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ABSTRACT

This paper reviews existing methodologies and reporting codes used to describe extracted energy resources such as coal and oil and
describes a comparable proposed methodology to describe geothermal resources. The goal is to provide the U.S. Department of
Energy’s (DOE) Geothermal Technologies Office (GTO) with a consistent and comprehensible means of assessing the impacts of
its funding programs. This framework will allow for GTO to assess the effectiveness of research, development, and deployment
(RD&D) funding, prioritize funding requests, and demonstrate the value of RD&D programs to the U.S. Congress. Standards and
reporting codes used in other countries and energy sectors provide guidance to inform development of a geothermal methodology,
but industry feedback and our analysis suggest that the existing models have drawbacks that should be addressed. In order to
formulate a comprehensive metric for use by GTO, we analyzed existing resource assessments and reporting methodologies for the
geothermal, mining, and oil and gas industries, and we sought input from industry, investors, academia, national labs, and other
government agencies. Using this background research as a guide, we describe a methodology for assessing and reporting on GTO
funding according to resource knowledge and resource grade (or quality). This methodology would allow GTO to target funding or
measure impact by progression of projects or geological potential for development.

1. INTRODUCTION

The U.S. Department of Energy’s (DOE) Geothermal Technologies Office (GTO) uses various metrics to track and measure
impacts of its funding meant to catalyze innovation and private investment. One metric that has been suggested for use in the
GTO’s Hydrothermal Program is a measure of how their portfolio of funded projects impacts the amount of geothermal resources
deemed “available” for development. As an example, using the 2008 U.S. Geological Survey (USGS) geothermal resource
assessment terminology, GTO might look at how funding innovative exploration technology field projects could be used to move
some of the “Undiscovered” resources into the “Identified” category—a category that suggests more knowledge about the area, and
potentially, more confidence and less risk to potential developers. A standard evaluation methodology could aid both in proposal
evaluations and in monitoring project progress and milestones. These metrics could be employed by the GTO to evaluate the impact
of its RD&D funding on furthering the identification, exploration and development of geothermal resources in the U.S. In addition,
the metrics should be comprehensible for industry and non-industry alike so that budget decision makers (e.g. U.S. Congress) can
understand the estimated impacts of funding decisions.

Though we use the 2008 USGS terminology in our example above, the USGS methodology does not provide enough detail to be
able to fully characterize geothermal resources — particularly its reported “Undiscovered” resource — at the project level. The U.S.
geothermal industry has not adopted a systematic methodology for resource reporting at the project level. Australia and Canada
have recently adopted geothermal resource reporting standards, and other natural resource industries (such as mining, oil, and gas)
have standards and terminologies that are used to guide resource assessments. We use these existing standards and guidelines to
inform the development of a framework that best fits the needs of the GTO in reporting impacts of RD&D. Initial efforts are
focused on reporting for hydrothermal systems, but this methodology could potentially be used for other types of projects (e.g.,
direct use, enhanced geothermal systems).

1.1 Role of Reporting Standards

One of the fundamental roles of reporting standards is to increase the comparability and reliability of data reported between the
owner and the user/buyer. Efficient market theory, largely developed by Eugene Fama (1970, 1991), builds on the idea that
inefficient markets are represented by mispricing between the market value and the intrinsic, true value of the item. As a result,
reporting standards increase transparency by reducing information asymmetry. In practice, the efforts of the U.S. Securities and
Exchange Commission “consistently have been based on the idea that the only way to achieve fair, liquid and efficient capital
markets worldwide is by providing investors with information that is comparable, transparent and reliable.” (SEC 2000) We have
received mixed reviews from industry on the usefulness of reporting standards. Industry personnel have noted that codes compare
projects and portfolios in a common way, provide a framework to prompt meaningful questions, and aid in making informed
decisions. However, a code cannot prevent poor decisions.

Nevertheless, the existence of a standard by itself is not effective without industry-wide compliance. As Mueller summarizes in his
discussion paper, “[i]n a voluntary disclosure regime, users of financial statements never know the quality of what is reported, let
alone what remains undisclosed” (pg. 111, Mueller 2001). Thus, market mandates to follow resource reporting standards are critical
to achieving transparent and credible data. SEC mandates the use of its Industry Guides to provide this transparency and
comparability amongst U.S. mining and petroleum companies (White 2013).
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It is this transparency and credible data that GTO is interested in. Government reporting standards, however, are primarily for the
purposes of measuring the value and impact of the funding received, not the investment return or profit. Government entities like
DOE are accountable for the use of resources rather than shareholder interests. Reporting metrics could help stakeholders
understand how resources were used and to what benefit.

1.2 Scope of this Study

In order to formulate a comprehensive metric, we reviewed and analyzed existing resource assessments and reporting
methodologies for the geothermal, mining, and oil and gas industries. Using this analysis and input from industry, investors,
academia, national labs, and other government agencies as a guide, we describe the current status of the methodology that is being
developed for reporting on geothermal resources. The result is a methodology that includes two parts — resource knowledge and
resource grade (or quality). The former measures the progression of projects, and the latter can help GTO identify the geological
potential (and challenges) for development. These data could potentially target RD&D funding to overcome these challenges and
measure the impact.

This study is intended to inform and move toward standardization of the terminology we use within the geothermal industry, but
does not attempt to create a country-wide reporting standard for hydrothermal resources. Concepts presented here have received
preliminary feedback from industry stakeholders and will be further vetted and reviewed by the geothermal community. We plan to
publish a more comprehensive assessment in 2015 in a technical report.

