THE NATIONAL ACADEMIES PRESS
This PDF is available at http://nap.edu/25141

SHARE

   

Future Directions for the U.S. Geological Survey's Energy
Resources Program (2018)

DETAILS
168 pages | 7 x 10 | PAPERBACK
ISBN 978-0-309-47740-6 | DOI 10.17226/25141

CONTRIBUTORS
GET THIS BOOK

FIND RELATED TITLES

Committee on Future Directions for the U.S. Geological Survey s Energy Resources
Program; Committee on Earth Resources; Board on Earth Sciences and Resources;
Division on Earth and Life Studies; National Academies of Sciences,
Engineering, and Medicine
SUGGESTED CITATION
National Academies of Sciences, Engineering, and Medicine 2018. Future
Directions for the U.S. Geological Survey's Energy Resources Program.
Washington, DC: The National Academies Press. https://doi.org/10.17226/25141.

Visit the National Academies Press at NAP.edu and login or register to get:
– Access to free PDF downloads of thousands of scientiﬁc reports
– 10% off the price of print titles
– Email or social media notiﬁcations of new titles related to your interests
– Special offers and discounts




Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.
Copyright © National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Committee on Future Directions for the U.S. Geological Survey’s
Energy Resources Program
Committee on Earth Resources
Board on Earth Sciences and Resources
Division on Earth and Life Studies

A Consensus Study Report of

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, NW Washington, DC 20001

This material is based upon work supported by the U.S. Geological Survey under Grant
Agreement No. G17AP00048. The views and conclusions contained in this document are those
of the authors and should not be interpreted as representing the opinions or policies of the U.S.
Geological Survey. Mention of trade names or commercial products does not constitute their
endorsement by the U.S. Geological Survey.
International Standard Book Number-13: 978-0-309-47740-6
International Standard Book Number-10: 0-309-47740-9
Digital Object Identifier: https://doi.org/10.17226/25141
Cover Photos
Top Left: Map showing the location of the Phosphoria Shale Gas Assessment Unit in the
Wyoming Thrust Belt Province, Wyoming, Idaho, and Utah, U.S. Geological Service.
©2018. Accessed at: https://pubs.usgs.gov/fs/2018/3001/fs20183001.pdf.
Top Right: Geothermal energy plant. Licensed under CC0: https://creativecommons.org/
publicdomain/zero/1.0/deed.en.
Bottom Left: Map created using the EnergyVision tool of the U.S. Geological Survey’s
Energy Resources Program. Image used courtesy of the committee.
Bottom Right: Geothermal energy drill rig at the Fallon FORGE site in Nevada. Image used
courtesy of Bridget F. Ayling.
Additional copies of this publication are available for sale from the National Academies Press,
500 Fifth Street, NW, Keck 360, Washington, DC 20001; (800) 624-6242 or (202) 334-3313;
http://www.nap.edu.
Copyright 2018 by the National Academy of Sciences. All rights reserved.
Printed in the United States of America
Suggested citation: National Academies of Sciences, Engineering, and Medicine. 2018.
Future Directions for the U.S. Geological Survey’s Energy Resources Program.
Washington, DC: The National Academies Press. doi: https://doi.org/10.17226/25141.

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

The National Academy of Sciences was established in 1863 by an Act of
Congress, signed by President Lincoln, as a private, nongovernmental institution
to advise the nation on issues related to science and technology. Members are
elected by their peers for outstanding contributions to research. Dr. Marcia
McNutt is president.
The National Academy of Engineering was established in 1964 under the charter
of the National Academy of Sciences to bring the practices of engineering to
advising the nation. Members are elected by their peers for extraordinary
contributions to engineering. Dr. C. D. Mote, Jr., is president.
The National Academy of Medicine (formerly the Institute of Medicine) was
established in 1970 under the charter of the National Academy of Sciences to
advise the nation on medical and health issues. Members are elected by their
peers for distinguished contributions to medicine and health. Dr. Victor J. Dzau
is president.
The three Academies work together as the National Academies of Sciences,
Engineering, and Medicine to provide independent, objective analysis and
advice to the nation and conduct other activities to solve complex problems and
inform public policy decisions. The National Academies also encourage education
and research, recognize outstanding contributions to knowledge, and increase
public understanding in matters of science, engineering, and medicine.
Learn more about the National Academies of Sciences, Engineering, and Medicine
at www.nationalacademies.org.

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Consensus Study Reports published by the National Academies of Sciences,
Engineering, and Medicine document the evidence-based consensus on the
study’s statement of task by an authoring committee of experts. Reports
typically include findings, conclusions, and recommendations based on
information gathered by the committee and the committee’s deliberations. Each
report has been subjected to a rigorous and independent peer-review process
and it represents the position of the National Academies on the statement of
task.
Proceedings published by the National Academies of Sciences, Engineering, and
Medicine chronicle the presentations and discussions at a workshop, symposium,
or other event convened by the National Academies. The statements and
opinions contained in proceedings are those of the participants and are not
endorsed by other participants, the planning committee, or the National
Academies.
For information about other products and activities of the National Academies,
please visit www.nationalacademies.org/about/whatwedo.

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

COMMITTEE ON FUTURE DIRECTIONS FOR THE U.S. GEOLOGICAL
SURVEY’S ENERGY RESOURCES PROGRAM
REX C. BUCHANAN (Chair), Kansas Geological Survey, Lawrence
BRIAN J. ANDERSON, West Virginia University, Morgantown
BRIDGET F. AYLING, University of Nevada, Reno
PETER M. KAREIVA, NAS, University of California, Los Angeles
ROBIN L. NEWMARK, National Renewable Energy Laboratory, Golden, CO
JACK C. PASHIN, Oklahoma State University, Stillwater
J. CARLOS SANTAMARINA, King Abdullah University of Science and Technology,
Thuwal, Saudi Arabia
BRIDGET R. SCANLON, NAE, The University of Texas at Austin
LORI L. SUMMA, ExxonMobil (retired), Houston, Texas
ROBERT E. VANCE, UMNP Consultants, Vancouver, British Colombia, Canada
National Academies of Sciences, Engineering, and Medicine Staff
SAMMANTHA L. MAGSINO, Senior Program Officer
COURTNEY R. DEVANE, Administrative Coordinator
NICHOLAS D. ROGERS, Financial and Research Associate
RAYMOND (REMY) CHAPPETTA, Senior Program Assistant

v
Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Preface
The world of energy has long been dynamic. The past decade was a reminder of just
how dynamic that world can be. Just ten years ago, the United States contemplated the
threat of a slow but inexorable downturn in worldwide fossil fuel production (i.e., peak
oil). Experts worried that declining production would affect not only energy production
and use but also the economy, the environment, even U.S. foreign policy. Today, oil and
natural gas have made an incredible resurgence, mainly because of the application of
improved and new technologies to resources that were previously difficult or impossible
to extract. Natural gas is cheap and plentiful, and it may remain so indefinitely. Oil
production in the United States has increased dramatically, and oil imports are down.
Nuclear energy continues to produce a significant (20%) share of U.S. electrical power. At
the same time, the use of renewable energy has continued to increase. In a few years, the
country may, by some definitions, be energy independent—something unthinkable a
decade ago. This transformation, however, had wide-ranging consequences. Greenhouse
gas emissions declined based largely on the substitution of natural gas for other fuels.
Anthropogenic earthquakes (induced seismicity) and concerns about potential groundwater
contamination accompanied the newly applied technologies. Coal production dropped.
Some things have not changed. Reliable, affordable energy continues to be central to
the nation’s economic and social vitality. The environmental impacts of energy extraction
and use are of great concern to the public, and good decisions about energy require highquality information about energy resources and their use. The speed and magnitude of the
recent energy transformation has highlighted the need for reliable and timely information
about the nation’s energy resources and challenges, especially those related to the
subsurface. In the midst of such a transformation, organizations that provide such
information are critical for good decision-making.
The U.S. Geological Survey’s (USGS’s) Energy Resources Program (ERP) focuses
on geologic energy resources, providing information and undertaking research related to
them, including greatly-used resources such as oil and natural gas, and lesser-used
resources that may someday play a role in the nation’s energy mix. The ERP provides
heavily relied upon assessments of energy in subsurface basins in the United States (and,
occasionally, in other parts of the world), while attempting to anticipate and be prepared to
study and report on changes in the energy mix here and abroad. The ERP works to make
all this information publicly available in a timely manner.
In light of the ERP’s role as a public purveyor of subsurface geologic resource
information, the USGS asked the National Academies of Sciences, Engineering, and
Medicine (the National Academies) to analyze the ERP mission and direction. In 2017, an
ad hoc committee of the National Academy of Sciences (NAS) was specifically asked to
summarize the nation’s energy resource challenges; to describe how ERP work aligned
with those challenges; and to recommend ways that the ERP could direct its work over the
next 10 to 15 years to better meet those challenges. T he following report is a chapter-by-
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chapter response to the committee’s charge, including recommendations that will help
guide the ERP to most effectively meet those challenges.
The past decade has demonstrated the difficulty in predicting U.S. energy production
and consumption and that production and consumption are subject to massive change with
little notice. Those changes have sweeping implications for the nation’s economy,
environment, and even social behavior. That makes organizations such as the ERP more
important than ever. To fulfill its mission, the ERP needs to be nimble, to be responsive,
and to anticipate changes in the energy mix.
As committee chair, I want to thank all the members of the committee for their time
and dedication to this task. I particularly want to thank Sammantha Magsino, senior
program officer at the National Academies, for the incredible time and effort she devoted
to the committee, particularly in the report-writing stage. Our thanks to Raymond
Chappetta, senior program assistant, and Elizabeth Eide, Senior Board Director of the
National Academies Board on Earth Sciences and Resources, for their assistance
throughout this process. Although too many to list here, numerous consumers of ERP
products from different federal and state agencies and the private sector also provided input
to the committee, for which I owe them thanks. And finally, our thanks to the staff of the
USGS who met with and provided information to the committee.
Rex C. Buchanan
Chair
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Summary
Reliable, affordable, and technically recoverable energy is central to the nation’s
economic and social vitality. The United States is both a major consumer of geologically
based energy resources from around the world and—increasingly of late—a developer of
its own energy resources. Understanding the national and global availability of those
resources as well as the environmental impacts of their development is essential for
strategic decision making related to the nation’s energy mix. The U.S. Geological Survey
(USGS) Energy Resources Program (ERP) is charged with providing unbiased and
publicly available national- and regional-scale assessments of the location, quantity, and
quality of geologically based energy resources and with undertaking research related to
their development. The ERP portfolio includes research and assessments on both the
domestic and the international endowment of technically recoverable hydrocarbon-based
resources such as oil, natural gas, and coal, as well as for other geologically based resources
that may be important contributors to the future U.S. energy mix (e.g., geothermal, methane
hydrates). The ERP also conducts assessment and basic research related to nonhydrocarbon-based geologic energy resources (e.g., uranium) and contributes to research
on geologically based renewable resources. The program attempts to anticipate emerging
technologies and issues so that it may report on how those may affect the energy mix and
the use of energy resources both in the United States and abroad.
The ERP conducts some of its research and assessments at the request of the
Administration, the Department of the Interior, and Congress. ERP research and
assessment priorities are otherwise based on annual reviews from an internal program
council. The ERP collaborates widely with stakeholders—including other Department of
the Interior bureaus, other federal agencies, foreign governments, tribal nations, states,
academic and professional organizations, and the private sector—to generate information
used widely for making economic, policy, and environmental decisions related to or
affected by energy development.
The ERP asked the National Academies of Sciences, Engineering, and Medicine
(National Academies) to convene an ad hoc committee to consider the nation’s
geologically based energy resource challenges in the context of current national and
international energy outlooks (the statement of task can be found in Box 1.1 of the report).
The committee was asked to consider how ERP activities and products address those
challenges and align with the needs federal and nonfederal consumers of ERP products.
Per the statement of task, this report contains recommendations regarding how ERP
products and research could be developed over the next 10-15 years to most effectively
inform both USGS energy research priorities and the energy needs and priorities of the
U.S. government.

