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Abstract 
 

The increased awareness and interest in renewable resources has raised the need to standardize the reporting requirements 
for geothermal resources that can be applied worldwide. As no agreed standards, guidelines or codes exist, there remains too 
much latitude in geothermal assessment, which leads to more resource uncertainty, more investment risk and less confidence 
in development. Standardizing the reporting of geothermal resources is a major challenge as it is difficult to define what the 
target actually is: the source, the reservoir, the fluids, the stored heat, the recoverable volume, the recoverable heat, the 
recoverable power, or the net profit. Formulating an agreed procedure to classify geothermal resources is further complicated 
by changing environmental, policy and regulatory constraints around the globe.  

This paper provides a detailed review of published geothermal classifications, which contrasts and compares them with 
reporting requirements from the petroleum and mining industries. Present day techniques of computing geothermal resources 
provide only ballpark estimates at best. The classification and quantification of different geothermal occurrences will differ, 
depending on their static thermal energy in place, recoverable thermal energy, or net transformed energy.  

An integrated approach to estimate geothermal resources is suggested that would couple the modeling of volumes and 
flows at subsurface and surface conditions, possibly allowing the future inclusion of technological advances to exploit 
geothermal resources that were previously reported to be sub-commercial.  
 
Introduction  

 
The overall increase in greenhouse gas emissions is one of the major concerns of our modern society. To cope with the 

threat of global warming, international institutions (United Nations, 1997) and many governments have taken measures and 
initiated policies to help reduce carbon emissions.  New sources of energy are being investigated deeper and focus is put on 
renewable energy to sustain our development. 

 
Geothermal energy can actually be called neither a renewable – it depends on the recharge rate – nor a new energy. 

Indeed geothermal energy has been widely used since the beginning of the 20th century for electricity production or direct 
use. Electricity is produced from geothermal energy in 24 countries and 72 countries have reported direct application of 
geothermal energy, including many developing countries (Bertani, 2007). Although geothermal energy exploitation does 
have associated CO2 emissions, one of its major advantages is that they are significantly lower than those of conventional 
fossil fuel systems, as shown in Fig. 1. 

 

                                                 
1 Now with Clausthal University of Technology. 
2 Now with TOTAL SA. 
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Fig. 1- Comparison of CO2 emissions from electricity generation in the USA (Bloomfield et al., 2003) 
 
Energy consumption is expected to grow steadily and, based on past trends, it is anticipated that geothermal energy 

production will continue to increase in the coming years, in accordance with the will of policy makers to reduce fossil fuel 
consumption. Fig. 2 and Fig. 3 confirm the growth of geothermal energy capacity between 1975 and 2010.  

 

 
Fig. 2- Worldwide growth of installed geothermal electricity generation capacity (WEC, 2010) 
 

 
Fig. 3- Worldwide growth of installed geothermal direct use capacity (WEC, 2010) 
 
According to these figures, for a 10000 MWe increase in installed geothermal electrical power the corresponding 

reduction in CO2 emissions is 864 tonnes per year (compared to using coal). 
 
Geothermal energy has substantial development potential as evolving technologies might speed up growth in its use.  

New technologies, like the very encouraging Enhanced Geothermal Systems (EGS), together with those arising from R&D 
investment, could enable new geothermal developments to be achieved universally. The MIT study estimates that more than 
2.8×106 EJ (midrange evaluation) would be recoverable in the USA (Fig. 4). 
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Fig. 4- Estimated total geothermal resource base and recoverable resource given in EJ (1EJ = 2.78*10^11 kWh). 
 
However, the necessary market conditions for such developments may not necessarily be met as the economic feasibility 

of geothermal energy projects, the low return on investment compared to fossil fuels, competition with other sources of 
energy/electricity, and the scarcity of electric grid for power transmission from remote geothermal locations. Other obstacles 
to the potential growth in geothermal energy use include the lack of serious R&D investment into developing better and 
cheaper technologies and the public perception of potential environmental impact (e.g. geothermal fluids may contain CO2, 
H2S, N2, CH4, NH3, Hg and some radioactive traces, though in very small amounts compared to conventional energy 
sources). Greater uncertainty implies greater investment risk, which in turn leads to less confidence in funding geothermal 
developments. It is undeniable that the likelihood of increasing geothermal energy demand around the world requires 
confidence in geothermal development. Such confidence cannot without a proper understanding and focus on the three 
following challenges. 

