal fluids persist 
for tens of thousands of years around cooling plutons, and that this 
natural flow recharges geothermal reservoirs. We will use the term 
"renewable" to indicate geothermal energy use at the rate of .laturai 
recharge. We will consider the term "sustainable" to have a time con
notation, as suggested by Kozloff and Dower (1993), and will also 
use this term in the sense of the Brundtland Commission (1987) to 
indicate use that does not jeopardize future generations. 

Geothermal Energy and Sustainability 

The total available amount of heat in any particular hydrothermal 
resource and its rate of resupply by conduction and fluid recharge 
from great depth are quantities potentially amenable to determination 
by geoscientific methods. The rate of consumption of the resource 
through production of geothermal fluids at the surface is most strong
ly dependent on financial, political, and regulatory factors, which we 
will together term "economic factors." Determination of the poten
tial sustainability of production from a given hydrothermal resource 
therefore depends on both geoscientific and economic factors, and 
these factors can, in principle, all be determined. 

To the detriment of our industry, however, there is essentially no lit
erature on the sustainability of production from geothermal resources. 
This leaves a void that is filled with conjecture and, sometimes, unfa
vorable assessments. Over-development and other reservoir prob
lems have created questions in the minds of utilities, financial insti
tutions, governments, and the public about the reliability of geother
mal energy and its ability to contribute significantly to the world's 
energy needs over any significant time period. Some see geothermal 
energy as just an interesting "flash in the pan", havitig no real future. 
For example, the United States General Accounting Office states that 
"evidence shows that most of the known Ia.-ge fields have already 
been developed and that operators are extracting energy from them 
faster than nature can replace it" (GAO, 1994). They use this argu
ment to predict little future for geothermal power generation in the 
U.S. Problems with their conclusions include (1) ignoring the exis
tence of undeveloped and undiscovered resources that could be 
brought into production to replace declines at producing reservoirs, 
and (2) neglecting the fact that although we are mining water from 
some geothermal systems, we may have removed little of the heat. 

There are several reasons for the lack of information on geothermal 
sustainability. Perhaps most importantly, the typical reservoir-perfor
mance study is carried out in a very conservative way, assuming a 
reservoir area limited to that known directly through drilling, and an 
arbitrary lifetime for the power plant, often 30 years. This is done to 
assure the financial backers that there is a low risk of project failure. 
Few studies have considered application of the heat remaining in the 
reservoir after the primary period of exploitation or the much larger 
store of heat lateral to and below the immediate reservoir. In addi
tion, the high initial costs of geothermal development discourage 
acquiring a thorough knowledge of the resource during the feasibili
ty study, financing, well-fieid installation, plant design, and construc
tion phases of a project. Years of production may be required to gain 
an understanding of the total capacity and optimum heat-mining strat
egy for a particular hydrothermal system. 

How can we determine the sustainability of production from geother 
mal resources? How can we better quantify the productive capacitv 
of a hydrothermal reservoir at an early stage in a project and thereby 
avoid over-development? How can the geologists, engineers and 
financial people work together to match better the sustainable reser
voir capacity to economic requirements? How can we incorporate 
the idea of sustainable development into assessments of geothermal 
resources? These are some of the questions for which we, the inter
national geothermal community, need to provide answers. 

2. THERMAL ANOMAUES .\ND HYDROTHERMAL 
SYSTEMS IN THE EARTH'S CRUST 

Intrusion of molten igneous rocks into shallow regions of the eanh's 
crust (2 to 10 km depth) has occurred since the beginning of geolog
ic time. It is well known that Precambrian shields two billion vears 
or more old typically contain vast areas of granitic plutonic rocks that 
bear intrusive relationships with the greenstones also common there. 
Base-metal and precious-metal deposits are intimately associated in 
time and space with intrusions that are dated from essentially ever\-
period of the earth's history. Igneous intrusion brings up enormous 
quantities of heat from depth and deposits it in the crust. Since such 
intrusions are believed to initiate hydrothermal convection systems, 
we will consider them briefly in this section. 

Intrusion, Ore Deposition, and Geothermal Systems 

There is little doubt that the larger, higher-temperature, and more vig
orous geothennal systems are driven by igneous heat sources. No 
other known geologic process can cause the large thermal anomalies 
observed at the earth's surface in many areas of the world. In addi
tion, most high-temperature geothermal systems display a spatial 
relationship to very young (<1 m. y. old) volcanic/plutonic events. 
White (1955, 1981), one of the first of many workers, documented 
evidence that certain classes of ore deposits are associated with 
hydrothermal activity of the kind seen in active geothermal systems. 
These deposits include disseminated-copper, epithermal-gold, base-
metal replacement, and mercury accumulations. Specific analogies 
between hydrothermal systems associated with andesitic volcanoes 
and epithermal gold deposits were also drawn by Henley and Ellis 
(1983). Henley (1985) stated that "active high-temperature geother
mal systems in volcanic-rock tenanes are the archetypes of those sys
tems responsible for epithermal precious- and base-metal ore deposits 
in analogous ancient tenanes." In the Philippines, Mitchell and 
Leach (1991) supported such hypotheses and noted that "if the pre
sent total number of geothermal systems had remained more or less 
unchanged since the start of the late Miocene, and if each system 
were active for a million years, over 400 fossil systems would be 
expected, more than sufficient to have generated all the epithermal 
deposits and major prospects." Certain areas throughout the world 
are provinces of both hydrothermal mineral deposits and active geo
thermal systems. For example, a history of porphyry-copper and 
epithermal-gold mineralization extending over more than 100 million 
years has been observed in the Basin and Range province of the west
ern United States (Titley and Hicks, 1966; Titley, 1982; Bagby and 
Berger, 1985). 

We conclude that geologic processes similar, if not identical, to those 
occurring today in active geothermal systems have a persistent histo
ry in the geologic past. Known geothermal systems are not unique 
entities, but are just the present-day manifestation of geologic 
processes that have occuned throughout geologic time. 

Many schematic models of the igneous-hydrothermal systems that 
result in ore deposits and geothermal reservoirs have been devised. 
They are quite complex if they include both the physical and chemi
cal effects of the circulation of hot, highly saline fluids on the intru
sion itself and on the host rocks. For our purposes, we will consider 
the simple conceptual model shown in Figure 1. Its salient features 
include an intrusive heat source at the base, which may be 2 to 10 km 
in depth to the top, with convecting hydrothermal fluids having 
streamlines that involve both the intrusion and the host rock. The 
temperature contours tend to bulge outward toward the top of the con-
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Figure 1. Simple, schematic model of a hydrothermal convection sys
tem with plutonic heat source. 

vection system, creating the well-known mushroom-shaped thermal 
zone. Permeability variations and faulting may cause the actual 
shape of such a system to be quite asymmetric. 