This paper is organized into four parts. First, we analyze concepts, structure, and terminology of natural resource codes developed
by financial markets and industry groups internationally, and propose a structure for classifying projects based on knowledge of the
available resource (project progress). Second, we discuss the concept of resource grade — first reviewing how resource grades have
been developed for other resources (e.g., solar, minerals), and then proposing a structure for reporting geothermal resource grades
at the project level. Third, we discuss standardizing the reporting of resource size. Finally, we discuss how these parts can be used
together for reporting in different ways, as is needed for GTO’s project portfolios.

2. RESOURCE REPORTING CODES: CONCEPTS, STRUCTURE, AND TERMINOLOGY

We started our analysis by reviewing recent literature on the classification of geothermal (and other resource) systems. We found
that these classification systems could be grouped into four categories:

1.  Geologic Setting — the classification of geothermal (or oil and gas) systems into groups (sometimes called “Play Types”
or “Occurrence Models”) based on their geological characteristics. Geothermal examples include: Brophy Occurrence
Models (Brophy 2007), Moeck-Beardsmore Play Types (Moeck and Beardsmore 2014; Moeck 2014), and Faulds
Structural Controls (Faulds et al. 2011).

2. Project Progress — the classification of projects based on progress. Examples include the U.S. Geothermal Energy
Association’s Terms and Definitions (2010), the Australian and Canadian Geothermal Reporting Codes (AGEG 2010,
CanGEA 2010), and the United Nations Framework Classification (UNFC) System (UNECE 2013).

3. Resource Grade — the classification of geothermal (or other resource) based on its inherent physical properties.
Geothermal examples include classifications by temperature (e.g., Sanyal 2005). Examples of other resource grades
include those for mining (e.g., ASTM 1998; Mitchell 2014) or for petroleum (e.g., EIA 2012).

4.  Resource Size — the classification of systems based on their size. As an example, the USGS 2008 Geothermal Resource
Assessment (Williams, et al. 2008b) reported U.S. geothermal resources in terms of mean MWe using what the authors
cite as the “volume method.” Others have used different methods for calculating resource size (e.g., MIT 2006).

For this study, we do not propose any new terminology or classification methodologies based on geologic setting. This paper
focuses on the development of a classification system for only two of these: project progress (in this paper we focus on a subset,
Resource Knowledge) and resource grade. To measure DOE’s progress in geothermal RD&D, we propose a reporting structure
that captures both of these concepts. While the former addresses the concept of measuring the movement of projects forward, the
latter addresses a second GTO need: the ability to identify challenges to geothermal development and quantify the influence of
these challenges on the U.S. geothermal potential. These data could then be used to target RD&D funding to overcome these
challenges, and measure the impact of the funding in overcoming the barriers.

Future efforts in this initiative will also focus on a standard methodology for reporting resource size. In the interim, this study
suggests how the three systems of resource knowledge, resource grade, and resource size can be used together to develop RD&D
goals for GTO.

2.1 Project Progress: Geological Knowledge

As a first step in selecting appropriate terminology for indicating geological knowledge, we start with a comparison of extractive
resource reporting standards that indicate project progress. A list of some of these standards is provided in Table 1. While methods
to consistently compare and report petroleum and mineral resources exist in the U.S. today, no such method yet covers U.S. (or
international) geothermal resources.

Geothermal resource potential has commonality with both solid- and liquid-extracted resources, but important differences exist.
One essential distinction is that a geothermal resource consists of the extraction of thermal energy from the earth, which is “mined”
through the circulation of a working fluid through the hot rock mass. Thus, it cannot be assessed as a simple volumetric extraction
of hot fluids from this rock: as fluids are recycled through the rock mass to extract more thermal energy, the heat is gradually
replenished through regional heat flow.



Table 1: Summary of Selected Reporting Standards for Extracted Energy Resources

Reporting Standard Title

Author

Location
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Financial Reporting

Minerals (Coals, Industrial Minerals, Gemstones)

Standard? *

International Reporting
Template1

Committee for Mineral Reserves
International Reporting Standards
(CRIRSCO)

Select countries:
Australia, Canada,
Chile, Europe, Russia,
South Africa, United
States

All except U.S.

SME Guide for Reporting
Exploration Results, Mineral
Resources, and Mineral
Reserves’ (2007, 2014-draft)

Society for Mining, Metallurgy and
Exploration (SME)

United States

No — U.S. Securities
and Exchange
Commission (SEC)
Industry Guide 7

Uranium

Uranium - Resources, International Atomic Energy Association International No
Production and Demand “Red | — OECD Nuclear Energy Agency (NEA)

Book”?

Oil and Gas

Petroleum Resource Society of Petroleum Engineers (SPE) International No (optional)

Management System (PRMS)4

American Association of Petroleum
Geologists (AAPG)

World Petroleum Council (WPC)
Society of Petroleum Evaluation
Engineers (SPEE)

Society of Exploration Geophysicists
(SEG)

SEC Industry Guide 2

Classification of Oil and Gas Russian National Resource Ministry Russian Federation Yes
Fuel Reserves and Resources®
Geothermal
Australian Code for Reporting | Australian Geothermal Energy Group Australia No
Geothermal Resources and (AGEG)
Reserves® Australian Geothermal Energy
Association (AGEA)
Canadian Geothermal Code’ Canadian Geothermal Energy Canada No
Association (CanGEA)
Indonesian Geothermal Indonesian Taskforce for Accelerating Indonesia No
Reserves Classification® Investments in the Geothermal Sector
Geo-Elec Methodology of Intelligent Energy Europe (IEE) Europe No
Resource Assessment °
Geothermal Reporting Terms Geothermal Energy Association (GEA) United States No
and Definition for Reporting
Resource Development
Progress and Results™®
Multiple Resources
United Nations Framework United Nations International No