 
1. Resources definition and identification. 
2. Reserves assessment approaches. 
3. Technical risk and economic risk evaluation. 

 
For this purpose, an adequate definition of geothermal resources and reserves is required and must be standardized 

globally, taking into account the different types of geothermal resources and emerging new technologies. It must be 
remembered that different levels of uncertainty and constraint will be embedded in any standardisation process, depending on 
whether the objective of the exercise if to produce a set of inflexible rules or some less rigid guidelines or codes.  

 
What is geothermal energy? 

 
Geothermal energy results from the heat released within the planet’s interior. The observed heat flow at surface has two 

main origins which are the natural cooling of Earth and the decay of radioactive elements that are part of the planet’s inner 
composition. The heat transfered from the planet’s mantle to its crust is achieved primarily by conduction, but also by the 
convective flow of circulating fluids and by mass transfer of hot magma. At the base of the continental crust, temperatures 
are believed to range from 200°C to 1,000°C. The conductive heat flow makes temperature rise with increasing depth in the 
crust on an average gradient on 25-30°C per km which varies by geographic region: There are, however, vast areas in which 
the geothermal gradient is far from the average value. In areas in which the deep rock basement has undergone rapid sinking, 
and the basin is filled with geologically young sediments, the geothermal gradient may lower than 10°C per km (see Fig. 5). 
On the other hand, in areas with high tectonic activity, we can find thermal gradient up to ten times the average value.the 
natural fluid that is contained in its fractures and pores at temperature above ambient levels. These fluids, which are mainly 
water with varying amounts of dissolved salts, are present most of the time as a liquid phase, but sometimes as a saturated 
liquid-vapor mixture or superheated steam vapor phase. 
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Fig. 5- Typical behaviour of the Earth’s temperature (GEO, 200) 
 
The definition of a geothermal system has evolved over time, usually in response to account for new forms of 

developments allowed by emerging technologies. Historically, a geothermal system was described as “convecting water in 
the upper crust of the earth, which, in a confined space, transfers heat from a heat source to a heat sink, usually the free 
surface” (Hochstein, 1990). In modern geothermal systems, the natural presence of a convecting fluid is no longer required, 
as it can be artificially injected to be the carrier of heat to surface. 

 
The three essential requirements behind a geothermal system are:  
 
1. A source of heat, which can be either a high temperature (> 600°C) magmatic intrusion that has reached relatively 

shallow depth (5-10 km) or the natural earth’s temperature, which is a function of depth, as is the case for low-temperature 
systems.  

 
2. A reservoir, where heat accumulates, which can contain water and be connected to a surface recharge area through 

which meteoric waters can replace (fully or partly) the fluids that are produced from the reservoir. 
 
3. A trap which contains the accumulated heat.  

 
 
Identification and classification of geothermal resources and systems 
 

Complexity of geothermal systems 
 
Geothermal systems may be classified according to their physical conditions (e.g. temperature, pressure) and their 

geological characteristics (e.g. permeability, porosity, geochemistry, thermal capacity and conductivity). This classification 
reveals the differences between geothermal systems and the challenges they pose to allow the determination of the most 
meaningful factor in assessing geothermal energy potential.  

 
There are currently six recognised geothermal systems, classified according to specific criteria, which are: 
 

1. Hydrothermal systems, which consist of permeable reservoirs that convey heat to the earth’s surface through steam 
(vapour-dominated hydrothermal resources) or hot water (liquid-dominated hydrothermal resources).  
 
2. Geo-pressured systems, which are deep reservoirs of highly pressurised hot brine (water trapped during burial process), 
often saturated with methane. The wells flow pressurised to surface. 
 
3. Magma systems, which consist of drilling a well into molten magma close to the earth’s surface, injecting cold water down 
the well, letting the water solidify the magma, which will then crack under the imposed thermal stress to form a path for the 
heated water to return to surface. 
 