Numerical Simulation oflgneous-Hydrothermal Processes 

Most models of hydrothermal systems in the geothennal literature 
refer to a hot region of some type at depth but only include details of 
the iram.ediate, shallow reservoir itself. A few workers have attempt
ed to describe the nature of the association and interaction between 
Ihe igneous intrusion and the hydrothermal system (e.g.. Elder, 1981). 
Consideration of how a pluton of limited volume may be expected to 
cool through conduction and ground-water convection provides use
ful insight into the relation between igneous intrusion, the formation 
of geothermal systems, and mineral deposition processes. Numerical 
model studies have been carried out by several investigators (Cathles, 
1977,1981; Norton, 1982). Cathles (1977) offered a series of two-
dimensional computer models based on instantaneous intrusion of a 
pluton at 700°C into water-saturated, fractured host rock of uniform 
permeability and normal geothermal gradient. One of his modeled 
intmsions is 1.5 km wide, 2.25 km high, and is buried 2.75 km below 
the surface to the top. Figure 2 shows temperature contours for a uni
form permeability of 0.25 md at times 1,000 and 5,000 years after 
intrusion. Features of note are the lateral spread of the thermal anom
aly and its rise to the surface with time. Figure 3 shows the effect of 
permeability on cooling of the system. Steep cooling curves result 
from higher permeabilities due to vigorous convective transport of 
heat to the surface. Figure 4 shows the surface heat-flow anomaly as 
a function of time after intrusion. Notice that for purely conductive 
heat loss (zero permeability), a clearly anomalous heat-flow expres
sion never reaches the surface. As the permeability increases beyond 
0.05 md, maximum surface heal flow increases greatly. 

Such studies as this and others allow their authors to draw several 
conclusions: (1) small intrusions can generate large surface heat flux
es and substantial reservoirs of hot rock with vapor- or liquid-domi
nated hydrothermal reservoirs; (2) the duration of the high surface 
heat flux, although short geologically, ranges from 5,000 to more than 
1.000,000 years; (3) for purely conductive cooling, the pluton never 
produces a significant surface heat-flow anomaly; (4) increasing the 
*idth of the pluton results in concentration of convection over the 
edge of the intrusion rather than over the center, and the zone of max-
"num fluid circulation may lie outside of the intrusion altogether; 
snd, (5) enormous volumes of water circulate through the system, 
*"h the most vigorous fluid convection taking place prior to anival 
°' the thermal anomaly at the surface. These conclusions have 
"nportant implications for geothermal exploration which, unfortu-
"a'ely, We ^ill not have space to discuss in this paper. 

Durati ion of Thermal Anomalies 

unierical modeling results are borne out by radioactive dating of the 
"ration of hydrothermal activity. For example, Sims and White 

\ ^ol) concluded that hydrothermal activity responsible for deposi-
'°n of mercury at the Sulphur Bank mine, near The Geysers geo-
""mial field. California, began 34,000 years ago and continues at the 

present time. White (1968) estimated that a magma volume of 100 
km^ must have been cooling and crj'stallizing for 100,000 years to 
supply the convective heat losses at Steamboat, Nevada, at their pre
sent rates. The oldest hot spring sinter at that location was deposited 
3 m.y. ago, documenting a very long history of hydrothermal activi
ty, perhaps spawned by individual intrusions to shallow depth from a 
very large underiying magma body. Silberman (1983) suggested that 
"the most conclusive data from volcanic-hosted precious-metal vein 
and disseminated deposits, thermal spring systems, and porphyry-
copper deposits suggest that on average, the total time span of 
hydrothermal activity is about 1 m.y., although the range of activity 
is between 0.6 and 2.5 m.y." 

While all of these results are interesting and pertinent to geothermal-
energy utilization, the most important finding from our perspective is 
that the duration of typical hydrothermal systems ranges upward from 
5,000 to more than 1,000,000 years. System duration depends on the 
amount of thermal energy input to the crust by the pluton, the perme
ability of the pluton and host rock, and whether or not free flow out 
the top surface occurs, among many other variables. High perme
ability and free flow out the top promote more vigorous fluid circu
lation and lead to shorter system lifetimes. 

We conclude that hydrothermal systems in the earth's crust meet any 
reasonable definition of the terms "renewable" and "sustainable". 
However, as we shall see, exploitation that exceeds natural recharge 
can greatly shorten the system lifetime. 

Natural Rechat^e of Hydrothermal Reservoirs 

Estimates of the rate of namral recharge of a system are available 
fi'om two sources. The undisturbed natural system will produce a 
heat-flow anomaly at the earth's surface which, if defined well 
enough, may be integrated to yield the natural rate of conductive heat 
loss from the top of the resource. To such determinations must be 
added the heat lost from hot springs, geysers and other surface fea
tures. The total heat loss at the surface is taken to equal the rate of 
heat input from deep convective and conductive thermal resupply. 
However, surface heat-loss estimates may not be reliable for at least 
three reasons: (1) a complete enough heat-flow survey must be per
formed to incorporate the extreme edges of the anomaly, including 
any zones of lateral hot-water flow, which may be extensive; (2) 
groundwater movement or other hydrologic disturbances may render 
shallow heat-flow determinations unreliable; and, (3) an accurate 
inventory of heat lost from hot springs and other features is difficult 
to make. As an example of this method, Chapman determined that 
the undisturbed rate of heat loss from the Roosevelt Hot Springs, 
Utah, system is 70 MWt, comprised of 60 MWt supplied from the 
source at depth and 10 MWt supplied from background heat flow, 
local hydrologic recharge, and exothermic clay alteration reactions 
(Ward et al., 1978). 

A second method of determining namral recharge rate is with detailed 
reservoir-simulation models. Starting from a known or assumed nat
ural, pre-production state, these models attempt to match either (1) 
the known, pre-production temperature and pressure distribution in 
the subsurface, (2) the production history from available wells, or (3) 
both. The natural recharge rate is included as a parameter to help 
improve the model match to the field data. When a satisfactory match 
is achieved, the recharge parameter is taken as an estimate of the nat
ural advective thermal recharge rate. For example, recent reservoir 
studies have been performed on Roosevelt Hot Springs, Utah 
(Yearsley, 1994; Faulder, 1991). Yearsley's work addressed the 
remaining potential of the field in terms of capacity versus sustain
ability. Through matching the production history of the wells in the 
field using the Tetrad software, he concluded that: (1) the deep fluid 
recharge is about 23 kg/s at 260°C (26 MWt), although he stated that 
this might be underestimated since a recharge rate of 37 kg/s (42 
MWt) was needed to match the recovery rate of well 25-15 during a 
thi-ee-month shut-in; and, (2) the power decline for various rates of 
power production indicate an ultimate (sustainable?) capacity of 40 
MWe. Yearsley (1994) observed that at the cunent production rate of 
25 MWe, there has been no temperature decline, and 90% of the 500 
psi pre.s.sure decline took place in the first four years of production. 
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Other estimates of natural recharge rates and very limited ideas of 
reservoir longevity for liquid-dominated systems have been provided 
by various authors. Sakagawa et al. (1994) matched the pre-exploita-
tion temperature and pressure distribution in the Mori field, 
Hokkaido, Japan using recharge of 35 kg/s at a temperature of 290°C. 
This yields 45 MWt for the convective thermal input to the system. 
This field has been under production since 1982 with a 50 MWe 
plant. Reservoir modeling of the natural state of the geothermal field 
at Miravalles, Costa Rica, was canied out by Haukwa et al. (1992). 
They concluded that the rate of natural recharge is 130 kg/s at a tem
perature of 260°C, for a thermal input of about 150 MWt. Their mod
eling indicated that the field can support 55 MWe of generation for 30 
years with or without injection, but maintaining 110 MWe for 30 
years is problematic due to potential problems with thermal break
through or scaling of the formation due to boiling. The authors 
emphasized that the limits and permeability distribution of the field 
are incompletely known, and that this lack of knowledge could 
markedly affect their results. 