Classification (UNFC) System

" CRIRSCO 2013. > SME 2007. * OECD-, NEA and IAEA 2012. *SPE et al. 2011. *Novatek 2014. * AGEA-AGEG 2010. " CanGEA 2010. ®
Brophy 2012. ° van Wees et al. 2013. '° GEA 2010.
* Standard is required by governments or exchanges for financial reporting of resource holdings. Applies to the markets/exchanges in the listed

location(s)

2.1.1. Discussion of Geothermal Reporting Standards

The two current reporting standards for geothermal resource development (in Australia and Canada) build upon the foundation of
the CRIRSCO International Reporting Template, including terminology, with minimal adjustments. In contrast, the IEE voluntary
reporting standard is more akin to a standardized methodology for calculating geothermal resource potential — a combination of a
standardized heat-in-place calculation and the calculation of the project’s levelized cost of energy (LCOE) (van Wees et al. 2013).

The Geothermal Energy Association’s description of project development phases is a multi-criteria approach to categorizing
projects in the U.S. focused solely on the progress of the development (GEA 2010). In other words, the outcome of this standard is
a “Phase” categorization only - not the expected size of the resource, the quality of the research itself, or the uncertainty in the
estimates. This voluntary standard indirectly incorporates economic viability by requiring financial viability (such as the existence
of 'a PPA) to reach advanced phases.


http://geo-energy.org/pdf/NewGeothermalTermsandDefinitions_January2011.pdf
http://geo-energy.org/pdf/NewGeothermalTermsandDefinitions_January2011.pdf
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2.1.2. Resource Reporting Integration within International Frameworks

It is useful to our discussion to describe, in general, the UNFC System developed by the United Nations, as this helps to constrain
our discussion of project progress to resource knowledge. The UNFC System (UNECE 2013) listed in Table 1 was created as a
way to map other reporting standards into a consistent framework for comparison of extracted natural resources. As shown in
Figure 1, “bridging documents” have been written to map each resource standard (e.g., PRMS, CRIRSCO) into the UNFC System.
There is growing interest in including geothermal in the UNFC system (Falcone et al. 2013, Falcone 2015).

Although the General Specifications state “application of UNFC-2009 requires reference to a Bridging Document for the relevant
commodity- specific specifications” (UNECE 2013), a new protocol is being developed for renewables by creating technology-

specific specifications, which would feed into renewable specifications, which in turn feed into the general specifications and then
into the UNFC-2009 itself.

PRMS Reporting
(Petroleum)
| \
I ) | Bridging UNFC
| | | Document
1

CRIRSCO Reporting
(Mining) Bridging General
Document [ | Specifications

J

S0 eomamic viabity

Renewable
Specifications

Geothermal
Specifications

Figure 1: Diagram depicting the directionality of information between the UNFC System for extracted resources and individual
resource reporting standards. It also shows the new protocol for incorporating renewables by developing specification documents
rather than bridging documents.

Inspired by the UNFC System, we use three similar categories to define project progress (displayed on a 3D project grid, Figure 2),
and an associated grade (displayed on polar area diagrams).

Project progress and grades for the technical and socio-economic categories have not been developed as a part of this GTO resource
reporting effort to date (December 2014). Their development, however, will be useful for measuring impact for other RD&D
project goals, and are planned for development in 2015. Using this structure, we could describe projects in terms of barriers that
DOE may be trying to address and quantify the impacts of RD&D in overcoming these barriers.

For example, permitting has often been cited as a barrier to geothermal development. Permitting aspects are reflected in the socio-
economic category. Hypothetically, one could report:

1. Socio-Economic Progress — how far along is the project in social, economic, and legal aspects? (i.e., “Uncertain” -
“Secured,” as shown in Error! Reference source not found.), and

2. Socio-Economic Grade — what are the characteristics of the project that make it easy or difficult to develop? (i.e., is the

resource located in a national park? If so, it is not likely to ever progress along the project’s Socio-Economic Progress
Axis).
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S4: Commercial

$3: Likely

3-0120§

S2: Feasible Resource

Size

JII0uU0d

S1: Uneconomical /
Uncertain

Figure 2: Graphical depiction of the 3D project progress grid. A project would be represented by a cube within the framework.
The project cube would move within the larger framework, either forward or backwards (e.g. if a developer loses a PPA, the project
may move backwards along the Socio-Economic axis) along the three axes. The project’s estimated size could be represented in
the project cube.

2.2 Comparison of Terminology

Development of GTO metrics requires consideration of the current definitions, including appropriate refinement, and the common
usage of these terms. The next step in our analysis, therefore, was to try to align current geothermal terminology from the several
systems. In Table 2, we provide a comparison of terms and definitions used by other reporting systems. To align these terms, we
used specific activities conducted during geothermal development. We use dark grey boxes to indicate these activity threshold
levels, but note that these terms from other systems do not align precisely across table columns. This lack of alignment is caused
by broad definitions that include varying levels of progress along the three different axes; they are not isolated to geological
progress. We use red shading in Table 2 to indicate that the terminology goes beyond geologic definitions and includes some
technical and socio-economic factors as well.

We used the remaining terms to propose terminology for the geological progress axis. Our proposed terms are shown on the left
(Undiscovered, Inferred, Measured, Tested, Examined). The green shaded boxes indicate existing terminology in relative
agreement with proposed terminology. These proposed terms are arranged (from bottom to top) in order of increasing resource
knowledge (Proposed Terms, Table 2), and would describe moving along the geological axis from left to right.