1
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ENERGY CHALLENGES
Global and domestic energy markets are in transition as energy demand growth shifts
to developing economies around the world, new resource extraction technologies become
available, and environmental concerns drive efforts to decarbonize energy systems in some
parts of the world. Even so, the United States and the world will be reliant on geologically
based energy resources for at least the next 10-15 years. The United States has become a
net energy exporter owing to growing oil and gas production, but demand for and
production of renewable fuels could reduce oil and gas demand in the future.
A secure, resilient, environmentally responsible, and economically competitive
national energy supply is dependent on a collective effort to meet certain challenges in the
energy sector. The ERP has the competence to help address many of those challenges,
which include:
1. Maintaining a robust understanding of the national resource inventory and
its associated uncertainties. Few direct observations of the subsurface are
available to support geologic resource assessments. Resource estimates depend on
conceptual geologic models based on substantial interpolation and extrapolation.
Resource development, however, requires extensive mapping, coupled 3dimensional numerical modeling, and spatial and statistical analyses. Robust
assessments require solid understanding of geology and geologic engineering,
exploration and development technologies, access to data, appropriate data
management and analysis tools, and—increasingly—an understanding of
hydrology, coupled processes and their environmental impacts, and economic
recovery.
2. Exploring and developing geologic energy resources in an environmentally
and socially responsible manner. This includes land and resource management
throughout the lifecycle of resource development—from exploration to extraction,
management of waste, and land reclamation. Understanding the subsurface
environment is essential, as is understanding land and water use requirements; the
environmental impacts of development; management of produced waters;1 the
potential for aquifer contamination; avoiding or mitigating induced seismicity;
geologic sequestration of carbon dioxide (CO2); and long-term geologic storage of
radioactive and other energy wastes. In particular, there is a striking connection
between energy and water issues throughout the energy production lifecycle. Often
these issues are addressed independently, resulting in negative economic or
environmental consequences. Integrated approaches to resource development and
environmental management allow a better understanding of how processes are
linked, and will also provide information needed to better asses the full costs of
energy development.
1

Produced waters are extracted along with petroleum products; some of this water is naturally
present in the subsurface and some is pumped into the reservoir during extraction to increase
petroleum production.
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3. Overcoming technical and economic barriers to new resource development
processes. Energy resources may remain in the subsurface after feasibly
recoverable resources are extracted. These represent opportunities for technology
development. Similarly, innovation is needed for relatively new or emerging
geologic resources (e.g., engineered geothermal systems [EGS]2 and methane
hydrates) to make their development feasible. Mitigation of environmental impacts
(e.g., methane leakage associated with oil and gas production; reduction of
produced fluid volume in oil and gas wells; induced seismicity) and waste disposal
or sequestration (e.g., of CO2) are other areas needing innovation to sustain
economic and responsible development that supports U.S. energy security and
quality of life.
4. Adapting to variable power-generation sources (e.g., wind and solar) and
related energy storage. The electrical grid requires a close balance between
electricity supply and demand to avoid failure. Power generation from some
renewable resources (e.g., wind and solar) may vary over short timescales (e.g.,
minutes), and excess generation can occur when demand is low. Options for energy
storage are needed as power generation from variable renewable sources increases.
Subsurface storage options include compressed air energy storage (CAES) in
geologic formations, pumped hydroelectric energy storage, gas storage (e.g.,
liquefied natural gas), and thermal storage. Understanding the characteristics of
subsurface reservoirs for storage (or waste disposal), how resources can be stored
and reversibly extracted, and the potential impacts of storage are necessary.
MEETING INFORMATION NEEDS
The ERP provides subsurface geologic characterization and basin-scale modeling and
assessments to support strategic development and innovation, but also needs to respond to
quickly to technology advances and anticipate future information needs. The ERP
recognizes the challenges outlined above and responds to them in scientifically sound
ways. The program succeeds in conducting innovative research in emerging areas (e.g.,
methane hydrates, EGS) while also generating a large number of critical resource
assessments and compiling or producing data to support those assessments. Maintaining
this diverse portfolio in a continually changing landscape requires flexibility on the part of
the ERP.
Report conclusions are synthesized into 11 recommendations that focus on research
and assessment priorities, products, and processes for the near and more distant future.
They are intended to help the ERP capitalize on its strengths and become more nimble and
responsive to the changing energy environment and information needs of its stakeholders.
2

Engineered geothermal systems are hydrothermal systems created by fracturing rocks at
depth, and injecting water into naturally heated rocks to extract the heat. The injected water is then
returned to the surface as steam or hot water and used for energy production.
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Recommendation 1: Focus new and continuing activities on geologic energy resources
as consistent with the ERP mission and the information needs of the nation.
The ERP can increase the relevance of its products by prioritizing its activities through
constant reevaluation of current and emerging energy trends and information needs and by
delivering products in formats most useful to its stakeholders. When considering program
priorities, the ERP needs to remain aware of its mission and core competencies and
consider the appropriateness of future expenditures on activities unrelated to geologic
energy resources. ERP core competencies may also change as the domestic and
international energy mix and related information needs evolve.
Recommendation 2: Give priority to geologically based research and products related
to (a) existing and emerging continuous/unconventional oil and gas and produced
water and (b) emerging technologies associated with geothermal energy, methane
hydrates, and subsurface energy storage.
Continuous (unconventional) oil and gas exploration and development (i.e., that
requiring high-water volume hydraulic fracturing—commonly called “unconventional
development”) will dominate the energy sector for the next 10-15 years. Industry conducts
its own assessments of those resources, but those generally are proprietary and unavailable
to inform national policy. Therefore ERP assessments will need to remain a high priority
and the ERP can improve them through increased transparency regarding the assessment
approaches applied and the input data used, and by ensuring that assessments can be
updated seamlessly when new information becomes available. Future assessments will also
be more useful with information about the lifecycle of resource development, including,
for instance, water resources required and information about the toxicity, environmental
impacts, and disposal of produced waters. Using this kind of approach, and with input from
other USGS mission areas or other agencies, the ERP might also develop risk-based maps.
These could include, for example both sources of water for drilling and well completions
and information about potential disposition of produced water, allowing a more consistent
assessment of aquifer systems and the risk posed by produced water on them. Such output
would support and be consistent with the larger USGS and Department of the Interior
missions.
National-scale estimates of geothermal resource potential for conventional geothermal
and EGS will continue to influence U.S. energy strategy and policies as well as research
priorities. As with oil and gas assessments, geothermal resource potential estimates need
to be updated as new data and technology advancements become available and when
assessment methodologies are revised. The ERP can increase the impact of its assessments
by making input datasets available. Incorporating information about economic
recoverability would increase the utility of resource estimates for stakeholders.
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The nation’s methane hydrate3 accumulations are estimated to exceed the volume of
all known conventional natural gas resources; consequently, they have been a focus of
multi-agency research on resource identification and production methods. Analyses of
lifecycle consequences and the environmental issues surrounding significant exploitation
of this energy asset warrant attention. Continued ERP collaboration on hydrate research
activities in the United States and internationally and expanded consideration of
environmental consequences have the potential to make the United States the world leader
in methane hydrates as an energy asset. The priority given to hydrates research in the next
10-15 years, however, needs to be reassessed continually given the expected reliance on
natural gas during that period, whether or not responsible and economic hydrate production
technologies can be developed, and how these combine to influence the nation’s future
energy mix.
Subsurface energy storage and waste disposal involve difficult-to-anticipate
hydro/chemical/thermal/mechanical coupled processes and need to be high-priority areas
of focus for the ERP in the near future. The long-term performance of engineered
subsurface storage systems, their interactions with natural systems, and their impacts now
and in the future need to be better understood and require expertise such as that found
within the ERP to address.
Recommendation 3: Maintain strategic capabilities in areas such as conventional oil
and gas, coal, uranium, and emerging energy sources; adjust emphasis on products
and research in these and other areas based on demand for information.
Low natural gas prices and a move toward lower carbon energy sources have resulted
in major changes in the U.S. energy mix (e.g., decreased demand for coal). Nonetheless,
conventional oil and gas, coal, uranium, and renewable energy remain important
components of the mix, and understanding their distribution and availability remains
critical. The ERP, however, needs new strategies to target its activities related to these
resources. Decreased emphasis on well-characterized resources, however, must not come
at the cost of important ERP capacity. Interest may emerge or reemerge on topics such oil
shales or bypassed residual oil zones, and the ERP needs to be ready to respond. As it is
difficult to anticipate emerging interests, it is vital that the ERP stay aware of discoveries
and trends so that it might adjust its portfolio and capacity as required.
Conventional oil, gas, and coal resources are generally well characterized. The current
practice of regularly reassessing those resources using methodologies that have seen little
change in over a decade is likely to yield only modest changes in assessment results.
Targeting ERP assessments on newly discovered or less-well-characterized accumulations
gives the program greater flexibility to strategically direct its capabilities. For example,
coal resource assessments might focus on those resources with specific applications
(metallurgy, coal gasification, and extraction of rare-earth elements). Similarly, spatial
information related to human health and safety aspects associated with energy resource
3