The small field at Krafla-Hvitholar was modeled by Tulinius and 
Sigurosson (1989), who estimated the natural recharge to be 10 kg/s 
of fluid at 300°C (13 MWt). Pritchett et al. (1991) reported the 
results of a natural-state simulation of the Sumikawa reservoir, 
Honshu, Japan. Recharge to the system was estimated at 31 MWt, 
comprised of 25 MWt from fluid inflow and 6 MWt from conduction. 
The system was predicted to be capable of sustaining 50 MWe of gen
eration for more than 50 yeais. The large volume of the reservoir, 
about 40 km-', contributes to the long life despite the low recharge 
rate. According to Elder (1981), the surface heat loss of 1,000 MWt 
from the Wairakei system in its native state requires a recharge of 600 

' kg/s of 355X fluid from depth. 

I performed a rough integration of the heat-flow maps given by 
Wallers and Combs (1992) and Thomas (1986) for The Geysers 
region in California. Graphically integrating Thomas' map within the 
250 mW/m- contour, which includes and is somewhat larger than the 
cunent production zone, yields an area of about 200 km^ having a 
conductive heat loss of about 80 MWt. The production area sits at the 
southwest end of a much larger heat-flow anomaly of about 750 km^ 
within the 4 heat-flow unit (168 mW/m^) contour. The conductive 
heat loss from this larger region is roughly 170 MWt. These figures 
are surprising low in view of the enormous thermal resource at the 
known Geysers field. If the field is assumed to encompass a block of 
rock 100 km- in extent and 3 km thick, the heat content above 15°C 
is roughly 1.7 X 10^0 J, or 170 Quads (Q), equivalent to burning 28 
billion banels of oil or 6.2 billion short tons of coal. For comparison, 
the total energy consumption in the United States for all uses is about 
80Q/y. 

In summary, it appears that the rate of natural recharge of known 
crustal hydrothermal systems ranges from a few megawatts to more 
than 1,000 MWt. For comparison, Lowell et al. (1995) report that 
individual vents on the sea floor have typical discharge temperatures 
of 350°C and outputs of about 1 MWt. Vent fields have typical out
puts of 100 to 5,000 MWt, but megaplumes of a few day's duration 
are postulated with total energy outputs of 10'^ to 10''^ J. The namr
al recharge rate represents the minimum rate at which hydrothermal 
systems could, in principal, be produced for thousands of years. 
However, when artificial production becomes intense, profound 
changes are made to the natural hydrothermal system and the lifetime 
may be considerably foreshortened. 

3- ENERGY PRODUCTION FROM HYDROTHERMAL 
SYSTEMS 

• convention inherited from the utility industry, the feasibility of 
geothermal projects is generally evaluated in terms of their ability lo 

pay the investment during an arbitrary lifetime, usually 30 years. 
e rate of energy extraction is determined primarily by the number 

'Th' 
's use of the term "heat mining" predates and seems preferable 

more recent u<;e by some to refer to exploitation of hot dry 
' ^^ systems. 
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of production wells needed to supply the power plant, and can be 
made very much larger than the natural resupply rate. In the eariy 
stages of a project, it may not be possible to estimate the natural 
resupply with any reliability. In any case, the production rate is rarely 
limited to the natural resupply rate because to do so would result in a 
project so small as to be uneconomic. 

Liquid-Dominated Hydrothermal Systems 

Elder (1981) gives a simple, informative treatment of the exploitation 
of liquid-dominated hydrothermal systems resulting in estimates of 
their expected lifetimes. He uses the term "heat mining" to refer to 
thai interval during which the particular hydrothermal system has 
matter and energy extracted artificially at rates considerably greater 
than in the natural, undisturbed system.' He provides estimates of the 
net efficiency of conversion of reservoir heal lo electrical power that 
range from 5% for an atmospheric-discharge turbine to 15% when 
ample cooling water is available for the condenser. He illustrates 
simple exploitation of a system with a large thermal volume and 
bores sufficiently deep, and with sufficiently small discharge, so that 
no flashing occurs in the ground or uncased sections of the bores. 
Figure 5 shows schematically the expected behavior that, after a cer
tain period of time, temperature, pressure, and power output will sta
bilize at values which may characterize the production for a long peri
od of time. Elder (1981) then shows results for a constant-power 
strategy as illustrated in Figure 6. In his example, the natural power 
input to the system is 500 MWt, and electrical power productions of 
(a) 100 MWe, (b) 150 MWe, and (c) 200 MWe are shown. Using a 
10% conversion efficiency, these three cases conespond to extraction 
of 1,000 MWt, 1,500 MWt, and 2,000 MWt of power from the sys
tem, respectively. Power generation continues at a constant level 
through addition of new wells as temperature and pressure drop until 
an abandonment condition is reached. In this example, if Ihe-ratio of 
rate of energy removal to rate of resupply is 2:1 (Figure 6a), effects 
are minor and the system can be utilized for a long period of time, 
depending on the reservoir volume. However, as the power extrac
tion goes up and this ratio increases to 4:1 (Figure 6c), the effects are 
dramatic, and severely limit the duration over which the reservoir can 
be used in this mode. 

Hanano el al. (1990) also give a helpful discussion of reservoir 
longevity for liquid-dominated systems. They use a simulation tech
nique comprised of a reservoir model, a well-flow model, and a sys
tem-management model lo study reservoir pressure and temperature 
behavior in various development cases. The management model cou
ples the reservoir and well-flow models lo evaluate field decline, 
longevity, and recoverable electric energy. Reservoir behavior is sim
ulated under conditions of constant power-plant electric output, 
requiring a variable flow rate through periodic addition of new wells 
as temperature and pressure decline until abandonment conditions are 
reached. The authors stale thai six factors strongly influence longevi
ty — (1) output power, (2) well density, (3) injection strategy, (4) ini
tial reservoir pressure, (5) initial fluid temperature, and (6) perme
ability in and around the reservoir. The first three factors can be man
aged artificially, but the last three are fixed by nature and are specif
ic to the area. 

Figure 7 shows the simple reservoir model used in an illustrative 
example given by Hanano et al. (1990). All production comes from 
the production block, and the separated water is all injected into the 
injection block. Boundary conditions are constant temperamre and 
pressure. Figure 8 illustrates schematically one run of the model. 
Reservoir pressure draws down as soon as production starts, then its 
rate of decline slows. Decline of fluid temperamre is small at first, 
but accelerates gradually with time because of migration of injected 
water into the production well field. Steam quality decreases with 
temperature, so that the total production rate must be increased to 
maintain a specified output. As the production rate is increased, pres
sure declines further. The steam production rate of a typical well as 
a function of output power is shown in Figure 9, demonstrating the 
profound effect of output power on well decline. Figure 10 shows the 
field longevity until abandonment as a function of output power, and 
Figure 11 shows the recoverable electric energy over the system life
time as a function of output power. Total recoverable electric energy 
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Figure 5. Schematic illustration of expected temperature, pressure, 
and power-output behavior of hydrothermal system under production. 
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Figure 8. Temperamre and pressure behavior of the reservoir, and 
increasing production rate needed to meet 100 MWe constant power 
output (after Hanano et al., 1990). 
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Figure 10. Development longevity as a function of output power for 
example given by Hanano et al. (1990). 

and reservoir longevity are both highest at small output rates. As the 
power-plant size increases, both parameters decline rapidly. In this 
example, the system longevity for 1 MWe is almost 200 times greater 
than for 100 MWe, and the recoverable electric energy from 1 MWe 
is twice as large as that of 100 MWe. 

