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ABSTRACT 

According to the estimates from the Department of 
Energy’s (DOE) Energy Information Administration 
(EIA), the United States faces the need to increase its 
electrical power generating capacity by 40% 
(approximately 300,000 Megawatts-electrical or 
MWe) over the next 20 years. A critical question is 
the extent to which geothermal resources can 
contribute to this increasing demand for electricity. 
The peak installed geothermal power generating 
capacity of 2860 MWe falls far short of estimated 
geothermal resources. The reasons for this limited 
development of geothermal power are varied, 
involving political, economic and technological 
factors. In order to better quantify the long-term 
potential for geothermal energy, the USGS will begin 
work with DOE, DOE-funded institutions and other 
state and federal agencies to produce an updated 
assessment of available geothermal resources in the 
United States. 
 
An important element in updating assessment 
methodology is the calibration of geothermal 
resource models with production histories from 
developed geothermal fields. In the 1970s, USGS 
assessments applied a volume approach with a 
constant recovery factor, Rg, of 0.25 as the producible 
fraction of a reservoir’s thermal energy. Analyses of 
data from fractured reservoirs at The Geysers, Coso 
and Dixie Valley indicate that Rg is closer to 0.1 and 
varies depending upon the assumed reservoir size and 
geometry. Based on these results the volume method 
remains a simple and accurate approach to 
quantifying geothermal resources, provided reliable 
data are available on the size and state of identified 
geothermal systems. 

INTRODUCTION 

Over the past two years, the United States Geological 
Survey (USGS) has pursued an initiative for a three-
year assessment of the geothermal resources of the 
Great Basin (Williams, 2002). In response to demand 

for an accelerated and expanded assessment program, 
the USGS and DOE have transformed the Great 
Basin initiative into a five-year project to investigate 
the nature and extent of geothermal systems in 
United States and to produce a new assessment of 
available geothermal resources. The new assessment 
will include a detailed estimate of electrical power 
generation potential and an evaluation of the major 
technological challenges and environmental impacts 
of increased geothermal development. Additional 
products will include online geospatial databases of 
regional and system-specific geological, geophysical, 
geochemical and hydrological information relevant to 
geothermal resources. The assessment and associated 
databases will be augmented with a series of research 
publications describing scientific advances and 
improved assessment methodologies. 
 
This effort follows on pioneering work of the 1970s 
and 1980s, which yielded two national assessments 
of moderate-temperature (90-150 oC) and high-
temperature (>150 oC) geothermal resources (USGS 
Circulars 726 – White and Williams, 1975 - and 790 
– Muffler et al., 1979) and one of low-temperature 
(<90 oC) resources  (USGS Circular 892 – Reed, 
1983). These reports established a methodology for 
geothermal resource assessments and provided 
estimates of potential electric power generation that 
have guided geothermal energy research and 
development for the past two decades. However, 
advances in power production technology and the 
scientific understanding of geothermal systems 
indicate that some important elements of geothermal 
assessment methodology require revision. For 
example, the 150 oC lower limit for electric power 
production applied in Circulars 726 and 790 must be 
revised downward to include power production from 
moderate-temperature systems using binary 
technology. In addition, as shown in Figures 1 and 2, 
the maximum installed domestic geothermal 
production capacity falls far short of the resources 
estimated in Circular 790. 
 



 
Figure 1. Histogram of geothermal power 
development in the western United States compared 
with electric power resources from Circular 790 in 
MWe for 30 years. 
 
The greatest challenges in the new resource 
assessment lie in understanding the size and thermal 
energy of a reservoir as well as the constraints on 
extracting that thermal energy. Inherent in the earlier 
assessment work is a geometrical concept of the 
reservoir that allows calculation of a volume and an 
estimate of the ability to extract hot fluid from the 
volume. In the 1970s, the only reliable information 
on many identified geothermal systems was the 
temperature, which could be derived with fair 
accuracy from chemical geothermometers. Estimates 
of depths and volumes were approximate, and the 
models for exploitation depended on porous medium 
assumptions not necessarily applicable to fracture-
dominated geothermal systems (e.g., Nielson, 1993).  
 

 
Figure 2. Plot of installed power-generating capacity 
versus estimated electrical power generating 

resource over 30 years for all power-producing 
geothermal systems in the U.S. Systems with 
magmatic heat sources are shown as red squares and 
those arising from deep ground-water circulation as 
blue circles. 
 