Methane hydrates are lattices of water-ice crystals that surround and trap methane gas.
Major deposits of methane hydrates are found in continental sedimentary rocks in polar regions
and in oceanic sediments where water is greater than 300 meters.
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development—based on the work of other organizations—might be incorporated into new
assessments and thus support energy development-related remediation activities.
ERP uranium-related products are unique among U.S. government agencies and
industry. Collaboratively with international organizations, the ERP has developed new
methods to estimate undiscovered uranium resources and it has completed a variety of
projects related to post-mining groundwater recovery. The program has also updated
estimates of deposits in different host rocks and addressed the remediation of legacy
uranium mines. Program staff collaborates with other USGS researchers on groundwater
impacts of uranium extraction by solution mining (the primary method of uranium mining
in the United States) and its remediation. Given the ERP’s capacity, the program may be
asked to support decisions regarding a long-term nuclear waste storage facility, and, if
dictated by policy, the need for increased domestic production of uranium. The ERP needs
to continue assessing national uranium resources using the methodology it helped develop.
The current balance of assessment work and basic research related to uranium development
is appropriate.
INTEGRATED APPROACHES FOR THE NEXT GENERATION OF
PRODUCTS
Given the growing volumes of data available to refine resource assessments, many of
which are collected by the ERP or the USGS more broadly, the ERP needs to explore,
identify, and apply new data analytics and machine learning tools, and approaches to its
assessments. Spatial information used as input to assessments, however, is now restricted
to large regional assessment polygons4 without accompanying data. The ERP needs to
identify advanced statistical approaches to address higher-resolution geologic
heterogeneities, coupled with petrophysical approaches for estimating rock properties.
Doing so would bring many of the pieces of ERP and USGS work together and support the
production of increasingly reliable resource assessments with the higher spatial resolution.
Recommendation 4: Compile and incorporate data related to environmental impacts
of resource development into ERP products.
Informed decision making by policy makers, energy developers, land managers, and
others requires a complete understanding of all the factors that affect the total costs of
energy development. This includes mitigation and remediation of environmental impacts—
an expensive component of energy development. No compilations of scientifically sound
and unbiased information about the factors affecting costs, however, are publically
available. The ERP, as part of the Energy and Minerals Mission area of the USGS,
“conducts research and assessments on the location, quantity, and quality of…energy
resources, including the economic and environmental effects of resource extraction and

4

Polygons are individual units within geographical information systems that represent areas
or volumes of earth with similar characteristics.
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use.”5 The ERP researches environmental factors associated with energy resource
development, yet that information is released independently of its resource assessments.
ERP could apply its proven competencies incorporating into its assessments
geospatially relevant elements of research it does on land and water use requirements, the
environmental impacts of development, management of produced waters, the potential for
aquifer contamination, avoiding or mitigating induced seismicity, and waste disposal. The
program, likewise, could incorporate the geospatially relevant work in these areas by other
public and private sources. ERP products could highlight the relationships between energy
resource development and environmental vulnerabilities. Energy resource maps could be
overlaid with maps of biodiversity and endangered and threatened species, products that
depict locations of source waters needed for energy development, potential treatment and
disposal sites for produced water, and the locations and impacts of energy development on
air quality and on ground- and surface water quantities and qualities.
Implementation of the next recommendations will be difficult because they represent
new assessment paradigms for the ERP and will require capacities and resources not likely
contained within the ERP at present. A phased approach to their implementation will likely
be necessary.
Recommendation 5: Apply full-lifecycle and full-system approaches when
considering geologic energy resources: from initial resource assessment to
development, waste disposal, and the disposition of depleted or legacy sites.
The ERP, like other federal organizations, tends to compartmentalize its efforts by
subject area. Integrated approaches to analysis, however, can support energy planning now
and for the future and thereby increase the value of ERP products for decision making. By
combining lifecycle analyses with, for example, analysis on competing resource demands
or environmental risks, trade-offs among competing values can be better understood. For
instance, given the need to produce a volume of natural gas, information about where wells
might be placed to minimize water needed for development and which extraction
technologies might best mitigate expected environmental impacts will be instructive. The
ERP has access to data that could support lifecycle and full-systems approaches to decision
making that could be incorporated into assessments. The ERP of the future needs to provide
readily accessible data that allows solid scenario analysis and estimation of impacts and
total costs of resource development.
Recommendation 6: Improve assessments of geologic energy resources by quantifying
resources according to quality and recoverability.
The ERP does not conduct economic analyses, but it could support such analyses by
providing resource quality and recoverability information that helps others relate resource
availability to economics of extraction under varying market conditions. Decision makers
would then have information available to decide when and how to develop specific
5

See https://energy.usgs.gov/GeneralInfo/AbouttheEnergyProgram.aspx.
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resources to the greatest advantage—especially if lifecycle approaches to assessment are
applied. ERP assessments could include information about resource quality and economic
recoverability—referenced to widely accepted standards)—as well as information that
would support the development (by others) of robust energy resource supply curves.
Assessments with this information might also instruct decisions regarding geologic energy
storage (e.g., CAES) and pumped hydroelectric energy.
Recommendation 7: Emphasize the development of multi-commodity and multireservoir geologic models at regional and basin scales.
Given the need by decision makers to weigh the impacts of different development
options or combinations of options, it is advantageous to have system-level information
(e.g., information about multiple commodities, multiple reservoirs, and environmental
impacts) in a single ERP product. Typically, however, ERP products focus on individual
energy resources at specific scales. Efforts to develop the next generation of ERP
assessments could combine regional data and numerical models to understand multicommodity, basin-scale geologic energy resource inventories. This is possible when
evaluating oil and gas, coal, multiple renewable resources, water volumes and distribution,
and the potential for subsurface energy storage or waste sequestration, given the many
common geologic processes associated among these assessment needs.
Past ERP efforts to relate multiple commodities in a region did not include analyses of
linked geologic processes. A true multi-commodity approach requires the ERP to create
geologic models that describe systematic interactions among geologic processes at a basin
scale. This necessitates basin-scale geologic data with variables that reflect the key
geologic constraints for a given resource type. Numerical models could be used to integrate
those data, to explore interactions among geologic processes, and to test hypotheses and
improve predictions of the links among different energy resources (e.g., distribution of
continuous [unconventional] oil and gas accumulations relative to reservoirs suitable for
later underground gas storage). This level of analysis, however, is resource intensive.
Collaborative efforts with other organizations might be explored and priorities set based
on consumer needs.
TARGETING, IMPROVING, AND REDUCING UNCERTAINTY IN ERP
PRODUCTS
The ERP conducts its oil and gas assessments using methodologies adapted both for
conventional oil and gas production and for production requiring high-water-volume
hydraulic fracturing (e.g., for continuous [unconventional] resources). Assessments are
supported by analysis conducted at ERP chemical analytical laboratories and by basic
research conducted by the program. Oil and gas assessment outputs are probability
distributions of estimated ultimate recoveries (EURs) for each assessment unit, with areas
of highest density of technically recoverable product noted. Coal resources assessments are
also based on a prescribed methodology. The assessment methodologies used for
conventional and continuous resources were last reviewed externally in 1998 and 2000,
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respectively. The methodology used for coal assessments was last reviewed in 2005. Given
numerous recent advances in oil and gas production technologies, in mining and processing
technologies, digital data dissemination, as well as changes in the use and markets for these
resources, new reviews of all three of these methodologies may be warranted to increase
the relevance and accuracy of the results. The ERP can increase confidence in its research
and assessment results by sufficiently monitoring industry advances and modifying its
assessment methodologies and products appropriately; quantifying and documenting data
and analysis methodologies and associated uncertainties; and making available more raw
data.
On completion of an oil or a gas assessment, the ERP releases a brief technical
summary via a USGS fact sheet that includes general characteristics and select geologic
data and information. Boundaries of the assessment units may be provided in geographic
information system (GIS) files with topological information (i.e., shapefiles). A complete
geologic report may not be released for years after the release of fact sheets. Consumers
value USGS assessments, but the lack of transparency in how the assessment
methodologies are applied in a given assessment affects consumer confidence in the
products, as do the lack of data made available with assessments (USGS relies heavily on
proprietary commercial data) and the timeliness of product release. Consumers, for
example, may not be able to ascertain the locations of producing wells relative to the
assessment units, they may not be able to determine how much stratigraphic mapping
informed the assessments, or they may misinterpret the data.
All these factors increase uncertainty in and diminish the usefulness of ERP products for
further analysis by ERP consumers, regardless of the quality of the science behind the
products.
Recommendation 8: Become the recognized custodian of national-scale, publicly
available geologic energy resource data.
There is no single source of consistent, national-scale geologic data to support geologic
resource development, research, policy, and regulation. Federal, state, and private sector
data are collected for specific purposes making it difficult to use them for other purposes
or to combine them to create regional or national-scale data sets. The ERP now maintains
some databases (e.g., of coal resources; geochemistry of source rocks, oil, and gas; and
produced waters). These data sets are important for ERP assessments and are used by
government, industry, academics, and private citizens. Stakeholders, however, do not
always view those databases as sufficiently comprehensive. There is a need for public
access to the raw and derived data used as input for assessments as well as for more and
different types of data (e.g., well log and drilling data, rock properties data, rock/fluid
geochemistry data, and subsurface temperature and pressure data). Databases need to
include information regarding their sources and generation methodologies.
Becoming the recognized public source of comprehensive information is consistent
with the ERP mission to provide reliable and impartial scientific information on geologic
energy resources. A goal for the ERP could be to expand its current data compilation,
archiving, and dissemination function and establish itself as the national custodian and
disseminator of national-scale, energy-related geoscience data for the United States. ERP
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priorities for developing or maintaining its databases to meet consumer needs include
creating more easily updatable data sets (and updating them when new information is
available); creating databases that can accommodate new types of information when they
become available; developing appropriate data-storage systems and database architectures;
and increasing the ease of access to data through improved web-delivery mechanisms. The
program could track and analyze who is using their products, to what end, and the impacts
of those uses to make sure its databases (and other products) remain relevant.
An analysis of ERP data processes by database architecture and information
management experts external to ERP is warranted. This recommendation could be
implemented in stages, but requires regular input from ERP product consumers. Analysis
of the overall costs and benefits of creating new digitally linked, national-scale databases
is also warranted. Adopting this service role would facilitate the ability of the ERP and its
product consumers to adopt lifecycle and systems approaches to energy resource
assessment and management.
Recommendation 9: Improve the timeliness of ERP products and related data.
The time taken by the ERP to deliver many of its products raises concern among
stakeholders that those products might be outdated and possibly irrelevant by the time of
their release. The ERP releases its technical summaries of assessments (i.e., USGS fact
sheets) so that assessment information is available to consumers as quickly as possible.
Those products are of limited use to some stakeholders, however, because they do not
include supporting data and descriptions of analytical methodologies. Product utility will
increase if products are delivered before decisions about development need to be made,
and if they are current. Creating updatable assessments, regional-scale models, and
databases would mean that ERP products represent the newest available data and that
resource estimates reflect the latest advances in exploration and development technologies.
Recommendation 10: Establish formal mechanisms for regular engagement with
external parties and key stakeholders to identify and prioritize future ERP activities
and to determine the impacts of ERP products and research.
An internal advisory board is currently responsible for establishing most ERP priorities
with little feedback from product consumers or external subject matter experts. The ERP
has no formal mechanisms for stakeholder identification and interaction, nor does it have
formal mechanisms for identifying stakeholder needs or ERP product impacts. Formal and
regular engagement with ERP stakeholders at intervals agreed upon through deliberation
with them would complement input from the internal advisory board and allow the program
to more efficiently identify and respond to consumer needs. The ERP needs to quantify
through metrics who uses its products and how, the impacts of those products, and
consumer satisfaction with them. Regular, formalized engagement with stakeholders could
help the ERP establish program priorities; identify emerging issues that affect the
accessible energy resource inventory; review ERP program competencies; and identify
new geologic energy resources and assessment and development methodologies that would
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benefit from ERP attention. Opportunities to leverage resources and collaborate on
research might also be revealed.
Formal engagement might be pursued by establishing an external advisory board of
representatives from federal- and state-level entities and nongovernmental organizations to
complement internal advisory board efforts. Regular formal interaction with stakeholders
would require the ERP to establish a working culture that encourages and is receptive to
constructive feedback.
Recommendation 11: Leverage and partner with other USGS units, other federal and
state agencies, and other domestic and international organizations to more efficiently
achieve the ERP mission.
The ERP methane hydrates research area is an excellent example of coordinated
research that leverages expertise and resources of various external entities to advance the
general state of knowledge. Following similar patterns, other ERP research areas could
improve their respective breadths and reaches while increasing efficiency. For instance, the
ERP could establish partnerships and combine resources with state agencies that have rich
data sets and sample archives. The ERP has also benefited greatly from past research
support—for example, when the ERP was in need of focused or short-duration deep
research expertise to complement that within the program. Developing and leveraging such
relationships deepens the ERP knowledge base, creates potential pathways for personnel
recruitment, and can inform the direction and increase the visibility of ERP products. In all
its collaborative efforts, however, the ERP needs to preserve its reputation for objectivity
and neutrality so that it may continue to be a trusted source of information.
MOVING FORWARD
ERP priorities need constantly be checked in consideration of the end goals of energy
resource management: safe, responsible, and productive energy development that best
serves the needs of the nation both now and in the future. The next-generation resource
assessments will provide the data to support full-lifecycle and full-systems analyses by
ERP product consumers and include information about the quality, quantity, and
recoverability of multiple commodities, as well as spatial information related to production
needs and the impacts on infrastructure and the environment. Future assessments will
support scenario analyses by product consumers so that potential lifecycle economic and
environmental impacts of energy development options might be explored.
The ERP needs to regularly review and update its activities in response to the evolution
of technology and available based on data so that the program may become more flexible
and responsive to changing information needs. Modernized data management, discovery,
and relentless improvement of assessment approaches need to be the mainstay of an ERP
culture of scientific excellence. The program will need to respond to a suite of
interdisciplinary issues using lifecycle and systems perspectives in ways not applied by the
program in the past. The ERP is a scientific organization, but by staying aware of the
dynamic market forces that change resource prices, the demand for different geologically
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based energy resources, and the needs of its product consumers, it will be better prepared
to bring the scientific information together in formats most useful for decision making.
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Introduction
The U.S. Geological Survey’s (USGS’s) Energy Resources Program (ERP) is a
primary source of unbiased, publicly available national- and regional-scale research and
assessments of the location, quantity, and quality of geologically based energy resources.
The ERP collects data, develops models, assessments, and standards for those energy
resources that constitute the nation’s geologically based energy portfolio. The program also
examines potential environmental aspects of energy production. Geologically based energy
resources are those sources of fuel or energy production that originate in earth materials
(e.g., oil, gas, coal, methane hydrates, uranium) or in earth processes (e.g., geothermal
energy) and are the focus of this report.
The fundamental geologic studies and assessments conducted by the ERP contribute
to the discovery and production of energy resources in the United States and globally. They
support policy related to the nation’s energy mix, land-use, and regulatory strategies, and
they inform international energy diplomacy. ERP products support and complement the
work of agencies such as the Department of Energy’s (DOE’s) Office of Fossil Energy
(including the Strategic Petroleum Reserve Program and Energy Information
Administration) and Geothermal Technologies Office, the Environmental Protection
Agency, the Department of Defense, the U.S. Forest Service, and other bureaus within the
Department of the Interior (DOI). The academic community, the private sector, and
international organizations also frequently reference ERP products. Recent ERP products
include assessments of undiscovered continuous (also known as unconventional)1 oil and
gas resources within the United States and globally; potential geothermal resources for
Akutan, Alaska (Bergfeld et al., 2014); and environmental signatures of oil and gas
wastewater spills in North Dakota (Cozzarelli et al., 2017).
The National Academies of Sciences, Engineering, and Medicine (National
Academies) reviewed energy resource-related activities of the USGS in 1999 (NRC, 1999).
Since then, the nation’s energy portfolio, energy requirements, technologies related to
exploration and development, information management technologies, and the knowledge
base on which national energy resource research and assessments are developed have
undergone significant expansion and evolution. In the last decade alone, the capability to