4. Hot Dry Rock (HDR), which consist of systems that are hot, but essentially dry, and whose initial permeability is too low 
to generate economic flow rates, so that it is necessary to artificially create flow passages and heat-transfer surfaces for heat 
recovery via an injected carrier-fluid (see Fig. 6) 
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Fig. 6- The HDR concept (MIT, 2006) 
 
 
5. Enhanced (or engineered) Geothermal Systems (EGS), which can be found in a large variety of geological environments 
(volcanic, metamorphic, magmatic, or sedimentary), at depths where temperature can range between 150°C and 650°C. 
These systems have been defined by the U.S. Department of Energy as “engineered reservoirs that have been created to 
extract economical amounts of heat from low permeability and/or porosity geothermal resources. For this assessment, we 
have adapted this definition to include all geothermal resources that are currently not in commercial production and require 
stimulation or enhancement. EGS would exclude high-grade hydrothermal, but include conduction-dominated, low-
permeability resources in sedimentary and basement formations, as well as geopressured, magma, and low-grade, 
unproductive hydrothermal resources. In addition, we have added coproduced hot water from oil and gas production as an 
unconventional EGS resource type that could be developed in the short term and possibly provide a first step to more 
classical EGS exploitation.” (MIT, 2006) This definition of EGS includes HDR systems. 
 
6. Waste heat, co-produced during conventional hydrocarbon developments, which can also be considered as a geothermal 
resource. The heat is that carried by the recovered hot fluids, including the large volumes of water produced by waterflooding 
recovery processes. Still within the area of waste heat recovery, Limpasurat et al. (2010) presented the concept of harnessing 
geothermal energy from heavy oil fields that have undergone steam-flooding and so accumulated substantial heat from steam 
injection. Once the steam-flooding process reaches economic cut-off, due to high water cut and/or high steam-to-oil ratio, the 
reservoir would be abandoned, leaving behind stored energy in the form of heat. From this point, the reservoir could be 
regarded as an artificial geothermal system, and its intrinsic heat recovered by water circulation. 

 
All these geothermal systems have clear similarities, but they also have differences illustrated in this classication. Within 

these differences lie major causes of misunderstanding in defining the value of a geothermal resource. For example, in 
conventional hydrothermal systems, the primary resource is represented by the heat contained in the natural geofluid, 
whereas in HDR systems the primary resource consists of the natural heat trapped in the underground rock. In addition, 
geopressured systems can potentially offer three different forms of energy: thermal, from the high temperatures; hydraulic, 
from the high fluid flow pressure; chemical, from the dissolved methane. Thus, the target resource for potential investment is 
not the same for the three development scenarios. If one then considers the different possible uses of geothermal energy 
(electric power generation, direct use, combined heat and power generation, and heat pumps), it would appear that the 
following investment targets are all possible, yet they carry substantially different risks and uncertainties in their 
identification and estimation: 

 
• Heat source and recharge rate; 
• Reservoir characterisitics; 
• Fluid and/or its pressure; 
• Temperature; 
• Stored heat within reservoir; 
• Recoverable volume; 
• Recoverable heat; 
• Recoverable power; 
• Net profit/revenue. 
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Defining what is the actual geothermal target must be the first step in formulating a definition of geothermal resources or 
reserves.  

 
Classical approaches 

 
Classification of geothermal resources and systems can initially be related to their geothermal energy potential, which can 

be assessed according to the final use or potential recovered heat, directly linked to the temperature of the geothermal system. 
In what follows, a summary of the main classical approaches to identifying and defining geothermal resources is presented. 

 
In estimating either resource or reserve, one should specify the assumed economic conditions and technology, which in 

turn depend on the use for which the geothermal heat is intended. Deferring for the moment any detailed discussion on the 
exact definition of reserves and the different means of estimating it; we note that this definition is highly dependent on the 
use we want to make of the geothermal energy: electricity production or direct uses. 