Recovery of thermal energy from a hydrothermal system is some
times compared with recovery of oil from a petroleum reservoir. 
However, there is an important difference: whereas some of the oil 
occurs in dead-end pores that cannot be accessed at all by wells, heat 
can not be similarly trapped in the rock. We can, in principal, recov
er all of the heat in a system at the surface if we are willing to wait 
for it to flow from the rocks into the reservoir fluid. The more effi
cient heat mining that results from lower production rates, as illus-
ttated in the case above, results partly from this heat-flow effect. The 
important point from this example is that at high production rates 
only a fraction of the energy in a hydrothermal system might be 
fecovered — the rest is left in.the ground, perhaps to be mined later. 
Although the residual energy may not run the power plant used for 
initial reservoir exploitation, it may be useful for another application. 

^•por-Dominated Hydrothermal Systems 

"por-dominated systems form in response to the interplay between 
'«lricted recharge and limited surface discharge (White et al., 1971). 
"'th both present, an existing liquid-dominated system may boil 
*>*n, leaving steam as the pressure-controlling medium in the frac-
•wes and pores. With little or no recharge, the system is fluid-limit-
~ and can become depleted with discharge of steam through produc-
°n Wells, leaving the vast majority of heat remaining in the rock. 

example, in a liquid-dominated hydrothermal system with 15% 
f*™s>ty. about 80% of the heat resides in the rock and about 20% 

'ues in the water. In a vapor-dominated system having the same 
P°^'>y, 99% of the heat resides in the rock and only 1% resides in 

5'eam. The problem in vapor-dominated systems is how to mine 
thermal reservoir in the absence of large amounts of water fur-

^ e d by nature. We will briefly outline activities at Larderello, The 
ysers, and Matsukawa to extend the life of these important 

"Sources. 

Ital ""̂ ^̂ '̂'f"' strategies for sustaining production at Larderello, 
,. V- «'ert outlined by Cappetti and Stefani (1994) — deep drilling 
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Figure 11. Total recoverable electric energy as a function of output 
power for example given by Hanano et al. (1990). 

and injection. Deep drilling has shown that highly permeable layers 
are separated by layers having low permeability, impeding the verti
cal migration of steam from depth. In the south-central part of 
Larderello, drilling to depths of 1,500 - 2,500 m discovered high pro
ductivity and increased reservoir pressures, making it possible to 
increase production from the area and to offset the decline of the 
wells already in production. Additionally, injection experiments in 
the field have given positive results and indicate strategies that may 
be applicable elsewhere: Injection at the top of the reservoir in areas 
where fractures allow downward percolation has been highly suc
cessful, whereas deep injection has not yielded positive results. After 
15 years of injection at the rate of 80 1/s into the Valle Secolo area, it 
was found that (1) 80% of the injected water was vaporized, (2) non-
condensible gas (NCG) content declined, leading to greater power-
plant efficiency, (3) an increase in reservoir pressure of about 0.2 
MPa was observed, and (4) there was no decline in temperature. 
Cappetti and Stefani (1994) concluded that it is necessary to inject 
into zones where the wells produced considerable amounts of fluid in 
the initial phase of development, and to inject at the top of the reser
voir using wells that had previously beeti good producers. 

At The Geysers field, increased steam pressure decline coincided 
with the rapid development of new power production between 1982 
and 1989 (Barker et al., 1992). Sustained field development started 
in 1972, with an average of 67 MWe/y installed through 1981. From 
1982 to 1989, the average rate of development was 150 MWe/y. 
Beginning in 1985, a roughly 30%/y decline in pressure was noticed, 
whereas the previous decline rate had been about 6%/y. 

Injection experiments have been performed with mixed results in sev
eral parts of The Geysers field. In some cases, injection has not 
increased available steam or has produced highly conosive steam 
containing hydrochloric acid. Cunently, a three-year experiment is 
being undertaken in the southeast portion of the field by Unocal, 
Calpine, Northern California Power Agency, Pacific Gas & Electric, 
and the U. S. Department of Energy (Voge et al., 1994). Injection into 
one well at rates of 400 to 800 gpm (25 to 50 l/s) has resulted in 
increased steam production in some nearby areas. Within several 
days of the 6 January 1994 start of injection, enhanced steam pro
duction totalling 45 thousand pounds per hour (kph) (5.7 kg/s) was 
seen from the five producing wells on the injection well pad. Other 
wells in the area being monitored also showed production increases 
as the injection test progressed, although some wells showed decreas
es. Over the first four months of the experiment, the average injec
tion rate was 606 gpm (38.4 l/s), and 40.7% by mass of this amount 
was recovered as produced steam from the study wells. Since the 
time from the beginning of injection to the reporting of these results 
was only about six months, the fraction of injection-derived steam is 
expected to grow as time passes. 
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The results of this experiment are important to a planned project to 
bring waste sewage water into the southeast portion of The Geysers 
field. A 26-mile (42-km), 24-inch (61-cm) diameter pipeline would 
carry as much as seven million gallons per day (300 l/s) of treated 
municipal waste water from Lake County, California, which lies east 
of the field. The pipeline is expected to cost about USD 40 million, 
to require about S6 million in expenditures for secondary distribution 
and injection facilities, and to further require about $2 million in 
annual operating costs. Increased production of 50 to 100 MWe is 
anticipated. If this injection project is successful, an even larger pro
ject has been mentioned to bring waste water into the central part of 
The Geysers field from cities such as Santa Rosa which lie to the 
west. 

Generation of electrical power has continued since 1966 at the 
Matsukawa field in Japan. Full power output of 22 MWe has been 
sustained, although reservoir pressure is declining and some wells are 
displaying an increasing amount of superheat, a signature of the con
sumption of water in the reservoir (Hanano et al., 1991). These 
effects are most notable in the northern portions of the reservoir, since 
the limited recharge is from the southwest, where reservoir pressure 
and steam production have declined least. To sustain steam produc
tion and to extract the remaining heat energy in the reservoir, injec
tion of steam condensate into one well was begun in 1988 (Hanano et 
al., 1991). Injection of 20 t/h (5.6 kg/s) into well MRl resulted in 
increased production in well M5 of 10 t/h of steam, a 67% increase, 
and 10 t/h of liquid at 150''C. The time interval between start of 
injection and increased steam production was 50 days despite that 
fact that the two wells are only 300 m apart. Essentially all of the 
injected water is recovered as either steara.or liquid from the produc
tion well. Since the heat energy of the injected fluid relative to 0°C 
is 0.5 MWt, and the increased production is equivalent to 9.4 MWt, 
the heat recovery is 8.9 MWt. And since the vertical heat flux over 
the Matsukawa reservoir is about 1^00 mW/m-, the heat flux extract
ed by the injection experiment is about 200 times the natural flux, 

• giving an indication of the efficiency of this heat mining experiment. 