1

The committee uses the term “continuous” when referring to unconventional oil and gas
development methods at the request of ERP management, but adds “unconventional”
parenthetically for clarity.
13
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combine horizontal and directional drilling with hydraulic fracturing2 has facilitated the
development of vast resources of previously uneconomic oil and gas resources in the
United States. Questions about the potential environmental impacts of the development of
these resources, however, have also increased. Moreover, interest in and use of different
renewable energy technologies has broadened the suite of energy resources contributing to
the nation’s energy requirements and demands. These changes not only have affected the
way in which the energy resources themselves are assessed, accessed, and valued, but also
have resulted in new or different impacts on land, air, and water resources in the regions
where energy development takes place. The ERP combines raw geologic, geochemical,
and geophysical data collected by the agency with data from literature, state and other
federal agencies, and the private sector to create products that enhance understanding of
geologically based energy resources and support their prudent development.
As the national and global energy portfolio evolves, reasoned policies and decision
making related to energy resources at various levels of government, within
nongovernmental bodies, and in the private sector depend on high-quality scientific
analysis and its dissemination. So that the USGS can most effectively inform such policy
and decision making, the ERP has requested the National Academies to consider the
nation’s geologically-based energy resource challenges and the ways in which the work of
the ERP can best be developed and aligned to help address them. This report is the product
of that National Academies effort.
THE CHARGE TO THE NATIONAL ACADEMIES
The National Academies was asked to identify the nation’s current energy challenges,
suggest how the ERP’s research portfolio could be strengthened to better meet the needs
of its stakeholders, and suggest strategies for portfolio development to prepare the ERP for
challenges to come in the next 10-15 years. The charge to the National Academies is
provided in Box 1.1. The committee was asked to consider the ERP portfolio (i.e., the
issues being addressed to some degree by the ERP) and products (e.g., data, databases,
assessments, professional papers), but not to conduct a review of ERP management and
processes. The focus of this report is the work of the ERP. References are made to the work
of other agencies, including those with which the ERP collaborates (e.g., the DOE), but no
effort was made to compare the work of ERP to that of other agencies. The committee was
not asked to consider how the ERP budget and resources were allocated, nor was it asked
to recommend activities in light of what future budgets might be. The committee’s
recommendations are provided, however, with the understanding that ERP resources are
limited. The text includes some suggestions for efficiencies in implementation and
opportunities for cost sharing with relevant agencies.
2
Hydraulic fracturing is the process by which rocks in the subsurface are subjected to the
injection of high pressure fluids to create fractures in the rock. These fractures stimulate flow of
fluids and gases (e.g., oil and gas). Hydraulic fracturing is used to stimulate the extraction of oil
and gas from source rock, or, in the case of engineered thermal systems, to create a network of
fractures in competent hot rock through which water may flow and be heated.
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Box 1.1
Statement of Task
An ad hoc committee of the National Academies of Sciences, Engineering, and Medicine
will conduct a study to consider the overall mission and direction for the research and
assessments conducted by the U.S. Geological Survey’s Energy Resources Program (ERP) as the
program works to best support meeting the nation’s future energy needs. Informed by
background documents provided by the ERP and its own information-gathering activities, the
committee will
•

•
•

Summarize the nation’s geologically-based energy resource challenges including land
and resource management and regulatory issues, and context from national and
international energy outlooks. Describe how existing ERP data, research, and
assessments currently address those challenges.
Discuss how ERP objectives and its science portfolio align with the needs of federal and
non-federal consumers of ERP products. Describe how ERP may improve that
alignment.
Recommend ways in which the ERP’s research, data, and assessment portfolio could be
developed over the next 10-15 years to benefit and serve both USGS energy priorities
and those of U.S. Government.

The distinction between ERP product and process was important during the
committee’s deliberations and it often decided whether a line of inquiry was consistent
with the statement of task by considering under which category the inquiry fell. Whereas
this report focuses on the ERP’s portfolio and products, the committee also considered how
the ERP might stay aware of the priorities and information needs of ERP product
consumers so that its products might be most relevant in the future.
While this committee’s task was focused on ERP activities, another National
Academies ad hoc committee has been convened separately to consider the water science
and research portfolio of the USGS Water Resources mission area.3 The USGS and the
National Academies negotiated these tasks to be distinct and independent. This report does
not reflect the deliberations of that other committee.
COMMITTEE MEMBERSHIP
Members of the ad hoc committee that conducted this study were nominated by their
peers and selected by the National Academies based on their individual expertise. The
3
See https://www8.nationalacademies.org/cp/projectview.aspx?key=49879. This website
documents the activities of the National Academies Committee on Future Water Resource Needs
for the Nation: Water Science and Research at the U.S. Geological Survey. The website will be
active as long as the study is under way, but will expire when the study in question is complete
and the committee’s final report is issued.
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National Academies made efforts to balance that expertise and to avoid any unnecessary
conflict of interest and bias. Expertise in areas such as conventional and continuous
(unconventional) oil and gas and other hydrocarbon exploration (see Box 1.2), assessment
methodologies, and production was considered important as was expertise in issues related
to renewable energy technologies (e.g., geothermal) and uranium exploration and
production, geologically based carbon sequestration,4 induced seismicity, geochemistry,

Box 1.2
Description of Conventional and Continuous (Unconventional) Resources
By custom, the oil and gas industry use the term “conventional” for an oil or gas resource
that will flow on its own toward a wellbore, as illustrated in the figure below (including
“conventional non-associated gas”, “conventional associated gas” and oil). Given that what
was once “unconventional” has become fairly common, ERP leadership requested the
committee use the term “continuous” in the present report when the resource requires
significant external stimulation to enable hydrocarbons to flow (e.g., high water-volume
hydraulic fracturing). Continuous resources, then, include oil and gas found in shales and lowporosity (i.e., “tight”) sand formations. These resources require external stimulation (e.g.
hydraulic fracturing) in which water and other materials are pumped into the formation to
fracture the source rock and enable flow of the hydrocarbons within it. This report does not
include specific discussion of other unconventional resources such as oil sands, oil shale, or
coalbed methane (i.e., coalbed gas) that require different techniques for extraction.

FIGURE Schematic showing where conventional and continuous (labeled “gas-rich shale” and “tight sand
gas”) resources may be found in a region. Source: USGS.