 
The production of electricity requires heat input from relatively high-temperature reservoirs compared to that delivered by 

geothermal heat pumps. Although it is physically possible to use high-temperature geothermal systems for other uses, it is 
generally more valuable to generate electricity from them. Having noted this, it is also often technically possible to generate 
electricity from low-temperature reservoir, depending on the type of plant used for this purpose (flashed steam plant, dry 
steam plant, binary power plant, hybrid power plant, etc.). In response to this, some resource definition approaches have tried 
to define a temperature cut-off. 

 
(A) By temperature and use 
 
Richards et al. (2008) reported that the Geo-Heat Center at the Oregon Institute of Technology had devised a simplified 

classification system, where geothermal energy is defined in terms of temperature and how the geothermal heat can be used 
(Fig. 7). In other words, a temperature cut-off is applied to determine the final use that can be made of a given geothermal 
occurrence. 

 

 
 
Fig. 7- Classification of resources by temperature and use (after Richards et al., 2008) 

 
 
(B) By temperature, use, type and status 
 
Bromley (2009) presented a table (Fig. 8) that grouped geothermal resources based on the following factors: temperature 

(high/low), use (direct/electricity), type (within each “use” category) and current status (existing, planned, potential and 
market). 
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Fig. 8- Classification of resources by temperature, use, type, status (after Bromley, 2009) 
 
Yet both of these approaches fail to account for other critical paramaters which might justify better a geothermal play 

development. For example, a temperature cut-off gives information on heat content regardless of other physical properties 
(e.g. permeability, porosity, geochemistry, thermal capacity and conductivity).  

 
 
(C) By “Heat-in-Place” – Stored Heat and Power Potential 
 
Estimating how much heat can be removed is significant for determining the potential of a reservoir. The “heat in place” 

approach was developed by Nathenson (1975), White and Williams (1975), Muffler and Cataldi (1978) and Muffler (1979), 
and quickly became a well established method for the assessment of geothermal resources in the United States (Lovekin, 
2004). This approach consists of estimating the thermal energy available in a volume of porous and permeable rock, given 
the thickness, areal extent, porosity, average temperature, rock density and specific heat of the rock in the reservoir, and 
physical properties of fluids. The formula used to calculate the stored heat, as reported by AGRCC (2010b), is analogous to 
the calculation of original oil and gas in place.   

 
 

. . . . 1 . . . 1 . . . .  
 

     heat in rock              heat in steam       heat in water 
 
 
All these data are to be collected or calculated using adapted correlations. Both deterministic and probabilistic approaches 

can be undertaken. With the aim of determining an average temperature, the algorithms shown in Fig. 9 can be applied, based 
on the heat flow, the thermal conductivity distribution, the surface temperature, and the distribution of heat due to radioactive 
elements within the crust. 

 



8  CSUG/SPE 146435 

 
 
Fig. 9- Calculation of temperature at depth (MIT, 2006) 
 
The probabilistic approach assesses the uncertainties and error margins for each input parameter (Brook et al., 1979; 

Serpen, 2001; Lovekin, 2004; Sarmiento and Steingrimsson, 2007; Onur et al., 2010) through probability distributions 
(Monte Carlo). With a sufficient number of random values for the input variables, the probability distributions for the stored 
heat, recoverable energy or power output (MWe) can be obtained (Fig. 10). 

 

 
 

 
Fig. 10- Example of input probability density functions (triangular for reservoir thickness, log-normal for porosity) and 

calculated distributions for the electric power (AGRCC, 2010b). 
 
 
 
The stored heat can then be used to assess the potential of the identified geothermal occurence. For electric power 

generation projects, the generation potential is a function of the thermal energy stored in the reservoir, QR, the thermal energy 
that can be recovered at the wellhead, QWH, and the efficiency with which QWH can be converted into electric power. The 
electrical power potential (MWe) can be estimated from the stored heat as follows (AGRCC, 2010b): 

 

.
.
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The wellhead thermal energy can be related to the reservoir thermal energy by the recovery factor, Rg, which was defined 
in United States Geological Survey (USGS) Circular 790 (Muffler, 1979) for liquid-dominated systems as: 

 
Rg = QWH / QR 

 
 
(C) By analogy to oil and gas resources 
 
There are many similarities between oil and gas and geothermal energy, both in terms of technologies and economic risk 

involved, which has consequently encouraged the geothermal community to draw from the oil and gas experience and 
develop similar guidelines.  