These levels and associated criteria are not prescriptive “recipes” for conducting geothermal exploration, nor are they meant to
suggest any required techniques or activities. Not all projects will go through each phase. For example, some developers may
choose to skip drilling of slim holes or core holes at a given location. The area, therefore, would never be classified as “Measured.”
The levels are meant to provide a framework for communicating information about project locations in a consistent manner. GTO
can use these reporting terms to better understand the status of the projects in its portfolio — both before and after the RD&D has
been implemented — and can evaluate the impact of multiple projects.

We are in the process of developing draft criteria and a full glossary of terms for each of these phases and plan to revisit
terminology and criteria through significant forthcoming reviews with geothermal stakeholders.

2.2 Resource Quality — Geothermal Grade

Quality grades provide a means to communicate the potential economic value of an energy resource. We have accepted means for
grading quality of industrial minerals, ores, and gemstones; conventional energy feedstocks, such as coal, gas, and oil; and
renewables, such as solar and wind. Criteria for assessing the quality of geothermal resources have not been codified into accepted
reporting standards, though they do exist informally (Sanyal 2005).

Very few of the standards we reviewed report the quality of the resource, although this information is important to understanding
the potential for development. For example, a larger low-temperature geothermal system and a small, high-enthalpy system could
potentially have the same estimate of useable energy with the same confidence intervals, but these systems would have different
(though possibly both economically viable) potential for commercial development.
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Table 2: Comparison of terms for various reporting systems and proposed terms for the GTO reporting system. (Dark grey boxes indicate activity threshold levels, green boxes indicate existing

terminology common to that proposed; red boxes indicate that the existing terminology goes beyond geologic definitions and includes some techno-economic implications as well.)

Identified

Proposed Terms

Examined

Tested

Measured

Inferred

Field testing and sampli

Undiscovered

Drill first full-size
diameter well

ing

“Proved”

(no formal definition)

ultiple wells

“Probable"

(no formal definition)

Drill slim hole, core hole

“Possible” — Deposits

whose existence is

known for at least one

exposure

“Undiscovered”
(no formal definition)

Confirmed

Undiscovered

GS
Circular 831 (19:

“Measured” - Quantity is computed
from dimensions revealed in outcrops,
trenches, workings, or drill holes; grade
and/or quality are computed from the

results of detailed sampling. The sites
are spaced so closely and the geologic
character is so well defined that size,
shape, depth, and mineral content of
the resource are well established.

Demonstrated

“Identified”
Unspecified concentrations of geothermal energy known and characterized by drilling and/or by geochemical, geophysical,

“Indicated” — Quality and/or grade are
computed from information similar to
that used for measured resources, but
sites are farther apart or otherwise less
adequately spaced. Degree of assurance
is high enough to assume continuity
between points of observation.

“Inferred” — Estimates based on assumed
continuity for which there is geologic
evidence; may or may not be supported by
samples or measurements.

“Hypothetical” — Undiscovered materials that
may reasonably be expected to exist under
analogous geologic conditions

USGS

Circular 790 & 2008 Assess

and geologic evidence.

“y

“Producing” - The reservoir is
currently generating electric
power.

“Confirmed” — The reservoir has
been evaluated with a successful
commercial flow test of a
production well.

No direct correspondence — jump
from no well tests to commercial
production wells.

“Potential” — There are reliable
estimates of temperature and
volume for the reservoir but no
successful well tests to date.

No direct correspondence — jump
from “broad theory” to “reliable
estimates.”

ed” — Concentrations of

“Speculative” — Undiscovered materials that
may occur in known types of deposits in
geologic settings where no previous
discoveries have been made or in as-yet-
unknown types of deposits that remain to be
recognized.

geothermal energy surmised to exist on
the basis of broad geologic knowledge and

theory.

PRMS
(SPE et al. 2011)

“Proved Reserve” — High
confidence in the commercial
producibility of the reservoir
as supported by actual
production or formation tests.

"Discovered" — One or more
accumulations that has
demonstrated a ‘significant
quantity of potentially
moveable hydrocarbons.’

"Prospect"” - A project
associated with a potential
accumulation that is
sufficiently well defined to
represent a viable drilling
target.

"Play" — A project that
requires more data
acquisition and/or evaluation
in order to define specific
leads or prospects.

“Undiscovered” — That
quantity of petroleum
estimated, as of a given date,
to be contained within
accumulations yet to be
discovered.

Australian Geothermal Code
(AGEA and AGEG 2010)

“Proven Reserve” — A drilled and
tested volume of rock within which
well deliverability has been
demonstrated and commercial
production for the assumed
lifetime of the project can be
forecast with a high degree of
confidence.

““Measured” — Demonstrated to
exist through direct measurements
that indicate at least reservoir
temperature, reservoir volume,
and well deliverability, so that
Recoverable Thermal Energy can
be estimated with a high level of
confidence..

“Inferred” - Resource for which
Recoverable Thermal Energy can
be estimated only with a low level
of confidence.

No direct correspondence.

othermal Reserves
n (Brophy 2012)

“Proven Reserves” — Evidenced by more
than one successful exploratory well.
Estimates of potential energy use a
reservoir simulation combined with the
volumetric method.

“Probable Reserves” — Evidenced by a
successful exploration well. Reservoir
area and thickness are obtained from
wells and from the results of a detailed
investigation of integrated geosciences.
Estimates of potential energy through
volumetric methods.