4

Geologically based carbon sequestration refers to the long-term storage of industrially
produced carbon dioxide in subsurface reservoirs. See https://pubs.usgs.gov/fs/2010/
3122/pdf/FS2010-3122.pdf.
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and hydrology. Because the statement of task asks the committee to consider long-term
(i.e., 10-15 years) research strategies the program might adopt, the committee includes
expertise in energy policy and analysis and in the relationships between energy production,
the environment, and ecosystems. Individuals familiar with the ERP portfolio and products
from industry, academia, and state geological surveys were included on the committee
roster. Brief biographies of the committee members are included in Appendix A.
COMMITTEE APPROACH TO ITS TASK
Prior to the committee’s first meeting, the ERP provided an informational packet to
the committee (included as Appendix B). ERP management and staff provided additional
information as needed throughout the course of the study. The committee heard
presentations from and held discussions with leadership of the DOI and the USGS, with
ERP staff, and with federal, state, and industry consumers of ERP products during two of
its three meetings. It also interacted with several ERP scientists based at the USGS facilities
at the Denver Federal Center during a tour of labs at that facility. Agendas from the
committee’s information-gathering sessions of its meetings are provided in Appendix C.
Committee members individually also sought input from stakeholder groups within the
federal government and nongovernmental organizations, state agencies, professional and
scientific organizations, and private businesses. The committee held numerous web
conferences to deliberate its task and discuss drafts of this report.
Because the ERP does not have formal mechanisms to capture and present information
about their products and how they are used, much of the information from which the
committee developed its conclusions and recommendations was, by necessity, anecdotal.
The committee, therefore, had little or no quantitative data regarding the types and numbers
of ERP products available in different formats, the numbers of downloads of ERP products,
or how often ERP product webpages were accessed by the public. The committee could
not examine comprehensive and quantified lists of which organizations were accessing
ERP products, nor is the committee certain that such lists exist. The committee made great
efforts to receive input from many ERP product consumers from a variety of viewpoints
(for example, see organizations represented in the agendas in Appendix C), but, given the
information available and constraints of the study process, the committee did not conduct
a scientific sampling of stakeholder opinions regarding the relevance and quality of ERP
products. Conclusions in this report are based on the input received during the committee’s
information gathering and on the experience and knowledge of the committee members
themselves, many of whom are also consumers of ERP data.
THE ERP MISSION, ORGANIZATION, BUDGET, AND ACTIVITIES
The USGS was created in the Organic Act of 1879 to map reserves of the nation.
Specifically, the act mandated “classification of the public lands and examination of the
geological structure, mineral resources, and products of the national domain” (20 Stat. 394;
43 U.S.C. 21). The ERP, housed within the USGS Energy and Mineral Resources mission
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area, is one of the seven core USGS mission areas and its mission largely embodies the
original mandate for the USGS as stated in the Organic Act. The other core mission areas
are Water Resources, Natural Hazards, Environmental Health, Ecosystems, Climate and
Land Use Change, and Core Science Systems.5
The ERP’s role is to collect, analyze, and present data; to conduct research; and to
carry out studies (e.g., evaluation of environmental impacts) to inform policy and
regulatory formulation and implementation. Chapter 3 describes the ERP’s research
portfolio. According to a presentation made to the committee by Walter Guidroz, program
coordinator of the ERP, the program
•
•
•
•

Investigates processes critical to the formation and accumulation of geologically
based energy resources;
Conducts resources assessments (e.g., potential supply of [conventional and
unconventional] oil and gas…, coal gas hydrates, uranium) and other energybased studies (e.g., wind);
Evaluates geological aspects of renewable energy resources (e.g., geothermal)
and carbon sequestration;
Investigates the environmental effects of energy resource occurrence, production,
and use (e.g., produced waters associated with oil and gas development). (W.
Guidroz, presentation to the committee, September 5, 2017)

According to Guidroz, over half of the ERP’s budget supports research and resource
assessments on national and international oil and gas resources.
Administration of the Energy Resources Program
The ERP organization includes a program coordinator, based in Reston, Virginia, who
reports to the associate director of energy and minerals. The ERP staff include program
coordinators, analysts, information specialists, scientists/technical experts, and other staff
who work in 3 of the USGS’s 16 science centers: the Eastern Energy Resources Science
Center (Reston, Virginia), the Central Energy Resources Science Center (Denver,
Colorado), and the Geology, Mineral, Energy and Geophysics Science Center (Menlo Park,
California). According to presentations made to the committee by ERP staff, 137 full-time
equivalent (FTE) staff were projected to be allocated to the ERP during FY18.
The ERP currently manages a number of projects based on requests from the
Administration and the DOI. Other projects are based on program priorities and direction
from a program council that meets annually to review ERP project progress and
performance. Program council members include the ERP program coordinator and the
three associate program coordinators, Science Center directors, deputies of the three most
relevant science centers, and invited guests, including USGS staff and external contacts
(e.g., from the Bureau of Land Management and the Bureau of Ocean Energy
Management).
5

See https://www.usgs.gov/science/mission-areas.
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The ERP collaborates with a number of other bureaus within the DOI, other federal
agencies, foreign governments, tribes, states, academic and professional organizations, and
the private sector (see below and Chapter 3 for more detail).
ERP Budgeting and Resource Allocation
The breadth of consumers and the rapid change in the energy landscape has led to a
broad portfolio of nearly 20 ERP program areas, spread across the current energy spectrum
(see Figure 1.1). This portfolio has expanded considerably since the 1999 review of the
program (NRC, 1999), when the ERP focused primarily in three subprograms: National
Oil and Gas Resource Investigations and Assessment, National Coal Resource
Investigations and Assessments, and World Energy Investigations and Assessments. The
ERP budget for FY2017 was approximately $24.7 million6 (see Table 1.1 for budgets and
numbers of employees allocated per budget), forming part of the request for the USGS
Energy and Mineral Resources and Environmental Health mission areas of ~$91.5 million;
the budget has decreased over the last 15 years (see Figure 1.2), although the functions and
responsibilities of the ERP have expanded.
The ERP allocates its resources and prioritizes its activities based on input from several
sources: (1) There is a legal but not limiting requirement for the program to assess the
potential for undiscovered, technically recoverable oil and gas resources under federal
lands, using identical methodologies for all assessments (EPCA, 2000, and Amendments,
2005). (2) The ERP receives requests from the DOI. (3) It is provided guidance from an

FIGURE 1.1 Proportion of ERP budget allocated to project activities (grouped according to
theme). Source: USGS ERP.

6

Based on written input provided to the committee on March 30, 2017.
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TABLE 1.1 ERP Budget and FTEs for FY17
Project

Millions($)

% of total

FTE

3.963

16.050

7.45

1.03

4.172

6.55

Fate and Effects of Wastes from Unconventional
Oil and Gas Development (Toxic - Cozzarelli)

0.019

0.078

State Co-Ops

0.116

0.470

0.58

Economics, Energy Resources, and Future Supply

0.418

1.693

2

Geochemistry of Energy Fuels

1.191

4.824

6.72

U.S. Coal Resources

1.009

4.086

4.85

Geoinformatics for Eastern Energy Resources
Science Center (EERSC)

0.581

2.353

3.39

Alaska Petroleum Systems

1.514

6.132

6.85

Wind Energy Impacts

0.440

1.782

2.99

EERSC Quality Management System (QMS)
Implementation

0.645

2.612

4.68

Gas Hydrates

0.875

3.544

3.73

Central Energy Resources Science Center (CERSC)
QMS

0.516

2.090

3.49

Data Management Services, CERSC

0.566

2.292

3.54

Energy Geochemistry Laboratories

1.004

4.066

6.42

National Oil and Gas Assessment of Oil and Gas
Resources

3.540

14.337

15.76

Geophysical Analysis of Energy Resources

0.278

1.126

1.31

Gulf Coast Petroleum Systems

1.783

7.221

10.47

Program Management
Investigations of Waters Injected or Produced

Reserve Growth Assessment Project

0.000

New Petroleum Processes Research

1.159

4.694

5.98

Uranium Resources and Environmental Impacts

0.491

1.989

2.61

Processes Controlling Groundwater Quality in
Uranium In-Situ Recovery Mining

0.019

0.077

0.12

Geothermal Resources

1.542

6.245

9.34

Science and Decisions Center

0.985

3.989

6.12

Bureau/Mission Area Cost

1.007

4.078

24.691

100.000

TOTAL

SOURCE: Email from M. Corum to S. Magsino, January 30, 2018.
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FIGURE 1.2 Annual appropriated budget for the ERP since 2001. ERP budgets have remained
relatively flat. Source: USGS.

internal program council. (4) It solicits ideas for seed projects directly from ERP
researchers through an internal program. Projects are funded based on their scientific and
technical merit, alignment with administration and program priorities, and, for existing
projects, performance records. Approximately three-quarters of the resulting portfolio
focuses on studies related to specific commodities and their environmental impact, while
the remaining quarter deals with data management and outreach. Although the commodity
studies include several different energy resources, more than half of the budget goes toward
resource assessment, and the underlying geological, geophysical, and geochemical
research needed to support those assessments.
PRODUCTS OVERVIEW
The ERP portfolio includes a mix of legally mandated service products and
opportunistic research products. Based on information garnered from the ERP website and
publication search engines, the ERP’s 20 program areas produced more than 400 products
between 2014 and 2017. Those products include data and databases, USGS fact sheets,
reports, press releases, methodologies (e.g., assessment methodologies), U.S. and global
assessments (recent focus on continuous [unconventional] resources), regional studies
(e.g., Alaska, Gulf of Mexico), and scientific investigations (e.g., enhanced oil recovery
[EOR], mantle gases, gas hydrates, geochemistry of mudrocks). Products are released as
USGS internal publications and scientific journal articles. The proportion of products
released as journal articles is increasing and now represents approximately 40% of the
publications. Table 1.2 lists examples of the products, organized according to the major
program headers on the ERP website. Products are discussed in greater detail in Chapter 3.
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TABLE 1.2 Recent examples of USGS ERP Products: 2014-2017
Product Category
National Oil and Gas
Assessment

Example(s)
~60 USGS Fact Sheets on geologic assessments – recent emphasis on
U.S. unconventional resources; USGS internal studies and published
papers on specific resources (e.g. Bakken, Piceance Basin, Green River)

World Petroleum Assessment

Multiple USGS Fact Sheets for global resources, emphasis on
continuous (unconventional) resources.

Unconventional Oil and Gas
Studies

Coalbed gas, shale gas, hydraulic fracturing, gas hydrates, and oil shale
field mapping reports, historical records, data analyses and analytical
methods (e.g. produced waters), monitoring studies, and assessments

Reserves Growth

Bi-annual assessments for reserve growth in the United States and
outside (2013 and 2015)

Economics

Topical publications: e.g. recovery factors for EOR, cost implications of
uncertainty estimates, economic issues with long-term carbon capture
and storage, development options for heavy oil and stranded gas in
Alaska
Recent focus areas include Alaska, U.S. Gulf Coast, Appalachian Basin,
SW Wyoming and Colorado Plateau

Regional Studies
Coal

Multiple assessments, coal database, organic petrology atlas, coal
contaminants, regional studies (same as above plus Powder River
Basin)
Field reports, peer-reviewed publications, USGS Scientific Investigations
and Digital data reports on gas hydrate resources on the North Slope of
Alaska, South China Sea, offshore India, and the U.S. Gulf of Mexico

Gas Hydrates

Geothermal

Peer-reviewed publications on geothermal systems in California

Oil Shale

Data Series additions, peer-reviewed publications, USGS Fact Sheets,
on oil shale resources in the Western United States

Uranium

South Texas assessment, plus publications on water quality
considerations, and baseline environmental analyses

Wind

Wind turbine map and database, energy impacts assessment
methodology and onshore wind turbine locations

Environmental Aspects of
Energy Production and Use

Topical studies on coal and produced waters, including trace elements
in coal ash, atmospheric particulate matter near mountaintop coal
mines, characterization and assessment methodologies for produced
waters, and analysis of controlling factors

Geochemistry/Geophysics

NPRA Seismic database, geochemistry publications, geochemistry labs

SOURCE: www.energy.usgs.gov.
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FIGURE 1.3 Excerpt of presentation by W. Guidroz during the committee’s September 5, 2017
meeting.