 
From the outset of geothermal energy production, close similarities have existed between the terminology used for 

geothermal energy resource and reserves assessment and that used for mineral resources. For instance, Muffler and Cataldi 
(1978) defined the resource base as “all the thermal energy in the earth’s crust beneath a specific area, measured from local 
mean annual temperature”. As illustrated by the McKelvey diagram in Fig. 11, only a part of this so-called geothermal 
resource base can actually be technically and economically exploited. 

 

 
 

Fig. 11- McKelvey diagram for geothermal energy (Muffler and Cataldi, 1978) 
 
 
Another similar classification has been given by Rybach (2009) in which the geothermal resources are differentiated 

based upon their technical feasibility and economic viability (Fig. 12). 
 



10  CSUG/SPE 146435 

 
Fig. 12- Classification of geothermal resources by potential (Piot, 2006; Rybach, 2009) 
 
Existing sets of definitions for the oil and gas industry (SPE, 2001; SPE PRMS, 2007; SEC, 1978/1982; SEC, 2008) are 

based upon the reliability of the information available to estimate the resource and the commercial feasibility of the 
extraction of the associated reserves. According to the SEC (2008), “resources” are estimated quantities of oil and gas in 
natural accumulations, which can be already discovered or not, recoverable or not; “reserves” are the recoverable portion of 
oil and gas in place in the reservoir in the short term. 

 
While the oil and gas industry guidelines are relevant to geothermal systems, the following points call for special attention 

when dealing with the latter (after Muffler and Cataldi, 1978): 
 
1. Nature of the commodity is different 

The commodity to be extracted is heat, as opposed to a resource to be converted into heat (e.g. oil and gas). It is stored in 
both rock and fluid, and not just in the latter. Furthermore, a recharge may exist for some hydrothermal systems (the recharge 
rate being often lower than the extraction rate) and, contrary to oil and gas systems, this recharge usually takes place on a 
human time scale rather than a geological one.  

 
2. Final use 

Geothermal energy can be used either for electrical generation or direct use or both, so the final product can be very different. 
Natural geothermal fluids contain dissolved solids and gas that can be regarded as by-products (e.g. geopressured system).  

 
3. Evolving technologies 

In the geothermal energy sector, technology is evolving so rapidly that today’s terminology may not meet future 
requirements. The oil and gas industry has experienced the same challenge when attempting to standardize resources and 
reserves definitions. 

 
4. Nature of the market 

The geothermal energy prices and markets are site specific, and so cannot be compared to the global hydrocarbons market.  
Since geothermal energy cannot be easily transported from its site of production (or stored), it is deemed to stay a local 
energy, contrarily to oil and gas.  
 

5. Lifetime of geothermal energy projects 
Moreover, the SEC guidelines recommend that the term “proved undeveloped reserves” be used only when referring to 
projects for which the development is planned within five years. This is too restrictive for geothermal electric power 
generation projects, which can take longer to be realised.  
 

The Australian Geothermal Reporting Code Committee (AGRCC) produced the first edition of its Geothermal Reporting 
Code and Geothermal Lexicon for Resources and Reserves Definitions and Reporting in 2008, followed by a second edition 
in 2010 (AGRCC, 2010a and 2010b), with the goal of providing “a methodology for estimating, assessing, quantifying and 
reporting geothermal resources and reserves”. These guidelines aim to cover all types of geothermal systems and are mainly 
based on recognized codes for mineral and petroleum deposits, 
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While the Code covers a minimum, mandatory set of requirements for the public reporting of geothermal resources and 
reserves estimates, the Lexicon provides guidance on how to estimate resources and reserves, and is of default mandatory use 
as the source of values for recovery factors to convert stored heat to recoverable energy.  

 
The Code recognizes three categories of geothermal resources: inferred, indicated and measured, which represents three 

different levels of geological knowledge and probability of occurrence.  
 