“Possible Reserves” — Size and
thickness of reservoir, rock, and fluid
physical parameters are estimated
based on geoscience data that is
described in detail through an
integrated tentative model. The formula
estimates the potential energy used
through volumetric methods.

“Hypothetical Resource”- Indicated by
active geothermal manifestations and
basic data as the results of regional
geological, geochemistry, and
geophysics surveys. Estimation of
potential energy is formulated by using
the volumetric method.

“Speculative Resource” — Characterized
by active geothermal manifestations.
Estimation of potential energy is carried
by the comparison method.
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Revisiting the USGS example, the study reports that approximately 80% of the 240 identified areas have reservoir temperatures less
than 150° C (Figure , Williams et al. 2009). This type of information is critical in creating an accurate snapshot of resource
potential.

~80% of systems = 90 to 150°C
~20% >150°C

0
100 150 200 250 300 350

Temperature ("C)

Figure 3: Estimated reservoir temperature distribution of 240 USGS identified geothermal resource areas (Williams et al. 2009).

2.2.1 Resource Quality Classifications

Qualitative metrics of resource quality frequently describe the resource in terms of a quantitatively defined class (Table 3).

e  For wind, the ordinal classes are based quantitative calculation of wind density, capacity factor, and other factors.
e  Solar resources are graded by insolation, radiation, and capacity factor.

e  Uranium uses ordinal terminology to grade ore according to percentage content of uranium.

e Coal industry reports quality using both grade and rank. “Grade” refers primarily to the physical and chemical quality of

the ore and is reported in terms of the percent carbon content. “Rank” describes the physical and chemical maturation of
the ore, from lignite (lowest carbon, least mature) to anthracite (highest carbon, most mature). There is also a measure of
sulfur content.

e Oil does not have a formal system for quantifying quality; but the industry does describe crude oil quality using grade

terminology. Sulfur content ranges from sweet to sour, and density ranges from light to heavy.

Resource

Wind !

Quality
System(s)

Wind Power
Class

Unit of Comparison

Unit-less value
(1to7)

Factors Used to

Determine
Quality
W/m?*

Table 3: Comparison of Quality Standard Components for Selected Energy and Extractive Resources.

Components

Wind speed and air density (adjusted
for elevation, pressure, and
temperature)

Qualitatively evaluated/adjusted for
effects/evidence of topographic
features

2
Solar

Insolation

kW/m?

none

Hourly radiance images from weather
satellites

Daily snow cover data

Averages of atmospheric water vapor,
trace gases, and the amount of
aerosols in the atmosphere

Radiation

kW/m?

none

Solar radiance

. 3
Uranium Ore

Grade

Terminology
(low to extra high grade)

Ibs eU505 / ton
and/or percent

Volume of ore (area and thickness)
Specific density of ore

7
Coal

Grade: degree
of impurities
and calorific
value

Terminology (standard to
ultra-high)

Percent weight
carbon

Useful heat value

Ash + moisture content (from
measured moisture, ash yield, mineral
matter, total sulfur content), and/or
Gross calorific value (from of heat of
combustion)
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Quality Factors Used to
Resource Unit of Comparison Determine Components
System(s) .
Quality
Rank: degree of | Terminology (lignite to Multi-factor: e Carbon content (adjusted to remove
maturation anthracite) e % fixed carbon moisture and mineral matter content)
(metamorphism e % volatile e % volatile matter (adjusted to remove
or coalification) matter moisture and mineral matter content)
e BTU/Ib or e Gross calorific value (adjusted to
MJ/kg remove mineral matter)
Crude Oil° Terminology (heavy to API gravity e Qil density
light)
Terminology (sour to % content sulfur | e Sulfur content
sweet)

"Elliot et al. 1986. NREL 2013. * Campbell et al. 2008; Jet West Geophysical, n.d. * ASTM 1998; Mitchell 2014. > EIA 2012.

2.2.2 Composing a Geothermal Quality Grade: Geological Attributes

We propose here geological grades based on four attributes: temperature, volume, permeability, and fluid availability. Temperature
and volume of the reservoir are relatively standard characteristics for measuring quality. Permeability of the reservoir formations is
also important because it affects the accessibility and potential recovery of available energy (Williams 2007). The fluid availability
and recharge rate of a reservoir can impact its useful lifetime and the effort required to transport heat from the reservoir.

Additional attributes for the Technical and Socio-Economic categories are planned for development in 2015. For example,
technical attributes may include things such as drilling and fluid chemistry. The chemistry of these reservoir fluids is important:
low pH fluids can cause corrosion, high salinity fluids can cause mineral precipitation, i.e. “scaling,” and mitigation measures for
either may affect profitability. The quality of any one of these attributes may significantly influence the economic barriers
associated with development and operation. Low grades are not always a negative, though. For example, those interested in using
hydrothermal fluids for mineral recovery would view the chemistry ranking differently than those who prefer more benign and
dilute geothermal fluids.

Quality values like these can assist in evaluating geothermal resources. Confidence in the quality values can be increased with
understanding of (1) the activity (e.g. use of an exploration technique) used to determine the measure and (2) how effectively the
technique was implemented. For example, Projects A and B may both be reported as large, high-temperature systems, but Project A
used geothermometry to derive its conclusions, and Project B has a single temperature measurement from one well. It might be
assumed that Project A has less accurate data. The accuracy of geothermometry temperature estimates can depend on basic
corrections and sample checks, such as corrections for mixing or boiling and a check of the cation and anion balance. However, if
the downhole temperature measurement for Project B was taken immediately after drilling, rather than after the temperature in the
well equilibrated, then that data, too, may be inaccurate. Reporting a measured downhole temperature without this knowledge of the
effectiveness of the execution may provide a false sense of accuracy. Therefore, we consider both the activity and the execution of
the technique to be integral to understanding estimates of resource quality. We also consider that exploration techniques appropriate
for one type of geothermal system may not be appropriate for other systems (e.g., IGA 2014), so we avoid a prescriptive approach
for exploration development.