ERP Product Consumers and Project Collaborators
ERP product consumers are diverse but information about is not formally tracked by
the ERP. Many ERP product consumers also collaborate with the ERP for mutual benefit.
Consumers and collaborators include the Administration, Congress, DOI land and resource
management bureaus, federal environmental and national security agencies, state
geological surveys, the environmental community, the energy industry, and academia.
Members of the general public are also ERP product consumers. Figure 1.3 is a slide
excerpted from an ERP presentation to the committee that demonstrates the breadth of
collaborators. ERP research and data are used to support, for example, policy related to
domestic and foreign energy resources and management of those resources on federal
lands.
REPORT ORGANIZATION
This report is organized into six chapters, beginning with this introduction of the task
and the current ERP landscape. Chapter 2 provides information about the global and U.S.
energy outlook and categorizes geologically based energy resource challenges expected as
a result of that outlook over the next 10-15 years. Chapter 3 describes how the ERP
addresses current energy-related challenges through its portfolio and the ways that portfolio
might be modified in the near future. Chapter 4 describes how well the ERP portfolio and
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its products meet the information needs of the nation. It also describes approaches to
research and product development that could be taken in the future by the ERP to stay well
aligned with product consumer needs. Chapter 5 describes the committee’s conclusions
regarding the priority research and products for the future, given the projected energy
outlook. Chapter 6 presents a synthesis of the committee’s recommendations based on
conclusions found throughout the report.
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2
Projected Energy Trends and
Geologically Based Energy Challenges
Global energy markets are in transition. Demand growth is shifting from mature
economies of North America and Europe to developing economies in Asia, the Middle
East, and Africa. Energy resources are abundant, in contrast to concerns of shortages
beginning in the 1950s and prominent again just 10 years ago, and a number of energy
technologies are available. Efforts to decarbonize energy systems, driven by environmental
concerns (e.g., clean air and climate change) and market forces, are creating a shift away
from traditional fossil fuels to lower carbon sources, which is expected to continue.
Projections of energy systems into the future are, however, subject to great uncertainty.
Important questions today concern the pace of change in energy markets and the depth of
decarbonization (WEC, 2016).
This chapter provides an overview of current and future energy trends and summarizes
the nation’s geologically based energy challenges.As part of its task (see Box 1.1), the
committee summarizes the nation’s current geologically based energy challenges after
reviewing current and projected energy trends in the context of the national and
international energy outlooks.
GLOBAL ENERGY OUTLOOK
An affordable, secure, and sustainable energy supply is the cornerstone of a strong
economy and personal well-being. With global population projected to grow from just over
7 to more than 9 billion and gross domestic product expected to double by 2040 (EIA,
2017a; ExxonMobil, 2017), global energy demand is forecast to increase by 30% between
2016 and 2040 (IEA, 2017). Most of this growth in demand is expected to come from
nations that are not part of the Organisation for Economic Co-operation and Development
(OECD), particularly in the Asia-Pacific region. Over half of that demand will be for power
generation (IEA, 2016; WEC, 2016; IEA, 2017; ExxonMobil, 2017). Energy efficiency
gains are expected to restrain demand growth considerably (WEC, 2016). Without
restraints, forecast demand would increase by as much as 100% (ExxonMobil, 2017).
Electrification is projected to become the largest use of energy (IEA, 2016; 2017),
accounting for more than 55% of global energy demand growth over the next 25 years
(ExxonMobil, 2017). Global electricity production expected to double by 2060 (WEC,
2016). Urbanization and an expanding middle class will drive demand increases,
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particularly in China and India. New technologies (e.g., smart cities; automated zerocarbon mass transit systems; integrated grid/storage and electric vehicles) are expected to
result in a transition from energy technologies used during the past 45 years (WEC, 2016).
Given China’s rising significance in the energy sector (see Box 2.1) and its expected
influence on global energy markets (WEC, 2016; IEA, 2017), policy changes in China are
highlighted in most global projections (BP, 2017; IEA, 2017).
Oil
Despite efforts by several governments and international organizations to promote
low-carbon energy sources, fossil fuels—and in particular oil and natural gas—are
projected to continue to dominate global energy supply through 2040 (BP, 2017; EIA,
2017a; ExxonMobil, 2017). Oil will remain the world’s primary energy source to 2040,
driven by demand increases in the transportation sector and industrial applications (e.g.,
plastics and advanced materials; ExxonMobil, 2017). Demand for oil in transportation and
industry is expected to continue in all but the most extreme decarbonization scenarios (IEA,
2016).
Factors Affecting Oil Demand
Production of renewable fuels could reduce oil demand. For example, global ethanol
production has nearly doubled in the last decade (from 13,489 million gallons in 2006 to
26,504 million gallons in 2016), and biodiesel has grown as well (from 1,585 million
gallons in 2006 to 8,136 million gallons in 2016) (DOE, 2016; RFA, 2017). Sustainability
issues will need to be addressed for growth to continue, perhaps through the development
and commercialization of advanced biofuel production methods (IEA, 2016). Given the
uncertainty about adoption of transportation options such as autonomous vehicles, car
sharing, and ride pooling, their impact on oil demand is difficult to predict (BP, 2017, EIA,
2017a). Market uncertainties associated with cuts in upstream spending and declining
conventional oil discoveries following the dramatic decline in oil prices in 2014 may also
factor into oil demand (IEA, 2016).
Natural Gas
Natural gas is forecast to be the world’s fastest growing fuel source (IEA, 2016; EIA,
2017a), meeting 25% of global energy demand by 2040 (ExxonMobil, 2017). Production
is expected to grow—led by the United States, the Middle East, and China—with shale and
tight resources (i.e., resources found in low permeability geologic formations) becoming
increasingly important (EIA, 2017a). Other projections agree, but they raise concerns of
market sensitivities to changing decarbonization rates (BP, 2017), varying estimates of
U.S. shale gas resources (IEA, 2016), the need for better control of methane emissions
(IEA, 2017), and risks associated with the supply and distribution of liquefied natural gas
as growth and trade expands rapidly (IEA, 2016).
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Box 2.1
Influence of China’s Energy Policy
Driven by air quality and concerns related to climate change, the Chinese government has
instituted policies to promote low carbon energy sources, as well as high efficiency and digital
technologies. China’s economy is being transitioned away from heavy industry to a more
service based model (IEA, 2017). The pace with which China is building nuclear power plants
and installing wind turbines and solar panels is unparalleled. By 2030, China is projected to
become the global leader in nuclear power generation capacity (from 34 GW in 2016 to 145
GW in 2040), accounting for over 40% of global nuclear capacity additions (IEA, 2017). After
first learning from foreign-built designs through vendors, the Chinese have developed and are
implementing their own designs that they are implementing in China. More recently, they
have developed an advanced design which they are building in China and Pakistan and
marketing elsewhere (WNN, 2017). Renewables-based power capacity in China (including
large-scale hydropower), already larger than the European Union and more than double that
of the United States, is projected to grow rapidly (IEA, 2017). Given current trends and
policies, more facilities to produce energy from renewable energy sources are projected to be
added in China than in the European Union and the United States combined (BP, 2017), and
low-carbon technologies are projected to overtake fossil-fuel capacity in the power sector by
2025, led by capacity additions in solar power (IEA, 2017).

Coal
In contrast to projected growth of other energy sources, coal demand is expected either
to remain flat (EIA, 2017a) or decline slightly from 30% of primary energy demand today
to 27% (IEA, 2016); meeting less than 25% in 2035 (BP, 2017). Global electricity supply
from coal is expected to plateau at around 30% in 2035, a 10% decline from 2015
(ExxonMobil, 2017). The degree to which China and India utilize coal will ultimately drive
long-term global demand (WEC, 2016). China has made clear its intention to move away
from coal to reduce severe air pollution (IEA, 2017) (see Box 2.1), but expected increases
in coal use in India and Southeast Asian countries could counter demand reductions in
China.

Renewable Energy
Cumulative global installed capacity of renewable electricity (e.g., electricity from
geothermal, solar, wind, biomass, and hydroelectric sources) grew by 9.1% in 2016,
continuing the steady 7.5% compound annual growth rate from 2006 to 2016. Renewable
sources accounted for nearly 26% (6,211 TWh) of all electricity generation worldwide in
2016 (DOE, 2016; REN21, 2017). Electricity generation from renewable energy sources is
expected to continue to grow and account for approximately 30% of world electricity
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generation by 2040 as technologies improve and government incentives continue (EIA,
2017a). But this comes with a price. Meeting global decarbonization goals with renewable
energy sources will require additional cost reductions in the technologies, favorable
government policies, and subsidy support (peaking at $210 billion in 2030). Associated
technology challenges include significant improvements in energy efficiency (IEA, 2016)
as well as technologies that reduce the costs of reliable electricity delivery to end users
from distributed energy sources (MIT, 2016). A number of new cost-effective energy
storage solutions also will be required to support growth in variable renewable energy
sources that are not generated 24 hours a day (e.g., solar) (IEA, 2016). Biomass, solar,
energy storage, carbon capture, and the electric grid are identified as prime areas in which
innovation could facilitate development (MIT, 2016).
While subsidies for renewables are substantial in some jurisdictions, they do not yet
rival those for fossil fuels, although the gap narrowed from 10:1 in 2008 to 2:1 in 2015
(IEA, 2016, 2018). Moreover, a substantial carbon tax ($100/tonne carbon dioxide) would
be required to advance the decarbonization transition more rapidly (IEA, 2016). A complex
and competitive market landscape driving efficiency, innovation, and deployment of new
technologies—combined with global action on security, environmental, and economic
issues, and on government support enabling technological development—could hasten the
transition to low-carbon energy sources to 2060 (WEC, 2016).
This transition will also drive pressures on other resources. Dependence on rare earth
elements (e.g., tellurium, indium, gallium, and selenium; see Box 2.2) could present
challenges to ramping up solar photovoltaic capacity (MIT, 2016). The International
Energy Agency (IEA, 2016) highlights water and energy linkages, noting that increased
reliance on biofuels, concentrating solar power, carbon capture, or nuclear power will also
create new demands for water. Additional pressures on water are expected as urban centers
continue to grow, including increased demand, rising prices, and deteriorating water
quality, particularly along coastlines (MIT, 2016).
Geothermal
While geothermal energy resources are included among renewable resources, a
separate discussion of the topic is warranted given the emphasis placed on them within the
Energy Resource Program (ERP). Mean estimates of untapped conventional geothermal
resources in the western United States (from identified and undiscovered resources) range
from 9 GWe to 30 GWe (Williams et al., 2008a,b). The potential for engineered geothermal
systems (EGS) in the western United States is much greater, estimated as 500 GWe or
higher (MIT, 2006; Williams et al., 2008a,b; Lopez et al., 2012; Augustine, 2016), which
is almost half of today’s total installed generation capacity in the United States. Yet, current
U.S. geothermal energy production accounts for less than 0.4% of total electricity
generation (EIA, 2018). Unlocking the potential of geothermal energy resources requires
new technologies and approaches to reduce the exploration risk related to conventional
geothermal resources as well as to support the successful creation of new subsurface
reservoirs in EGS. EGS is an example of a development process that is still not
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Box 2.2
Energy and Minerals
A reliable supply of energy-related metals is critical to the electronics sector within the
national economy. The energy sector has high mineral demands related to the construction of
drill rigs, pipelines, power plants (from reactors to turbines), and the power grid. The
increasing demand for compounds such as phosphors (for displays) and rare earth elements
reflects their application in electronics of all kinds: europium and thulium (optoelectronics);
neodymium and holmium (magnets, fiber optics); samarium, neodymium, and praseodymium
(magnets); and lanthanum (batteries). The rapid increase in mineral demand has led to
detailed analyses on “metal criticality” or, more generally, “mineral criticality” (Greenfield and
Graedel, 2013; AGI, 2018). Other underlying issues include the wide range of minerals
required in today’s technological developments; the host-companion association of minerals
in nature;a and recyclability issues associated with many industrial products (e.g., with rare
earth metals).
a Note: dispersed rare earth metals are mostly recovered as by-products of other primary metal
production.