- A geothermal resource is defined as a play which exists in such a form, quality and quantity that there are reasonable 

prospects for eventual economic extraction. 
  

- Geothermal reserves correspond to that portion of an indicated or measured resource which are deemed to be 
economically recoverable after the consideration of both the geothermal resource parameters and modifying factors, 
and are subdivided into proven and probable reserves. Two categories of reserves are recognized (Probable and 
Proven), based upon the likelihood and reliability of the modifying factor and the type of resource. 

 
- The modifying factors depend on economic, environmental and political context, and assess the commerciality of the 

resources (Fig. 13). This approach is in line with that of the oil and gas sector (Fig. 14). 
 
 

 
 
Fig. 13- Relationship between exploration results, geothermal resources & geothermal reserves (AGRCC, 2010a). 
 

 
Fig. 14- Resources vs. reserves relationship for the oil & gas sector (SPE PRMS, 2007). 
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Challenges in defining geothermal resource potential 
 
Having reliable resources and reserves definitions is equally important for the geothermal energy sector as it is for the oil 

and gas industry. However, we cannot assimilate the definitions of resources and reserves for geothermal energy from those 
for the oil and gas industry as the means and purposes of exploitation and production are similar, but not similar enough. 
Also these definitions must meet the needs of different interested parties, which are also different in both industries. 

 
To answer this challenge of defining geothermal resources and reserves, the AGRCC’s Code and Lexicon (AGRCC, 

2010a and 2010b) represents the most thorough approach to date. One of the main strengths of these documents is that they 
include all past approaches, from both the mining and the geothermal communities, and offer a structured effort to cover all 
forms of geothermal energy (excluding ground source heat pumps operating at low source temperatures). 

 
Among the merits of the AGRCC effort is the clarification that “a geothermal resource is not an inventory of all heated 

areas drilled or sampled, regardless of base or cut-off temperature, likely dimensions, location or extent. It is a realistic 
inventory of those geothermal plays which, under assumed and justifiable technical and economic conditions, might, in whole 
or in part, be developed.” This is a substantial step forward from the approach of identifying a geothermal resource simply as 
heat or volume in place. 

 
However, there remain challenges to standardising the classification and reporting of energy resources. The oil and gas 

industry has experienced increased restrictions to the process of booking reserves in the past, followed by recent 
implementation of more relaxed guidelines and regulations, in an attempt to simultaneously accommodate the existing 
technology and knowledge concerning “conventional” types of resources and the uncertainty related to promising 
“unconventional” plays. An example of unconventional resources for the oil and gas sector is that of shale gas systems, for 
which little is still known with regards to their performance with time. In the geothermal sector, an analogue situation could 
be that of HDR and EGS developments, as opposed to the more conventional hydrothermal resources.  

 
Risk analysis 
 
Although it is widely accepted that “neither geothermal resources nor geothermal reserves are precise calculations” 

(AGRCC, 2010a), the process of attributing an investment risk to geothermal resource and reserve estimates (as a function of 
the possible associated development plan/s) still remains open to subjective interpretation.  

 
Compared to conventional energy sources (e.g. fossil fuels), geothermal energy projects require substantial initial 

investment cost and are risky, both technically and economically, due to the use of new technologies and lack of expertise. 
Any geothermal project development contains many uncertainties associated with sparse geological knowledge, different 
final uses, costs and difficulties in quantifying the benefits, revenues and prices of final products in a specific market. Today, 
no standard project evaluation method has proved to be efficient and few risk assessment studies have been performed. 
Hence, there is a strong need for a standardized approach to geothermal energy project evaluation in order to give a better 
understanding of outcomes and benefits of such projects. 

 
While there is no doubt that the geothermal energy value (which has ample implications) remains directly related to the 

recoverable heat energy from a given geothermal occurrence, the process of risking this value – from an economic 
development standpoint – starts from the identification of the raw resource in situ, and ends with the assessment of current 
and future market scenarios. The slower payback of geothermal projects compared to that of fossil fuel projects, and the 
competitiveness of other sources of energy/electricity holds back potential investment in geothermal energy. There is a need 
for the support of ad hoc legislation (e.g. incentives and tax credits) and it is crucial to be able to quantify the risked value of 
a potential geothermal development. 