4. ECONOMICS AND SUSTAINABLE DEVELOPMENT 

..Natural resources may be divided broadly into renewable and nonre
newable categories. Nonrenewable resources, as the name implies, 
are finite, so that using them at all depletes the stock. The national 
and international issue with them is the rate at which the stock should 
be depleted over time. Renewable resources are capable of regener
ation. Use of them by extracting their sustainable yield allows the 
resource to renew itself. The national and international issue with 
renewable resources is the rate at which they should be used so that 
their stocks are maintained. We have seen that geothermal resources 
are renewable at some generally small level of production, but that 
production can take place at a higher level for a certain period of time. 
Geothermal resources, then, are on a boundary between being renew
able and nonrenewable. 

Traditional and Sustainable Economics 

In analysis of projects, economists traditionally apply a discount rate 
to determine the present value of a future asset, say an income stream 
from geothermal production. When this is done for the relatively 
long time periods of interest in sustainability, the present value of 
future geothermal production becomes very small. For example, the 
present value of $1,000 available 30 years hence discounted at a rate 
of 10% is $57. If discounted over 100 years, the same $1,000 is 
worth a mere $0.07 today. According to this method of valuing a 
future asset, there is little economic incentive for a developer to 
extract energy from a geothermal resource in a sustainable way. 

Traditional methods of analysis were inherited from an era when the 
carrying capacities of the earth's natural systems were large compared 
with the demands being made upon them. Growing demand could be 
met simply by increasing production. We are rapidly approaching a 
time when this will no longer be the case. In the future, we will be 
constrained to more innovative methods of meeting demand which do 
not destroy the earth's natural systems. The discount rate traditional
ly applied in economic analyses is the cunent oppormnity cost of cap
ital, generally in the range 9% to 12%. For long-term decisions, it is 
argued that smaller discount rates should be used, since we cannot be 
sure that positive rates of return on investment will persist, especial
ly if the natural resource base deteriorates (Serageldin and Steer. 
1994). Smaller discount rates would lead to higher present value of 
the fumre asset, and perhaps change the way we go about develop
ment. However, there is agreement neither on what the discount rate 
should be nor on whether manipulating it would be an appropriate 
intervention. 

The World Bank is one institution working to evolve and implement 
an operational concept of sustainable development. They recognize 
three viewpoints that must be integrated, those of the economist, 
those of the ecologist and those of the sociologist (Serageldin and 
Steer, 1994). Traditional economic analysis sees these three view
points as encompassing primarily the elements shown in Figure 12. 
A sustainable-development analysis would see the same three view
points as encompassing an e.xpanded list of elements shown in Figure 
13, many of which are difficult, to value monetarily. A sustainability 
approach to economic analysis would stress (1) the importance of 
valuing environmental assets and their services, (2) the need to ensure 
that investments truly build up the stock of man-made capital, and (3) 
the need to think about safe minimum standards when environmental 
capital is critical (Pearce and Warford, 1993). 

On a national level, there is growing recognition that the traditional 
measures of income such as gross national product (GNP) do not 
reflect a country's true economic situation because they ignore natur
al-resource depletion and degradation (El Serafy and Lucz, 1989). 
The fact that these issues are not properly dealt with even under the 
current United Nations System of National Accounts (SNA) is a seri-
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Figure 12. Elements in a traditional project economic analysis (after 
Serageldin and Steer, 1994). 

Figure 13. Elements in a sustainable-development project economic 
analysis (after Serageldin and Steer, 1994). 
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ous flaw. For example, the costs of actions taken to protect the envi
ronment are accounted for as income instead of being deducted from 
fhe national account. In addition, the loss of natural resources such 
as soil or minerals entails no charge to the national account to reflect 
(1,5 decrease in future production. Policy decisions based on such 
faulty measures are themselves often faulty. A development path is 
sustainable if and only if the total stock of overall capital assets 
remains constant or rises over time. Capital assets include manufac
tured capital (infrastructure), human capital (knowledge, skills), and 
natural or environmental capital (forests, soil, energy resources). The 
proper measure of national income conesponding to sustainability is 
equal to the amount that can be consumed without running the stock 
of capital down (Pearce and Warford, 1993). It is apparent that new 
national accounting methods must be devised if the true value of the 
natural environment and its resources is to be reflected. Without a 
revised accounting system, the wrong market signals will continue to 
be sent to policy makers, and we will continue on a downward-spi-
raling path of natural resource degradation. 

Pearce and Warford (1993) have introduced the concept of total eco
nomic value (TEV) as a way of bringing environmental concerns into 
economic analyses on a project basis. The total economic value for a 
resource would consist of the direct-use value, the indirect-use value, 
the option-use value, and the intrinsic or existence value. Direct-use 
values for energy resources are fairly straightforward, and are given 
by cunent economic analyses if these analyses include external costs 
of using the resource. Indirect-use values consist mainly of values 
given by ecologists (see Figure 13), and are important but may be dif
ficult to quantify for energy resources. Option-use values relate to 
the amount that governments or individuals are willing to pay to con
serve a resource for future use. Existence values relate to all other 
valuations of the natural asset, such as scenic beauty. The total eco
nomic value offers a comprehensive framework within which to 
value natural assets such as geothermal energy resources. If a system 
of analysis based on the TEV were implemented, it would be a sig
nificant departure from traditional economic analyses of geothermal 
resources and contribute to a more sustainable rate of production 
from them. However, much remains to be learned and accepted by 
governments before modified systems of national accounts and pro
ject analysis will be adopted that take the namral environment into 
full consideration. 

Sustainable Economics and Geothennal Resources 

Although satisfactory techniques for making economic analyses of 
sustainable development do not yet exist, we can be sure that they are 
coming. When these techniques are available, they will help in devis
ing and implementing regional, national and international develop
ment plans that may be quite different from those in use today. Until 
ihat time, we can still use some of the principles discussed above to 
help us consider the sustainability of production from geothermal 
resources from today's perspective. 

TTic traditional geothermal project analysis fails to capture a true 
measure of the useful energy that can be produced from a geothermal 
fesource. Yet, this type of analysis is the only thing available in the 
literature for others to use. The impression left by such incomplete 
analyses is that the resource will be depleted far sooner than in fact it 
actually will be. Field production is usually simulated in feasibility 
^dies and carried out in practice in such a way that pressure and 
temperature are allowed to decline at a certain acceptable rate to the 
project time limit or to an abandonment criterion. The field is said to 
« depleted when it will no longer sustain some chosen level of gen
eration. At this point, however, significant quantities of heat may 
femain in the rock-fluid reservoir system. A residual value for the 
Seoihermal resource after initial exploitation is not usually recog-
°iied since its present value would be only a few percent of the pro
ject cost using traditional economic analysis. Strategies to capmre 
*™ use remaining heat for further power generation or for direct uses 
»re rarely explored. 

believe that it is important for the worid geothermal community lo 
ndertake meaningful studies of the sustainability of geothermal pro-
uction that go far beyond the usual reservoir study. Sustainability 

studies would be useful in providing information to policy makers 
and in guiding us in our own endeavors. Some of the elements that 
should be included in such sustainability studies are discussed below. 
Each element must ultimately be stated in economic terms, since 
either traditional or stistainable economics will continue to drive or 
limit geothermal power production. 