economically viable, but has shown technical success in small-scale demonstration projects
(< 5 MWe) such as the Soultz-sous-Forets1 (France; e.g., Koelbel and Genter, 2017),
Landau and Insheim2 (Germany; e.g., Schindler et al., 2010), and Cooper Bain (Australia;
e.g., Hogarth et al., 2013; Mills and Humphreys, 2013) projects. Exploration risk can be
reduced through studies to characterize and evaluate the geological controls on geothermal
resource type and location, by new data acquisition, and through improved predictive
methods for mapping resource potential.
Nuclear
Since the 2011 Fukushima accident, the shutdown of all reactors in Japan, and the
pause in nuclear development in multiple countries to assess national regulatory
requirements (NEA, 2016), the uranium market has been oversupplied. Uranium prices
have dropped, and a number of producers have reduced output, including the global leaders
of Kazakhstan and Canada. This bear market has also caused production cutbacks in the
United States (NEA, 2017; Ostroff, 2017). However, with more than 50 reactors currently
under construction around the world (PRIS, 2018), and at least another 100 planned (WNA,
2018), increasing demand will reduce inventories, with positive impacts on the uranium
market.
Global nuclear power generation is projected to grow to 2040, by as much as 2.6%
(BP, 2017) to 1.5% (EIA, 2017a) per annum, with the majority of the growth occurring in
1
2

See http://www.bestec-for-nature.com/j2510m/index.php/en/projects-en/soultz-en.
See http://www.bestec-for-nature.com/j2510m/index.php/en/projects-en/insheim-en.
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China, India, and other developing countries (see Box 2.1). In contrast, nuclear generating
capacity is projected to decline in the United States and Western Europe, due in part to
policies to reduce nuclear power generation in some countries (e.g., Belgium, Germany,
and Switzerland), but mainly because the pace of construction of new reactors is
insufficient to counter the retirement of older units (EIA, 2017a; IEA, 2017). Financial
difficulties of key reactor developers in the United States and France, along with increased
costs and delays in the construction of new U.S.- and French-designed reactors in China,
Finland, France, and the United States, add uncertainty to projected growth in nuclear
generating capacity (IEA, 2017).
DOMESTIC ENERGY OUTLOOK
There are challenges to maintaining energy security, economic competitiveness, and
environmental responsibility while also navigating the constant changes in U.S. energy
production and use (DOE, 2015). Fossil fuels will dominate the U.S. energy mix for the
coming decades, but with reduced reliance on imports. Fossil fuel imports declined by 35%
from 2011 to 2015 (DOE, 2015), a trend that is expected to continue. Within 10 years, the
United States is projected to become a net energy exporter for the first time since the 1950s,
owing to the growing oil and gas production that has resulted from technological
breakthroughs (EIA, 2017b). Energy production is projected to increase by 30% to 40% by
2040, led by shale gas, with the spot price3 doubling by 2040. Projections of tight oil and
shale gas production are uncertain, however, because large portions of known formations
have relatively short production histories and production technologies continue to evolve
rapidly (IEA, 2016; EIA, 2017b).
From 2011 to 2015, U.S. energy consumption increased by about 1% as population
grew by 3.1% and the economy grew by 8.2%. This reflects gains in energy efficiency
(DOE, 2015). This trend is expected to continue, with U.S. energy consumption projected
to remain relatively flat, increasing by only 5% from 2016 to 2040 (EIA, 2017b). Electricity
demand is projected to increase by 1% or less each year, a significant decline from historic
rates of growth owing to market saturation, improved efficiencies, and a shift to less energy
intensive industry (EIA, 2013; 2017b).
As elsewhere, the domestic fuel mix is changing, featuring a rapid increase in natural
gas use (Box 2.3). As of January 2017, coal consumption has declined from a peak of 22.5
quadrillion Btu to 14.5 quadrillion Btu (EIA, 2018) as it loses market share to low-cost
natural gas, the falling costs of renewable energy sources, and the domestic regulatory
environment. Renewables (mainly solar and wind), on the other hand, are projected to grow
due to existing state and federal policies that encourage adoption. By 2040, renewables are
projected to account for about 27% of U.S. electricity production and consumption (EIA,
2017b). The electric power sector remains the largest consumer of primary energy (i.e.,
energy sources such as coal and natural gas that can be used directly as extracted)
throughout the projection period.

3

Current price at any point in time.

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Projected Energy Trends and Geologically Based Energy Challenges

31

The United States has been central to global civil nuclear power generation since such
generation began more than 50 years ago. With 99 operational reactors, the U.S. fleet
remains the world’s largest, but with attrition through aging and only 2 reactors under
construction (IAEA, 2017), U.S. nuclear power generation is expected to decline (EIA,
2017b), particularly after 2035. In 2016, nuclear power generated 20% of U.S. electricity
(see Box 2.3), accounting for more than 60% of the nation’s carbon-free electricity (NEI,
2017a). Unlike other jurisdictions, particularly those in the developing world (e.g., China
and India), nuclear energy in the United States is projected to decline gradually until 2040,
and then more rapidly as 25% of existing plants are retired from operation (EIA, 2017b).
Nuclear power is also losing market share to natural gas and renewables. Some states are
making efforts to maintain nuclear capacity, and the U.S. government has indicated its
intent to maintain nuclear power as a part of the nation’s energy mix (Perry, 2017). In states
such as New York and Illinois that have more liberalized electricity markets,4 legislation
recognizing zero carbon emissions generation from nuclear power has been passed but is
the subject of legal challenges (Smith, 2017). Other states are considering policy measures
to keep more reactors from closing before the end of their operational lives.
GEOLOGICALLY BASED ENERGY CHALLENGES
As directed by the committee’s statement of task, the next sections summarize the
nation’s geologically based energy-related challenges identified by the committee.

Box 2.3
U.S. Electricity Generation and Sources
Power generation in the United States in 2017 totaled 4.0 trillion kilowatt-hours—
approximately 20% of the power generated worldwide.a Over 60% of the primary energy used
to generate electricity is lost through energy conversion inefficiencies (LLNL, 2016). Energy
sources for electricity generation include fossil fuels (63% - gas, coal and petroleum),
renewables (17% - solar, hydro, wind, geothermal, biomass) and nuclear (20%).a Natural gas
was the largest energy source, providing about 32% of U.S. electricity generation in 2017. The
high dependency on fossil fuels reflects their availability and their high energy density that
allow for compact engineering.
A transition toward more renewable energy has started. Yet, given today’s carbon
dependent infrastructure, that transition will require decades. New technologies have driven
the development of oil and gas from previously inaccessible sources (e.g., tight shales),
resulting in lower-cost natural gas displacing conventional coal.
a See

https://www.eia.gov/tools/faqs/faq.php?id=427&t=3.

4

Liberalized electricity markets are those that incorporate price bidding for electricity supply
as opposed to long-term purchases made under contracts.
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Addressing these challenges will be important for maintaining a secure, resilient,
environmentally responsible, and economically competitive energy supply. Most of these
challenges are directly relevant to ERP efforts and the decisions regarding the U.S. energy
resources sector that the ERP addresses. The challenges include:
1. Maintaining a robust understanding of the national resource inventory and its
associated uncertainties;
2. Exploring and developing geologic energy resources in an environmentally and
socially responsible manner;
3. Overcoming technical and economic barriers to new resource development
processes; and
4. Adapting to variable power-generation sources (e.g., wind and solar) and related
energy storage.
These are broad and overarching challenges. The ERP may only contribute to
addressing specific aspects of them. Nonetheless, a broad, inclusive view of the various
geologically based energy challenges provides important contextual information about the
current energy landscape in the United States. Subsequent text describes how current ERP
activities address those challenges (Chapter 3), and how well the work aligns with
stakeholder needs (see Chapter 4).
Challenge #1: Maintaining an Up-to-Date Geologic Resource Inventory
Geologic resources encompassed by the ERP include oil, natural gas, coal, methane
hydrates, geothermal energy, and uranium. It is important to maintain robust assessments
of both U.S. and international resources that accurately describe future expected
recoverable quantities. Inventories of the global distributions of geologic resources are as
important as those of domestic distributions because decisions regarding the nation’s future
energy mix may need to account any political, financial, and technical uncertainties.5
Developing robust resource assessments involves answering questions such as: How much
of the resource is there? How much is technically recoverable using current technologies?
Where is it located? What are the uncertainties in the estimate? How difficult is it to
extract? How much will extraction cost? Developing resource inventories for such geologic
resources as oil, gas, geothermal, coal, or uranium requires extensive observations,
experience, and scientific analyses that lead to reproducible predictions about the complex
subsurface environment. Accurate descriptions of risk and uncertainty are necessary.
Before such inventories can be developed, systems of standardization will need to be
adopted.
Challenges associated with developing reliable resource inventories will change over
the lifecycle of a given resource—from early exploration through depletion and
reclamation. During resource identification and early exploration, resource estimates often
5