This paper attempts to set out a logical framework to consider and combine these attributes systematically. Our ongoing work will
(1) identify the most critical attributes to report, (2) evaluate the accuracy of exploration techniques for obtaining values for these
attributes, and (3) create protocols for evaluating the diligence of the execution of the techniques.

2.2.3 Framework for Attribute Grades

To evaluate each attribute (e.g., temperature, permeability) systematically as described, we developed three indices—character,
activity, and execution. Just as each attribute is assessed independently from others for the purpose of the framework, these indices
are also independently evaluated for each attribute. Though not yet developed at the time of the completion of this paper (December
2014), plans for future work include the development of specific criteria for the value (e.g., A-E) of each index (character, activity,
and execution), so that there would be no ambiguity in the assigning of values for each attribute grade. As an example, we use
preliminary, unvetted details for the temperature attribute (e.g., Sanyal 2005; Williams et al. 2011) to illustrate this framework, as
shown in Table 4.
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Table 4: Proposed component indices standardizing the assessment of geothermal resource temperature.

(c)

Execution Index

(a)

Character Index

(Estimated Temperature)

High-temperature two-phase

(b)

Activity Index

Measured temperatures:
downhole temperature

(Example: Subsurface Temperature Probe

Readings)
Probe allowed to equilibrate

Cuttings and/or geophysics confirms

A| >300°C liquid-dominated OR high R measurement within the reservoir (i.e.,
enthalpy vapor-dominated probe readings (well(s) d hole al i i |
Py vap drilled into reservoir) ownhole alteration mineralogy
consistent with reading)
Two-phase liquid-dominated N
systems: Prob.e allowed to eqwllb.rate
B 230- - high temperature, high Extrapolated temperatures: Cuttings and/or geophysics have not
<300°C enthalpy TGH/well(s) not drilled into confirmed measurement within the

- moderate- temperature,

reservoir reservoir (i.e., downhole alteration

moderate enthalpy mineralogy not consistent with readings)

* Probe not allowed to equilibrate
Moderate to low temperature,

150- Geothermometry (reservoir * Cuttings and/or geophysics have not
C N moderate to low enthalpy C . C . .
<230°C L brines) confirmed measurement within the
liquid-only systems .
reservoir
e Results taken from previous third-party
Geothermometry §fluid studies of the area (either literature or
D 90-0 Low temperature systems D .(|mma.ture Or MIXed Tiuids, D contractors) with little or limited
<150°C inconsistent results inf . hod
between geothermometers) information on survey methods,
replication, or error
e Assumed from studies of analogous
E| <90°C | Verylow temperature systems E | Regional heat flow data E geothermal settings or extrapolated from

studies of nearby areas

The first index, the character index, is used to describe the attribute itself. For example, a resource with a high temperature may be
given a temperature character index of A, while a resource with a low temperature would be assigned a temperature character index
of E, as shown in Table 4(a). However, without any indication of how the attribute’s character was actually determined, the
accuracy of any character index is unknown.

In proposing an activity index (e.g., Table 4(b)), we developed a qualitative grade of activities (in this case, exploration techniques)
appropriate for each attribute from any combination of accepted geochemical, geophysical, and/or remote sensing techniques. Each
of these techniques is given a grade on the basis of its appropriateness for estimating the given attribute. For example, temperature
measurements from thermal gradient holes provide a different set of assumptions and limitations than silica geothermometers but
are likely to provide a closer measure of deep temperatures than would uncorrected silica geothermometry measurements using
fluids where silica has precipitated prior to sample collection. Thus, thermal gradient hole measurements would be assigned a
higher activity index grade than the silica geothermometer to represent the higher degree of confidence in the accuracy of the
temperature estimate. We expect that exploration programs will use more than one activity for estimating an attribute’s character,
and therefore, we anticipate that the criteria developed will accommodate such combinations.

The execution index compares the diligence with which any given activity was executed. For example, results of sulfate-water
oxygen isotope geothermometry could show little variation in resulting temperature with few outliers, suggesting high confidence
in the results, but these results could be impacted by shifts in the oxygen isotope compositions of the water and/or the sulfate
caused by processes such as boiling, dilution, and bacterial activity (e.g., McKenzie and Truesdell 1977), which would render these
results to be less reliable. In this case, a moderate value of the execution index could be assigned to represent this mixed confidence
in the geothermometry conclusions. A second example of an execution index for temperature probe readings is shown in Table 4(c)

One way to visualize resource grades is via a polar area chart (or rose diagram) (Figure 4), where each quadrant represents one of
the four attribute grades and is subdivided to show the values for the character, activity, and execution indices. The diagram allows
one to quickly assess the strengths and weaknesses of an area by scanning the darkly shaded wedges. In the illustrative example
shown in Figure 4, the temperature and volume resource grades of the reservoir are high, the permeability is about average, and the
fluid availability is low. By reviewing the lightly shaded areas, one can get a glimpse of the certainty of these values and understand
where more work may be needed to better understand the geothermal system. In the context of GTO’s need for metrics, the rose
diagrams can be used to understand RD&D impacts at a particular location, showing how the information for a given area has
changed in response to the results of funded projects.
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Figure 4: Example visualization using a polar area chart of the four geological attribute grades for an illustrative location. Each
quadrant represents a different resource attribute and is subdivided to show the character, activity, and execution index values. The
darkly shaded wedges indicate the grade of the four geological attributes, while the lightly shaded wedges indicate certainty
(activity and execution).