Total Energy in the Resource 
As we have discussed, the amount of heat remaining in reservoir 
rocks after the primary period of exploitation may be large. However, 
residual heat within the known reservoir itself is only a small part of 
that available in the whole thermal anomaly. Rocks lateral to and 
beneath the reservoir contain significant quantities of heat. Little 
may be known about the true boundaries of the thermal system, espe
cially the lower boundary. Methods which address the mining of heat 
from the total system are just now being conceptualized. Takahashi 
and Hashida (1992) have written about a project in Japan to develop 
methods of mining heat lateral to a hydrothermal reservoir. In their 
so-called "hot wet rock" reservoir design, the size of the hydrother
mal system would be enlarged by fracmring adjacent rocks and con
necting them to the namral hydrothermal system. This idea has sig
nificant merit, and its technical and economic feasibility need to be 
closely examined. 

Methods to mine deep heat in geothermal systems also need to be 
conceptualized so that they can be evaluated and demonstrated. The 
Larderello reservoir has been successfully extended downward 
through deep drilling (Cappetti and Stefani, 1994), but the amount of 
energy in the roots of this large thermal resource is still unknown. 
Deep drilling is also being undertaken elsewhere. A project of Japan's 
New Energy Development Organization (NEDO) known as the 
"Deep-Seated Geothermal Resources Survey" is working to define 
directions for the development of deep geothermal resources, reduce 
the risk of deep resource exploration, and put deep geothermal ener
gy into practical use (Yagi et al., 1994). A 4,000 m hole is being 
drilled in the Kakkonda geothermal field as part of this project. 

In many instances, we know that the thermal system is much larger 
than the reservoir under production or being explored. For example. 
Laky et al. (1989) state that manifestations of the Ahuachapan-
Chipilapa geothermal system in El Salvador spread over 100 km-, 
and that the well-studied Ahuachapan reservoir is only part of this 
thermal system, which extends to the east and southeast. Recharge to 
Ahuachapan-Chipilapa occurs at the estimated rate of 225 kg/s of 
250°C fluids, yielding a thermal flowthough of about 250 MWt 
(Aunzo et al., 1989). This recharge is believed to represent the out
flow of a much larger, completely unexplored hydrothermal system 
under the Laguna Verde volcano. There are examples like this of only 
partly explored geothermal systems in virtually every geothermal 
province. Our studies of geothermal sustainability should include 
estimates of the energy in the entire thermal system, even to the point 
of reasonable conjecture about the lateral and lower boundaries of the 
system. In this way, we will reach a much more plausible assessment 
of geothermal sustainability than is now available from cunent reser
voir studies. 

Improved Technology 
Any evaluation of the sustainability of production from geothermal 
resources must consider that the technology will continue to improve. 
Modem geothermal power plants are at least 25% more efficient in 
their conversion of steam to electricity than they were two or three 
decades ago. The first plants at The Geysers field in 1960 had a 
steam conversion rate of about 20 lbs (9.1 kg) of steam consumed for 
each kilowatt-hour of power generated. The much more modem 
plants brought on line in the mid-1980s have conversion rates of 14.5 
- 15 Ibs/kwh (6.6-6.8 kg/kwh). Drilling technology has also 
improved, resulting in lower costs and less financial impact on devel
opment from these expensive operations. The development of better 
reservoir simulation models and effective chemical tracers enables us 
to do a better job of designing production and injection strategies that 
optimize use of the resource. Petty et al. (1991) have shown that the 
amount of geothermal power available in the United States at costs of 
$0.1/kwh or lower should increase by 27% with reasonably expected 
improvements in technology. Tlicir estimate does not account for any 
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increased ability to mine heat from the lateral and deep margins of 
geothermal systems resulting from better technology. 

The important point is that the geothermal industry is young and is 
still going steeply up the learning curve in geothermal technology. 
There remain many opportunities for further improvement in this 
technology. As a result of successful R&D programs, we can expect 
that the cost of generating geothermal power will continue to decline, 
the amount of useful energy that can be economically extracted from 
each reservoir will increase, and the quantity of geothermal reserves 
as a percentage of the total resource base will grow. 

Energy Costs 
Energy costs today are low in most parts of the world. In the United 
States, low natural gas prices have so undercut geothermal energy 
prices that the market for new geothermal generation is now virtual
ly nil. However, the growth in energy consumption is faster than the 
growth in population in developing countries, and as demand outruns 
supply, costs will increase. Predicting future costs of energy has 
always proven to be difficult. Nevertheless, competing energy costs 
greatly affect the amount of geothermal energy that can be economi
cally developed. Studies of the sustainability of geothermal energy 
production must be based on assumed competing energy costs, and 
reasonable projections will be needed for such studies. 

Environmental Benefits 
With increasing awareness of the need for sustainable management of 
natural resources, and with development of new methods of making--
sustainable analyses, the value of clean energy sources such as geo
thermal energy will rise. This will happen very dramatically if glob
al warming proves to be a significant problem. There have been high
ly criticized attempts in the United States to assign a cost to the envi
ronmental damage caused by energy extraction and use (Hubbard, 
1991) and to have external environmental costs included in market 
decisions (Ottinger et al., 1991). For example, the State of Nevada 
has determined that 1.5 cents/kwh should be added to coal-fired gen
eration costs because of their atmospheric emissions to get a valid 
comparison with geothermal generation costs. Our estimates of the 
sustainability of production from geothermal resources should 
account for expected increases in compensation for the environmen
tal benefits of geothennal energy. 

Value of Indigenous Resources .,; . 
There is value to any country that has geothermal resources in the fact 
that they are indigenous resources, not subject to uncertainty of sup
ply and not requiring hard cunency for purchase. This additional 
value can be estimated for many countries today, and its growing 
importance, especially to countries poor in other energy fuels, should 
be recognized in studies of geothermal sustainability. 

Value of Fuel Diversity 
There is value in having a reliable alternate source of energy avail
able. Countries that rely heavily on hydropower, for example, depend 
on rains to fill their reservoirs and streams — rains that may or may 
not come. Recent droughts in Central America have left many coun
tries there without adequate generation capacity. Geothermal power 
generation is far more reliable than hydropower in this regard. The 
additional value of geothermal resources due to fuel diversity can be 
roughly estimated for many countries, and should be recognized in 
geothermal sustainability studies. 

Value of Risk Diversity 
There is value to a utility or a country in having projects with diverse 
risk profiles. Geothermal projects have relatively greater initial risks 
while the reservoir is being proven and the power plant optimized. 
However, the long-term risks for such factors as escalating fuel price 
are lower for geothermal energy than they are for fossil or nuclear 
energy sources. Fossil-fuel power generation costs can be expected 
to escalate at the general inflation rate, but geolhermal costs will 
escalate at perhaps only one-third of the inflation rate. This factor 
should be accounted for in our studies of geothermal sustainability. 