Four other factors likely to influence the new 
assessment follow from exploration and continued 
technology development over the past 25 years. First, 
Circular 790 limited electric power production 
potential to high-temperature systems (greater than 
150 oC). Developments in binary power plant 
technology have led to electric power generation 
from systems with temperatures as low as 107 oC 
(Wabuska, NV). This will allow many moderate-
temperature systems to contribute to the estimated 
electric power potential of the United States. Second, 
Circular 790 applied a depth limit of 3 km as 
representative of the economic and technological 
constraints of drilling and exploitation. Although 
most geothermal reservoirs are not currently 
exploited from depths greater than 3 km, this limit 
has been surpassed in some geothermal fields and 
will need to be increased for the new assessment. 
Third, ongoing exploration efforts promise to add to 
the list of geothermal systems that were as yet 
undiscovered in the 1970s. For example, Dixie 
Valley, the largest producing geothermal field in 
Nevada, was not included in Circular 790. Finally, 
Enhanced Geothermal Systems (EGS) offer the 
opportunity to expand existing geothermal reservoirs 
through hydraulic fracturing and other advanced 
techniques. The ongoing development of EGS is 
bound to increase both the size and recovery factor 
for some systems. 
 
Most of the systems described in Circular 790 have 
since been studied in detail and drilled at a number of 
locations. Many have been exploited for electric 
power. With much of the relevant thermal data 
available in the public domain, with decades of 
drilling and exploitation experience described in the 
literature, and with renewed assessment efforts at the 
state level (e.g., Shevenell et al., 2000) the foundation 
exists for a new, more accurate assessment. Analysis 
of production and exploration data from producing 
geothermal systems indicates that many of the 
techniques used in the earlier assessments can be 
applied to fracture-dominated reservoirs if the 
reservoir geometry is well constrained.  

ASSESSMENT METHODS 

Muffler and Cataldi (1978) identified four methods 
for assessing geothermal resources: surface heat flux, 
volume, planar fracture and magmatic heat budget. 
Although there is some renewed interest in the 
surface heat flux approach (e.g., Wisian et al., 2001), 
the volume method as developed by Nathenson 
(1975), White and Williams (1975), Muffler and 



Cataldi (1978) and Muffler et al. (1979) was quickly 
established as the standard approach. 
 
According to Muffler and Cataldi (1978), the electric 
power generation potential from an identified 
geothermal system depends on the thermal energy, 
qR, present in the reservoir, the amount of thermal 
energy that can be extracted from the reservoir at the 
wellhead, qWH, and the efficiency with which that 
wellhead thermal energy can be converted to electric 
power. Once the reservoir fluid is available at the 
wellhead, the thermodynamic and economic 
constraints on conversion to electric power are well 
known. The challenge in the resource assessment lies 
in understanding the size and thermal energy of a 
reservoir as well as the constraints on extracting that 
thermal energy. In Circular 790, the reservoir thermal 
energy was calculated as  
 
qR =ρCV (TR −Tref )    (1) 

 
where ρC is the volumetric specific heat of the 
reservoir rock, V is the volume of the reservoir, TR is 
the characteristic reservoir temperature, and Tref is a 
reference temperature. The thermal energy that can 
be extracted at the wellhead is given by  
 
qWH = mWH (hWH − href )   (2) 

 
where mWH is the extractable mass hWH is the 
enthalpy of the produced fluid and href is the enthalpy 
at some reference temperature, generally 15 oC. This 
is related to the reservoir thermal energy by the 
recovery factor, Rg, which was defined in Circular 
790 as 
 
Rg =qWH / qR ~0.25    (3) 

 
This value for Rg came from an analysis by 
Nathenson (1975) of the factors influencing the 
extraction of heat from a geothermal reservoir 
through a “cold sweep” process, in which the hot 
reservoir fluid is gradually replaced by colder water 
through natural or artificial injection. According to 
this analysis the quantities in equations (1) and (2) 
are determined by a geometrical concept of the 
“reservoir” that allows calculation of a volume and 
an estimate of the ability to extract hot fluid from the 
volume. For example, mWH is simply given by  
 
mWH = V (0.5φe X)ρf    (4) 

 
where φe is the effective reservoir porosity, 0.5 is the 
fraction of the reservoir that is porous and permeable, 
X is the degree of saturation, and ρf is the fluid 
density. For simplicity the quantities in parentheses 

can be replaced by φR, a lumped “reservoir porosity”. 
Then, Rg is given by  
 

Rg =
φRρ f (hWH − href )

ρC(TR − Tref )
   (5) 

 
All of the variables in equation (5) are simple 
functions of reservoir temperature, pressure and 
composition, except for φR. In Circular 790, with Rg 
as a constant 0.25, the electric power generation 
potential for each high-temperature geothermal 
system was estimated from the available work, WA, 
given by  
 
WA = mWH [hWH − h0 − T0(sWH − s0 )]  (6) 
 
which led directly to electric energy for 30 years, E, 
through a utilization factor, η, (Muffler et al., 1979). 
 