2.2.4 Comparing Resource Grades

The proposed grading system gives each attribute a rating on a scale of A-E, with A being highest. However, some business models
or plant designs may target grades lower than A for some or all of the attributes. Examples are given below:

e  Some developers may be targeting average temperature resources (Temperature Grade = C) and poor fluid chemistry
(Fluid Chemistry Grade = D-E) to take advantage of secondary mineral recovery potential from the geothermal brine.

e Near-field resources (resources located near operating plants) may have high temperatures but low permeability and/or
fluid and may be candidates for the application of enhanced geothermal system (EGS) techniques.

e A very high-temperature resource does not necessarily need to have a large volume to be economical for some business
models; in fact, a small- or average-size, high-temperature resource could be a viable target.

As these examples indicate, each developer must evaluate which grades are appropriate for their target business model. Resources
with all attribute grades equaling A rarely exist.

Figure 4 displays the grade and certainty in a specific location. Figure 5 compares resource grades in multiple locations. In this
graphic, the volume attribute is represented by the size of the circle; the temperature attribute is represented by the color of the
circle; the permeability attribute is indicated on the x axis; and the fluid availability attribute is indicated on the y axis. In the center
of the circle, one could indicate the estimated MWe.

Geological Grade:
Temperature, Volume, Permeability, & Fluid Availability
S} QO Temperature=A
50 MW Temperature =B
A Temperature = C
Temperature =D
B
50 MW Q Temperature =E
=
Sc
(TR
Volume = A
D Volume =B
Volume = C
Volume =D
E Volume = E
E D C B A
Permeability

Figure S: Illustrative figure for displaying the geological grades for multiple project areas. Each geothermal project is indicated on
the graph using a circle. The temperature attribute is indicated by color; volume attribute is indicated by the size of the circle;
permeability and fluid availability attributes are indicated by the circle’s position on the x and y axes.
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2.3 Resource Size

For reporting both resource grade and project progress, estimates must be made of resource quantity (e.g., number of BTU or
MWe), which will allow reporting at both the project level and the cumulative portfolio level. It is important, therefore, to establish
a methodology for estimating this value for each resource area. For example, the USGS, in its 2008 U.S. geothermal assessment of
the United States, reported a mean of 9 GWe of identified geothermal power generation potential, and quantitatively reported
uncertainty using 5th and 95th percentile values developed through Monte Carlo simulations (Williams et al. 2008b).

In the USGS example, their reporting of resource size was broken into two complimentary assessments: a level of knowledge (a.k.a.
project progress) and a level of certainty. As increased knowledge of the geothermal system is gained (e.g., with additional
exploration activities up to and including the drilling of production wells), the margin of error is likely to decrease, increasing
statistical confidence. This type of structure was used by the USGS in its most recent 2008 assessment of U.S. geothermal resources
(Williams 2008b), as shown in Table 5, in which “undiscovered” resources are “unspecified concentrations of geothermal energy
surmised to exist on the basis of broad geologic knowledge and theory” (Muffler and Guffanti 1979). In contrast, Muftler and
Guffanti (1979) define “identified” resources to be “specific concentrations of geothermal energy known and characterized by
drilling or by geochemical, geophysical, and geologic evidence” (p. 58). Based on comments from multiple industry professionals,
drilling is viewed by the geothermal industry as the only reliable means of confirming resource discovery (personal communication,
July— September 2014). This matrix reporting approach has the potential to improve the consistency and transparency of reported
resource estimates.

Table 5: Example of reporting matrix quantifying resource knowledge and certainty:
2008 USGS Geothermal Resource Assessment of the United States (Williams et al. 2008b).

Level of Certainty ‘

Ps Pso Pos
Level of Identified 16.5 GW, 8.4 GW, 3.7 GW,
Knowledge
(Geological
Knowledge) Undiscovered 73.3 GW, 23.7 GW, 7.9 GW,

Figure 6 shows our proposed expansion of resource knowledge (as described above) and provides a visual representation of the
standard error of a resource size estimate. This error should be inversely related to the level of information. Early estimates of
potential capacity are only estimates; for the purposes of resource reporting, it may be more useful to consider qualitative low,
medium, and high estimates for undiscovered resources rather than more quantitative Ps and Pys estimates. Further work in this
study will aim to standardize how resource size is reported to GTO when applying for funding applications and in close-out
reporting in order to reduce subjectivity in reporting.

Level of Certainty

Proven P5 - P50 - P95
Confirmed

Demonstrated

Identified

Potential

Inferred

e._
£
(]
13
o
[2]
8/
L)
£

Level of Resource Knowledge

Undiscovered Low — Med — High

Figure 6: Diagram representing the expected relationship between level of resource knowledge and level of certainty. As
information about a geothermal resource increases, certainty in the resource estimate increases and standard error decreases. At
early stages of exploration, when little data are available, certainty may more accurately be reflected using qualitative terms, such
as low, medium and high estimates. As more data are gathered, these estimates may be quantitatively estimated using Ps, Ps, and
Pys resource size estimates.