Sustainable Overall Energy Supply 
Sustainable development in the context of the BundtUnrf 
Commission (1987) does not imply that any given energy resour 
needs to be used in a totally sustainable fashion, but merely thai 
replacement for the resource can be found that will allow future ne 
erations to provide for themselves in spite of the fact that the pani 
ular resource has been depleted. Thus, it may not be necessary thi 
any specific geothermal field be exploited in a sustainable fa,shion 
Perhaps we should direct our geothermal sustainability studies 
toward reaching and then sustaining a certain overall level of i;cj. 
thermal production at a national or regional level, both for electrical 
power generation and direct-heat applications, for a certain period 
say 300 years, by bringing new geothermal systems on line as oihcrj 
are depleted. 

In this context, we should evaluate the role of hot rock and deet>-
crustal resources. Hot rock resources occur in two geologic environ-
ments, (1) at shallow, cunently drillable, depths in the near vicinny 
of recent (< 1 m.y. old) plutonic and volcanic activity, and (2) ai 
depths of 5 to 15 km everywhere on the earth. The magnitude of the 
resource base is not well quantified, but is known to be very Urge. 
Smith and Shaw (1979) estimate that the amount of thermal eneraf ia 
igneous-related geologic environments between the surface and t 
depth of 10 km in the United States is about 10-"* J. If only 1 % of this 
energy could be produced, it would furnish about 30 millioa 
megawatt-years of electrical power at a thermal conversion efficien
cy of 10%. Diment et al. (1975) state that the heat content of the crust 
above surtace temperature to a depth of 10 km in the United States is 
3 X 10^^ J, 30 times more than in igneous systems. This latita 
resource is huge compared with the demand for energy in the U.S., 
which totals about 8 X 10̂ .̂ J/y for all uses. If technology could be 
developed to use hot-rock and crustal-heat resources, they could 
make a very significant contribution to our needs. In terms of sus
tainable geothennal development, our proposed studies need to 
examine closely the likelihood that such resources will become eco
nomically viable and what their contribution could be. The important 
hot dry rock studies in the United States, Western Europe, Japan, and 
Australia can be used as a starting point. 

5. CONCLUSIONS AND RECOMMENDATIONS 

Cunent assessments of geothennal reservoirs do not give an accurate 
picmre of their long-term production potential. Absent a literature on 
the sustainability of production from geothermal resources, people 
who lack an understanding of our industry make inaccurate evalua
tions of our potential. International funding institutions, governments 
and environmental advocacy groups have concerns about the reliabil
ity and potential of geothermal energy, and lack the conviction to sup
port us aggressively. We, the geothennal community, have done a 
rather poor job of assessing our own potential and have failed to com
municate effectively about the promise of our industry. We must take 
steps to conect these deficiencies. 

1 recommend that new studies, based partly on the ideas presented 
above, be undertaken to provide a meaningful evaluation of the 
expected contribution geothermal energy can make to society, both m 
the short term and the long term. An international geothermal sus
tainability studies group, comprised of geologists, reservoir engi
neers, power-plant engineers, economists, environmentalists and oth
ers, is needed. I am interested in helping put together such a study 
group to carry out the recommended studies, and would welcome par
ticipants who come forward. 
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7. DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any wananty, express or implied, or assumes any legal liabil
ity or responsibility for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process disclosed, or repre
sents that its use would not infringe on privately owned rights. 
Reference herein to any specific commercial product, process, or ser
vice by trade name, trademark, manufacmrer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessar
ily state or reflect those of the United States Government or any 
agency thereof. 

8. REFERENCES 

Aunzo, Z., Steingrimsson, B., Bodvarsson, G. S., Escobar, C, and 
Ouintanilla, A., 1989, Modeling studies of the Ahuachapan geother
mal field. El Salvador: Proceedings, Fourteenth Workshop on 
Geothermal Reservoir Engineering, Stanford University, 287- 295. 

Bagby, W. C. and Berger, B. R.,-1985, Geologic characteristics of 
sediment-hosted, disseminated precious-metal deposits in the western 
United States: in Geology and Geochemistry of Epithermal Systems, 
B. R. Berger and P. M. Bethke, eds.. Reviews in Economic Geology 
2, Society of Economic Geologists, 169-202. 

Barker, B. J., Gulati, M. S., Bryan, M. A., and Riedel, K. L., 1992, 
Geysers reservoir performance: in Monograph on The Geysers 
Geothermal Field, C. Stone, ed.. Special Report No. 17, Geothermal 
Resources Council, 167-177. 

Brown', L. R., Flavin, C, and Postel, S., 1990, Picturing a sustainable 
society: in State of the Worid, a WorldWatch Institute Report on 
Progress Toward a Sustainable Society, W. W. Norton & Company, 
173-190. 

Brundtland Commission, 1987, Our Common Future: Worid 
Commission on Environment and Development (The Brundtland 
Commission), New York, Oxford University Press. 

Cappetti, G. and Stefani, G., 1994, Strategies for sustaining produc
tion at Larderello: Geothermal Resources Council Transactions, 18, 
625-629. 

Cathles, L. M., 1977, An analysis of the cooling of intrusives by 
ground-water convection which includes boiling; Economic 
Geology, 72, 804-826. 

' Cathles, L. M., 1981, Fluid flow and genesis of hydrothermal ore 
''eposits: in Economic Geology, 75th Anniversary Volume, 424-457. 

Diment. W. H., Urban, T C, Sass, J. H., Marshall, B. V, Munroe, R. 
J- and Lachenbruch, A. H., 1975, Temperatures and heat contents 
'̂sed on conductive transport of heat: in Assessment of Geothermal 

Resources of the United States — 1975, D. E. White and D. L. 
Williams, eds., U. S. Geological Survey Circular 726, 84-103. 

^^rafy. S. and Lutz, E., 1989, Environmental and natural resource 
^counting: in Environmental Management and Economic 
!*^elopment, G. Schramm and J. J. Warford, eds.. The Worid Bank, 
23-38. . 

Faulder, D. D., 1991, Conceptual geologic model and native state 
model of the Roosevelt Hot Springs hydrothermal system: 
Proceedings, Sixteenth Workshop on Geothermal Reservoir 
Engineering, Stanford; University, 131-137. 

GAO, 1994, Geothermal Energy — Outlook Limited for Some Uses 
but Promising for Geothermal Heat Pumps: U.S. General Accounting 
Office, GAO/RCED-94-84, 80 p. 

Gore, A., 1993, Earth in the Balance — Ecology and the Human 
Spirit: Plume, The Penguin Group, 408 p. 

Hanano, M., Ohmiya, T, and Sato, K., 1991, Reinjection experiment 
at the Matsukawa vapor-dominated geothermal field — increase in 
steam production and secondary heat recovery from the reservoir: 
Geodiennics, 20, 279-289. 

Hanano, M., Takahashi, M., Hirako, Y., Nakamura, H., Fuwa, S., 
Nose, J., and Itoi, R., 1990, Longevity evaluation for optimum devel
opment in a liquid dominated geothermal field — effects of interac
tion of reservoir pressure and fluid temperature on steam production 
at operating conditions: Geothermics, 19,199-211. 

Haukwa, C., Bodvarsson, G. S., Lippmann, M. J., and Mainieri, A., 
1992, Preliminary reservoir engineering studies of the Miravalles 
geothermal field, Costa Rica: Proceedings, Seventeenth Workshop 
on Geothermal Reservoir Engineering, Stanford University, 127-137. 