E = WAηu     (7) 
 

EVALUATING THE VOLUME METHOD FOR 
FRACTURED RESERVOIRS 

There are 17 high-temperature geothermal systems 
identified in Circular 790 that are currently producing 
electric power. Of these, only two, The Geysers 
(Figure 3) and Coso (Figure 4), are clearly close to 
the production capacities of their respective 
reservoirs, over the areas currently under production. 
A third system, Dixie Valley (Figure 5), may also be 
close to full production over the northern part of the 
field, which appears to be hydraulically isolated from 
the Dixie Power Partners properties to the south 
(Blackwell et al., 2000, Hickman et al., 1999). The 
available data from these three fields allow for a 
comparison of volume method predictions with 
production histories. 
 
The relevant data from The Geysers (Barker et al., 
1992; Sanyal, 2000) and Coso (Combs, 1980; 
Lovekin, 1990; Monastero, 2002) and the resulting 
calculations of Rg and φR are summarized in Table 1. 
In both fields the recovery factors derived from 
recorded production and measured reservoir 
properties are close to 0.1. The estimated electrical 
production capacity for The Geysers is smaller than 
the peak installed capacity of 2043 MWe and greater 
than the current capacity of approximately 1100 
MWe. However, as noted by Sanyal (2000), the first 
40 years of production at The Geysers have yielded 
26,000 MWe-yrs, and with a continued decline to a 
capacity of 625 MWe by the year 2020, total 
production will be 41,000 MWe-yrs, which compares 
favorably to the 48,000 MWe-yrs from the resource 
estimate of 1600 MWe for 30 years. 



 
Figure 3. Location map showing approximate 
boundary of The Geysers geothermal field. The 
abandoned Unit 15 area was not included in the area 
estimate for reservoir size. Adapted from Lowenstern 
et al. (1999). 

Figure 4. Location of wells and surface features in 
the Coso geothermal system, after Lutz et al., (1999). 
 
For Dixie Valley, the apparently high values for Rg 
and φR in Table 1 are due to the relatively simple, 
well-constrained reservoir geometry. With the 
exception of some modest flow into shallow basalts, 
the Dixie Valley reservoir is well-represented by an 
inclined volume no more than 200 meters thick that 
comprises the damage zone of the Stillwater fault 
zone (Hickman et al., 1999). If the reservoir volume 
for Dixie Valley is constrained to the known damage 
zone thickness, the derived Rg and φR are 0.21 and 

0.13, respectively. These values follow from equation 
(5) and highlight the uncertain concept of a fractured 
geothermal reservoir. 
 

 
Figure 5. Location map for Dixie Valley geothermal 
field showing approximate extent of producing 
reservoir.  
 
Because the detailed fracture patterns for the larger 
reservoirs at Coso and The Geysers are not as simple 
or well-constrained, the volume estimated for these 
two reservoirs encloses a larger volume of 
impermeable rock. Since φR and V are multiplied 
together in equation (4), a reduction in V through 
better resolution of the permeable faults and fractures 
leads to a proportional increase in porosity for a 
given produced mass. If the same value of φR (0.05) 
is applied to Dixie Valley as is found at Coso and 
The Geysers, the recovery factor is reduced to 0.08. 

CONCLUSIONS 

The production potential of geothermal systems can 
be determined by applying existing equations 
calibrated from production histories of exploited 
systems provided there is a consistent spatial 
definition of the reservoir volume. The results from 
Coso and The Geysers indicate that the typical 
recovery factor for a fractured geothermal reservoir is 
closer to 0.1 than 0.25, but extension of these results 
to Dixie Valley confirms that the for a given 
geothermal field Rg depends strongly on the 
estimated volume of the reservoir.  This raises serious 
questions for geothermal resource assessments of 
fractured reservoirs. The application of a constant 
recovery factor to all reservoirs could lead to 
significant errors because the results for larger fields 
like Coso and The Geysers are derived from 
properties averaged over large volumes of fractured 
rock. By contrast, smaller fields, like Dixie Valley, 
Rye Patch, Beowawe, and others are hosted in well-
delineated fault and fracture zones. 
 
A valid geothermal resource assessment methodology 
must be consistent in its application and accuracy in 
different sizes and types of reservoirs. The results of 



this study suggest that the geothermal recovery 
factors used in the new assessment will need to 
determined in conjunction with consistent techniques 
for both the volumes and fracture porosities of 
reservoirs. Derivation of the relationships underlying 
the new techniques will be the next focus of USGS 
research. 
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Table 1. Reservoir Properties, Recovery Factors and Estimated Electrical Energy Production Potential for The 

Geysers, Coso and Dixie Valley. See text for explanation of Dixie Valley results. 
Field TR (oC) V (km3) φR  Rg E (MWe for 30yrs) 
The Geysers 240 150 0.05 0.11 1600 
Coso 275 40 0.05 0.08 250 
Dixie Valley 220 4/10 0.13/0.05 0.21/0.08 70 

 