2.3.1 Developing Resource Estimates

The quantity of recoverable heat for a geothermal resource is typically calculated in early stages of project development using one
of two methods: the USGS heat-in-place volume method (Williams et al. 2008a), or a method developed by Massachusetts Institute
of Technology (MIT 2006). The two methods use different assumptions on the extraction of heat for power generation. In both
methods, the volume of recoverable heat in the reservoir is calculated as the quantity of thermal energy that can be extracted from a
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uniformly porous and permeable rock given a thermal recovery factor. The USGS calculation assumes the entire reservoir could
potentially be extracted and cooled to the reference temperature, and the hurdle is the resource’s recovery factor and the plant’s
utilization efficiency (Williams et al. 2008). MIT assumes that 1) because power plants are specified for only a narrow temperature
range, the reservoir will lose economic value and will be abandoned if it falls out of the useful temperature range, and 2) the use of
a plant’s thermal efficiency better estimates the reinjection temperature of waste heat (MIT 2006).

As more information is gathered at a geothermal location, conceptual and numerical reservoir models are typically constructed,
integrating multi-dimensional reservoir characteristics. Information obtained through increased field observations permits
calibration of the reservoir model using well flow test data, which helps to improve the accuracy of these models. Significant long-
term testing is required to properly calibrate these models. As an example, a volume method could be used to estimate an
undiscovered or inferred resource during the early phases of exploration, but a numerical reservoir model constrained by extensive
well test results would be required after resource discovery and confirmation through drilling. Confidence intervals, then, would
likely be more deterministic (low, medium, high) during the early phases, and would become probabilistic (Pyg, Psy, Pgg) as
reservoir models are developed that could provide statistical distributions of possible outcomes.

For estimating the range of values in these resource models (whether measured or assumed defaults), Monte Carlo analysis a typical
analytical method to determine the likely distribution of these parameters, and are widely used in both geothermal and other
resources (SPE et al. 2011; Williams et al., 2008a). Sufficient information to complete these scenarios is critical to defining clear
statistical confidence intervals, and thus also the “levels of certainty” proposed by this framework.

Future work on this study includes development of a protocol for estimating resource potential at different phases of project
development.

3. USING RESOURCE KNOWLEDGE AND GRADES FOR PORTFOLIO REPORTING
The resource knowledge terminology introduced in Section 2 can be used in a number of ways as a metric for GTO. For example:

e  The program can report the number of projects (or MW) it is funding at each level (from Table 3, e.g., undiscovered,
inferred, potential).

e  The program can target barriers with its RD&D funding and report movement of its funded projects (in number of
projects or MW) across a given activity threshold (see Table 3).

e  The program can use these metrics to evaluate applications, requesting that applicants explain how the proposed activity
will impact a particular geothermal area, or a proposed technology improvement will help other projects to move across
thresholds more quickly or with less cost or risk.

e  The program can then use the above metrics as one measure of project and portfolio success — did the projects succeed in
the proposed measurable outcome?

While the rose diagram (Figure 4) for individual resource areas can be used to report RD&D impacts for a particular area, the data
need to be aggregated to report grades for GTO’s portfolio of projects. For each goal or target, GTO can select a set of grades to
report. For example, creating a table comparing temperature and volume, for all areas with permeability above C. This concept
expands on Figure 1, which shows the temperature distribution of the USGS identified geothermal resource base. The projects in a
portfolio could then be added together. The results might look something like Table 6, which reports a portfolio of (in this case,
illustrative) projects. Each cell reports total MW and the number of projects (reported in parentheses). For example, there are five
projects totaling 500 MW with a temperature and volume grades of “a”. The data in the table can be summed vertically to look at
resources based on volume grades or horizontally to look strictly at temperature grades. For example, the illustrative data show 3.6
GWe of high-volume-grade resources, spanning all temperature ranges; the data also show 1.2 GWe of high temperature resources
(spanning all volume grades).

Table 6: Using resource grades for portfolio reporting.

Volume
Grade
Temp
Grade
A 500 (5) 200 (2) 300 (3) 100 (1) 10(1) 1,110 (12)
B 1000 (25) 400 (10) 720 (30) 440 (20) 200 (15) 2,760 (100)
C 800 (40) 640 (32) 620 (57) 400 (80) 220 (15) 2,680 (224)
D 1,150 (114) 410 (130) 200 (115) 310 (164) 90 (5) 2,160 (528)
E 165 (55) 42 (30) 111 (90) 42 (66) 0(0) 360 (241)
TOTAL 3,615 (239) 1,692 (204) 1,951 (295) 1,282 (334) 610 (36) 9,160 (1108)

The program can use the resource knowledge levels and the resource grades in reporting on projects across its entire GTO
portfolio—both before and after RD&D funding. It could also be applied to a subset of projects—perhaps only to hidden or blind
systems or only to enhanced geothermal systems (EGS) to look at various subsets of the portfolio.

6. CONCLUSIONS

This paper sets the foundation for a set of metrics that can provide a comparable basis for the identification, exploration, and
development of geothermal resources. When completed, these metrics could be used by GTO’s Hydrothermal Program to evaluate
the impact of RD&D funding on the basis of potential or actual production, and also according to developmental barriers that the
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funding helped reduce. The metrics can be used to inform the program and those they report to: Congress and the public. However,
these will not be the only metrics GTO uses in determining project impact and success. Additionally, in each round of funding, it
will be important to evaluate the successes and failures and to develop lessons learned so that future funding opportunities can
continue to improve their implementation effectiveness.

We have developed a system of reporting the progress of a geothermal project and the grade of a geothermal area. , It is useful to
characterize additional aspects of project progress and research, using similar, symmetrical progress and grading systems for
technical and socio-economic parameters.

Ideally, these proposed metrics of geothermal resource knowledge and quality will create comparable, measureable milestones for
geothermal project evaluations, increasing transparency into the impact of GTO funding on strategic goals and aiding both the GTO
and decision makers outside the geothermal industry.
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