 
Risk evaluation can be done either through a deterministic or stochastic approach. The latter mainly originates from the 

conventional energy development projects and assesses the overall risk or feasibility of a project based upon very different 
parameters. In geothermal developments, the following main factors contribute to a project’s total risk: 
 
1. Exploration  
2. Drilling  
3. MegaWatt capacity per well 
4. Reserves estimate 
5. Geopolitical environment 
6. Markets 
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Over the years, special attention has been paid to point 1 above, with the other aspects of geothermal risk often being 
overlooked. This approach implies that a successful discovery automatically leads to a successful development project, which 
is erroneous. 

 
With regards to points 2 and 3, a study by Sanyal et al. (2011) concluded that the geothermal resource base, well 

productivity and drilling cost were such that geothermal geological risk could be accommodated. Their work is an example of 
how analogue developments can be quantitatively used to estimate the rate of success of new wells in similar geothermal 
resources.  

 
In what follows, point 4 will be investigated in more details, while points 5 and 6 will not be discussed further in this 

paper. 
 
Recovery factor 
 

The substantial number of definitions for the geothermal recovery factor has lead to numerous misunderstandings. The 
"recovery factor" for geothermal resources is “the ratio of extracted thermal energy (measured at the wellhead) to the total 
geothermal energy contained originally in a given subsurface volume of rock and water" (Muffler & Cataldi, 1978). 
Consequently, the recovery factor for a geothermal system (Rg, introduced earlier in the text), calculated from a seemingly 
trivial calculation has inherent uncertainty and can vary due to many reasons and has an element of time dependency 
(Falcone et al., 2007).  
 

As an analogy, consider the evolution of reserves estimation for a generic oil field, shown in Fig. 15, where the 
uncertainty reduces as more information is gathered from the field, from the exploration and appraisal stage to abandonment. 
Indeed, these data increase as more wells are drilled, to ever deeper targets around the world, and more projects reach the end 
of their economic producing life. Perceptions about geothermal energy potential alter and evolve as new technologies emerge 
and its economics change with respect to other sources of energy.  

 
The method used to compute reserves also changes over the life of the field, as more data become available. It is only when a 
geothermal system actually starts producing that data will be on hand for history-matching the various models. Until then, 
any prediction of recovery from an identified geothermal resource must rely on trends from analogue developments, and on 
forward prediction of un-tuned simulation models. 
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Fig. 15- Reserves estimation uncertainty (left) and reserves determination methods (right) over field life (Falcone et al., 
2007). 

 
The recoverable energy will only be known when all the geothermal reserves from that field have been produced, but the 

energy in place will probably never be known for certain. This is because the cumulative produced energy can be measured, 
but the energy in place can only be estimated (e.g. from seismic surveys, well logs, geological interpretation, fluid samples, 
heat flux models). Thus, even after all reserves have been produced, the recovery factor will have inherent uncertainty as the 
energy in place is estimated, not measured.  

 
As several hydrothermal systems have been developed, there is a representative historic database that can be called upon 

when making estimates for new analogue geothermal occurrences. However, the same cannot be said for the new generation 
of exploitation concepts (e.g. EGS), and to situations where new technology (e.g. binary/organic Rankine cycle power plants 
for low temperatures) represents the only viable alternative to a field’s development. In fact, the uncertainty in QR and QWH 
varies with the type of resource, how the heat is going to be recovered, and the type of energy use, especially considering that 
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the same resource could be exploited for different uses (e.g. geopressured systems). For EGS systems, the overall risk of a 
project is strongly related to the success of the formation stimulation measures adopted. 

 
As discussed by Williams (2007), the primary method applied in past USGS assessments was the volume method, in 

which the recoverable heat is estimated using a constant Rg of 25% (under the assumption of homogeneous rock properties). 
However, the data from more recent fractured (low in situ porosity and permeability) EGS systems indicate that the Rg is 
closer to 10%, with an approximate range of 5% to 20%. Thus, it is clear that there can be a large uncertainty in estimating 
the recovery factor of less conventional geothermal systems and, as a consequence, a significant risk in assessing the 
recoverable reserves. 