Henley, R. W., 1985, The geothermal framework of epithermal 
deposits: in Geology and Geochemistry of Epithermal Systems, B. R. 
Berger and P. M. Bethke, eds.. Reviews in Economic Geology 2, 
Society of Economic Geologists, 1-24. 

Henley, R. W. and Ellis, A. J., 1983, Geothermal systems ancient and 
modem — a geochemical review: Earth Science Review, 19,1- 50. 

Hubbard, H. M., 1991, The real cost of energy: Scientific American, 
234, 4, 36-42. 

Kozloff, K. L. and Dower, R. C, 1993, A New Power Base — 
Renewable Energy Policies for the Nineties and Beyond: World 
Resources Instimte, 196 p. 

Laky, C, Lippmann, M. J., Bodvarsson, G. S., Retana, M., and 
Cuellar, G., 1989, Hydrogeologic model of the Ahuachapan geother
mal field. El Salvador: . Proceedings, Fourteenth Workshop on 
Geothermal Reservoir Engineering, Stanford University, 265- 272. 

Lowell, R. P., Rona, P. A., and Von Herzen, R. P., 1995, Seafioor 
hydrothermal systems: Journal of Geophysical Research, 100, Bl, 
327-352. 

McLeod, J. T, 1995, Sustainable management of geothermal 
resources, a New Zealand scenario: this conference volume. 

Mitchell, A. H. G. and Leach, T. M., 1991, Epithennal Gold in the 
Philippines — Island Arc Metallogenesis, Geothermal Systems and 
Geology: Academic Press Geology Series, 457 p. 

Norton, D. L., 1982, Fluid and heat transport phenomena typical of 
copper-bearing pluton environments, southeastern Arizona: in 
Advances in Geology of the Porphyry Copper Deposits, 
Southwestern North America, S. R. Titley, ed.. The University of 
Arizona Press, 59-72. 

Ottinger, R. L., Wooley, D. R., Robinson, N. A., Hodas, D. R., and 
Babb, S. E., 1991, Environmental Costs of Electricity: Pace 
University Center for Environmental Legal Studies, Oceana 
Publications, lnc, 769 p. 

Elder,!. W., 1981, Geothermal Systems: Academic Press, 508 p. 



Wright 

Pearce, D. W. and Warford, J. J., 1993, Worid Without End — 
Economics, Environment, and Sustainable Development: The Worid 
Bank. 

Petty, S., Livesay, B. J., and Geyer, J., 1991, Supply of Geothermal 
Power from Hydrothermal Sources — A Study of the Cost of Power 
Over Time: Sandia National Laboratories Report. 

Pritchett, J. W., Garg, S. K., Ariki, K., and Kawano, Y, 1991, 
Numerical simulation of the Sumikawa geothermal field in the natur
al state: Proceedings, Sixteenth Workshop on Geothermal Reservoir 
Engineering, Stanford University, 151-158. 

Sakagawa, Y., Takahashi, M., Hanano, M., Ishido, T, and Demboya, 
N., 1994, Numerical simulation of the Mori geothermal field, Japan: 
Proceedings, Nineteenth Workshop of Geothermal Reservoir 
Engineering, Stanford University, 171-178. 

Serageldin, I. and Steer, A., eds., 1994, Making Development 
Sustainable — From Concepts to Action: Environmentally 
Sustainable Development Occasional Paper No. 2, The World Bank, 
Washington, D.C, 40 p. 

Silberman, M. L., 1983, Geochronology of hydrothermal alteration 
and mineralization — Tertiary epithermal precious metal deposits in 
the Great Basin: in The Role of Heat in the Development of Energy 
and Mineral resources in the Northern Basin and Range Province, 
Geothermal Resources Council Special Report No. 13, 287-303. 

Sims, J. D., and White, D. E., 1981, Mercury in the sediments of 
Clear Lake, California: U. S. Geological Survey Professional Paper 
1141, 237-241. 

Smith, R. L. and Shaw, H. R., 1979, Igneous-related geothermal sys
tems: in Assessment of Geothermal Resources of the United States 
— 1978, L. J. P. Muffler, ed., U. S. Geological Survey Circular 790, 
12-17. • ••'''̂ "••._ 

Takahashi, H. and Hashida, T., 1992, New project for hot wet rock 
geothennal reservoir design concept: Proceedings, Seventeenth 
Workshop on Geothermal Reservoir Engineering, Stanford 
University, 39-44. • .-.:.iv:. , 

Thomas, R. P., 1986, Heat flow mapping at The Geysers geothermal 
field: California Division of Oil and Gas Publication No. TR37, 56 
p. , • y \ ' ' ' . 

Titley, S. R., ed., 1982, Advances in Geology of the Porphyry Copper 
Deposits, Southwestern North America: The University of Arizona 
Press, Tucson, 560 p. ,:;•.. 

Titley, S. R. and Hicks, C. L., eds., 1966, Geology of the Porphyrv 
Copper Deposits, Southwestern North America: The University f 
Arizona Press, Tucson, 287 p. 

Tulinius, H. and Sigurosson, O., 1989, Two-dimensional simulation 
of the Krafla-Hvitholar geothermal field, Iceland: Proceedines. 
Fourteenth Workshop on Geothermal Reservoir Engineerine 
Stanford University, 87-93. ^ 

Voge, E., Koenig, B., Smith, J. L. W, Enedy, S., Beall, J. j . , .Adams, 
M. and Haizlip, J., 1994, Initial findings of The Geysers Unit 18 
cooperative injection project: Geothermal Resources Council 
Transactions, 18, 353-357. 

Walters, M. A. and Combs, J., 1992, Heat flow in The Geysers- Gear 
Lake geothermal area of Northern California, U.S.A.: in Monograph 
on The Geysers Geothermal Field, C. Stone, ed.. Special Report No 
17, Geothermal Resources Council, 43-53. 

Ward, S. H., Pany, W. T., Nash, W. P., Sill, W. R., Cook, K. L.. Smith, 
R. B., Chapman, D. S., Brown, F. H., Whelan, J. A., and Bowman, J. 
R., 1978, A summary of the geology, geochemistry, and geophysics 
of the Roosevelt Hot Springs thermal area, Utah: Geophvsics, 43, 7, 
1515-1542. 

White, D. E., 1955, Thermal springs and epithermal ore deposits; or 
Economic Geology, Fiftieth Anniversary Volume, 99-154. 

White, D. E., 1968, Hydrology, activity, and heat flow of the 
Steamboat Springs thermal system, Washoe County, Nevada: U.S. 
Geological Survey Professional Paper 458-C, 109 p. 

White, D. E., 1981, Active geothermal systems and hydrothermal ore 
deposits: in Economic Geology, 75th Anniversary Volume, 392- 423. 

White, D. E., Muffler, L. J. R, and Tniesdell, A. H., 1971, Vapor-
dominated hydrothermal systems compared with hot-water systems: 
Economic Geology, 66, 75-97. 

Yagi, M., Yasukawa, K., Muraoka, H., Doi, N., and Miyazake. S, 
1994, NEDO "Deep-Seated Geothermal Resources Survey" update: 
Geothermal Resources Council Transactions, 18, 247-254. 

Yearsley, E., 1994, Roosevelt Hot Springs reservoir model applied to 
forecasting remaining field potential: Geothermal Resources Council 
Transactions, 18, 617-622. 