 
In the formulation for the electric power generation potential, which was presented earlier, there appears not only the 

recovery factor, but also the energy conversion efficiency, the power plant capacity factor and the power plant life. Fig. 16 
gives a range of cycle thermal efficiencies for energy conversion as a function of temperature; however, these figures vary 
with the conversion technology adopted. The capacity factor (i.e. the ratio between average load and rated load for a period of 
time) depends on the specific plant design and actual performance requirement – a requirement that may turn out being 
different from that estimated during the plant design stage. Finally, the plant life is strongly dependent on actual plant 
downtime (Fichter et al., 2011) and the economics of the project, and may therefore be subject to revisions on the basis of 
actual plant integrity and energy market.  

 

 
Fig. 16- Cycle thermal efficiencies for energy conversion (MIT, 2006) 
 
 
Overall, the estimate of the electric power generation potential for an identified geothermal occurrence requires averaging 

of static (e.g. porosity, heat initially in place) as well as dynamic (e.g. flow rate, pressure decline rate, temperature decline 
rate) system parameters for a deterministic approach, and an a priori definition of their probability density functions for a 
statistical approach. In both cases, cut-off values will also be chosen for the relevant input parameters, but such values may 
be arbitrary and imply both technical and economic considerations that may be subject to revision over time. 

 
Conclusions and recommendations 
 
Geothermal reporting standards are needed to reduce the investment risk and increase confidence in geothermal 

development. However, standardizing the classification of geothermal resources and reserves remains difficult due to: 
 
different possible types of resources; 
different geothermal energy uses; 
scenario-dependent economics; 
rapid technology advances; 
varying environmental, policy and regulatory constraints.  
 
While recent efforts in this area have led to the publication of relevant guidelines, there remain causes for 

misunderstanding in defining the recovery factor, the conversion efficiencies vis-à-vis a specific development scenario, the 
project lifetime and its sustainability as a function of actual system integrity and associated downtime. 

 
It is recommended that a more integrated approach be taken to standardise an evaluation workflow or procedure, rather 

than a set of definitions that would inevitably be either too rigid or too forgiving.  
 
The integrated approach should consist of a forward cascade of estimates of the uncertainty and risk associated with each 

component of the geothermal system, from the in situ heat resource, through the underground system, to the wells, the 
surface facilities, the electric power plant (where applicable), the power transportation grid (where applicable) and the end-
user for direct heat consumption (where applicable).  
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The process should also establish what cut-offs would be applicable, and where.  
 
Depending on the methodologies and tools used for the estimates (e.g. deterministic vs. statistical; numerical vs. 

analytical), the data available for the analysis (e.g. new prospect vs. producing system) and the energy use expected for the 
project, a systematic subsurface/surface calculations workflow should be set up for each specific scenario.  

 
The workflow should prescribe the input and output parameters required to predict the cumulative heat, energy or power 

recovery vs. time, estimate the uncertainty of the predictions and quantify the overall project risk. 
 
To conclude, the ongoing efforts towards the definition of geothermal resources and reserves are laudable and, together 

with the lessons learnt from the hydrocarbon and mining sector, provide governments and investors with greater confidence 
in geothermal development. It is hoped that more research in this area will lead to the establishment of more structured 
workflows for even greater clarity in the assessment of the worldwide geothermal potential. 

 
 

Nomenclature 
 
Roman 
A – areal extent of the reservoir 
Cr

 – specific heat of the rock at reservoir conditions 
E – power plant capacity 
F – power plant capacity factor 
hsi, hwi – steam and water enthalpies at reservoir temperature 
hwf – water enthalpy at cut off temperature 
L – power plant life 
QR – total stored heat 
QWH – thermal energy that can be recovered at the wellhead 
Rg – recovery factor (fraction of stored heat extracted) 
Sw – water saturation 
Ti – initial average reservoir temperature 
Tf – rejection temperature 
 
Greek 
Φ - porosity 
ηc - conversion factor 
ρr – rock density 
ρsi, ρwi – steam and water density at reservoir temperature 
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