See https://energy.usgs.gov/OilGas/AssessmentsData/WorldPetroleumAssessment.aspx
#3882215-overview.
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depend on conceptual geologic models with large uncertainty. They require significant
interpolation and extrapolation from sparse geoscientific data. The challenge, therefore, is
to understand and model the fundamental physical, chemical, and biologic systems that
control resource distribution at spatial scales that can range from thousands of kilometers
to microns. After initial exploration, resource development includes extensive data
acquisition and mapping; coupled 3-dimensional numerical modelling, spatial analyses,
and statistical analyses that all involve increasingly large quantities of geophysical and
geological data and advanced computing tools to manage and interpret those large
quantities. Compounding this challenge, the public and private sectors often acquire and
interpret geologic data independently and in parallel; different resource estimates may
result.
Private-sector development of subsurface energy resources results in substantial useful
data (e.g., from seismic surveys, well log and other geophysical surveys, and production
data). Those data, however, often are proprietary and remain confidential for a period
specified by leasing regulations. Not all of those data enter the public domain. Nonetheless,
the cost and pace of data acquisition, coupled with the diversification in energy research,
has led the private sector to pursue new partnerships with research organizations to advance
understanding of geologic fundamentals, providing both new opportunities and new
challenges for public-private collaborations (e.g., Massachusetts Institute of Technology
Energy Initiative,6 Texas Bureau of Economic Geology Consortia7).
Technically recoverable resource estimates may increase or decrease or decrease over
time, with changes triggered by new regulations and the ability to identify new resources
or access previously unrecoverable resources using new technologies. For example, once
horizontal drilling and hydraulic fracturing enabled the extraction of what were previously
commercially inaccessible resources, the economics around oil and gas extraction changed
radically. In the future, captured greenhouse gas (such as carbon dioxide [CO2]) may be
used to extract residual oil trapped in small pore spaces in the rock, both reducing CO2
emissions and changing the face of enhanced oil recovery. As the nation’s primary public
source for energy resource assessments, the ERP has the challenge of remaining
sufficiently technically engaged so as to be able to monitor advances in the industry and to
be responsive to rapid changes.
Challenge #2: Environmentally and Socially Responsible Exploration and
Development of Geologic Energy Resources
Developing geologic resources requires access to and careful management of surface
lands and the prevention and mitigation of potential environmental impacts. Depending on
the resource being developed, issues may be related to land-use and water-use
requirements; management of produced water; the potential for aquifer contamination
during drilling and hydraulic stimulation; the potential for induced seismicity; CO2

6
7

See https://energy.mit.edu/.
See http://www.beg.utexas.edu/aec.
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sequestration to offset emissions; and long-term geologic storage of radioactive and other
energy waste products. Subsequent sections discuss these topics individually.
Water Used, Produced, and Disposed, and the Energy-Water Nexus
It is increasingly important to recognize the complex connections between energy and
water and their various impacts on water supplies, on water quality, and on related factors
such as induced seismicity associated with produced water disposal (see Box 2.4). The
relationship between how water is used to produce energy and how energy is used to
Box 2.4
Produced Waters and Their Disposal
After a well is stimulated (such as through hydraulic fracturing), oil and gas are produced
by the well along with produced water—a combination of the injected stimulation fluids
(including water) and formation fluids (fluids naturally present in the oil and gas reservoir).
Stimulation fluids are usually greater than 98% water, but also contain physical and chemical
additives, such as proppants (e.g., sand), acid, friction-reducing agents, corrosion inhibitors,
scale inhibitors, biocides, and pH adjustors. Formation fluids are usually salty waters that may
also contain dissolved organic constituents, dissolved gases, and radionuclides. Fluids that are
produced from a well after stimulation may contain injected and formation water, and they
require appropriate disposal to avoid contamination of surface waters, groundwater, and to
avoid other environmental impacts.
Disposal of produced waters is often accomplished through subsurface injection,a or by
surface discharge after the fluids have been treated. Investigations related to recycling of
produced waters and levels of treatment needed that suggest that—from a water chemistry
standpoint—it may not be a problem to reuse produced water within the oil and gas sector
(e.g., McMahon et al., 2015; Nichols et al., 2017). General water chemistry concerns are still
applicable, however, when considering reuse of produced waters in sectors other than oil and
gas. Historically, most produced fluids were reinjected into a producing hydrocarbon reservoir
to enhance oil or gas recovery. This latter method has been applied in conventional reservoirs
for decades. Oil and gas development from low-permeability reservoirs using hydraulic
fracturing generally produces less water than high-permeability mature conventional
reservoirs. Produced water from low-permeability reservoirs, however, generally is disposed
of in nonoil and gas producing geologic units because the low permeability of some reservoirs
precludes disposal. The Environmental Protection Agency has established minimum
requirements for underground disposal of produced waters, but disposal practices to meet
these regulations vary regionally. They include surface discharge and treatment of produced
water, reinjection of produced water, and induced seismicity protocols. Individual states may
impose additional regulations limiting certain subsurface activities.
a Underground injection of a variety of fluids is regulated through the EPA’s Underground Injection
Control (UIC) program. UIC regulations can be found at 40 CFR 144.3.
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extract, treat, and distribute water for end use is referred to as the “water-energy nexus.”8
This section addresses challenges associated with the use of water for energy production.
The energy extraction industry accounts for approximately 1% of total water
withdrawn in the United States, including water used in hydraulic fracturing (Maupin et
al., 2014). While this percentage may seem insignificant, percentages of water withdrawn
locally may be much higher (e.g., in arid regions where many of the nation’s oil and gas
resources are located). Water is also consumed for electricity generation and use. Those
amounts can exceed the volumes of water used for resource extraction (e.g., the volume of
water consumed to generate electricity from natural gas can be 15 times the volume of
water used for hydraulic fracturing to produce that gas [Laurenzi and Jersey, 2013; Scanlon
et al., 2014]. Similarly, water lost as a result of evaporation during the combustion of
hydrocarbon fuels may equal or exceed the volume of produced waters disposed of via
deep well injection (Belmont et al., 2017).
The United States accounted for 35% of total global water withdrawn for power
generation and primary energy production in 2010 (IEA, 2016). An estimated 38% of total
freshwater withdrawals in the United States are used for thermoelectric power generation
(i.e., electricity generated using steam-driven turbines in coal, nuclear, gas, some
geothermal, and solar-thermal power plants). Almost 100% of these waters are sourced
from surface water (i.e., not groundwater; Maupin et al., 2014), and most of those waters
are returned to the source and available for downstream use. Although irrigation accounts
for a similar percentage (38%) of freshwater withdrawals that is sourced from surface water
(57%) and groundwater (43%), most of irrigation water is consumed. Irrigation is focused
primarily in 17 western states, accounting for 83% of irrigation water withdrawals. It is
necessary to consider variability in regional water use within the United States when
evaluating the energy-water nexus.
Hydraulic fracturing is often used to stimulate oil and gas in geologic reservoirs to
move to a well and then to the surface. Depending on the resource reservoir and basin in
which it is located, estimates of median water use for hydraulic fracturing are up to 10.5
million gallons/well (40 ×106 L/well) (Kondash and Vengosh, 2015; Scanlon et al., 2017).
The amount of water used for multistage hydraulic fracturing development in horizontal
wells has increased by a factor of 10 in the Permian Basin between 2008 and 2015 (Scanlon
et al., 2017). This increase may stress water resources (as well as sand resources necessary
as a proppant in conjunction with the injected water) (Scanlon et al., 2016; 2017). This is
especially a concern where access to large volumes of water is difficult or where water
sources are limited and sensitive to drought (e.g., Texas, California, New Mexico, and parts
of the Midwest; Freyman, 2014). Wells not only produce oil and gas. They also produce
some of the fluids that were pumped into the well as part of the hydraulic fracturing
process, along with much larger volumes of fluids naturally present in the geologic
formation. As described in Box 2.4, these produced fluids often contain additives that make
it necessary to properly treat and dispose of water to avoid adverse environmental impacts.
Improper well casing and cementing can allow methane to contaminate local groundwater
supplies (Raimi, 2017). Other potential negative effects associated with injection of this
8

See https://www.energy.gov/under-secretary-science-and-energy/downloads/water-energynexus-challenges-and-opportunities.
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produced fluid include increased risk of induced seismicity (discussed later in this chapter)
and undesirable geochemical feedbacks that have the potential to alter geochemistry or
hydraulic properties over time. Proper handling of the produced water is critical because
surface spills can contaminate soils. Transportation of produced water via trucks may
create traffic issues and have other impacts on infrastructure such as roads and bridges
(TAMEST, 2017). These impacts need to be identified and weighed against other physical
and social impacts associated with produced water management.
Water is also required for the development of EGS reservoirs: for drilling new wells,
for stimulation activities to increase reservoir permeability, for well testing, and to create
the hydrothermal systems that circulate through the engineered subsurface reservoirs from
which hot water is produced to the surface for electricity generation. The amount of water
required for stimulation depends on the reservoir properties and type of stimulation used
(hydraulic, chemical or thermal): on average, EGS projects developed to date have required
approximately 5.1 million gallons per well (Harto et al., 2013). Over a project lifecycle
(> 30 years of EGS power plant operation), modelling indicates that water needed for
drilling and reservoir development may comprise less than 3% of total water requirements
(Schroeder et al., 2014). In greenfield EGS projects (i.e., those not connected to a
productive hydrothermal reservoir), predicted losses of injected water into the reservoir at
depth (i.e., injected fluids that do not return to the production wells) will require
supplementary water to be added to the system (makeup water) to maintain a viable EGS.
This may comprise 80-95 % of a projects water requirements over its lifetime (Schroder et
al., 2014). Therefore EGS projects need access to long-term water sources to meet this
anticipated demand. Similar to development of oil and gas resources, meeting the demand
may be challenging in areas with limited water availability. There may be opportunities to
use recycled fluids (e.g., wastewater), brackish groundwater, or produced waters from oil
and gas wells for this makeup fluid (Harto et al., 2014). The potential geochemical
reactions that may cause undesirable loss of permeability in the reservoir will also need to
be considered.
Water management studies are only in the early stages of data collection and of analysis
of water use for different energy pathways. Where the water system is most strained is only
now starting to be understood (e.g., Ch2MHill, 2015; Veil, 2015). Given water scarcity
issues in some areas, produced waters may represent an alternative water source for
hydraulic fracturing, or makeup water for EGS (although the latter is untested and will
depend on the geochemical compatibility between the produced fluids and geothermal
formations [Clark et al., 2011]). Water quality requirements for hydraulic fracturing have
evolved—from use of freshwater during early practice to use of “clean brine” or direct
reuse of produced water (Scanlon et al., 2017). Characterization of produced waters is
complicated because of difficulties with analytical techniques, problems with high-salinity
matrices (Oetjen et al., 2017), and lack of available reference materials. National databases
related to produced water that include information about volumes and geochemistry will
inform future research on the study and recycling of these produced fluids as well as the
regulations and protocols associated with their use.
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Induced Seismicity
Induced seismicity refers to earthquakes caused by human activity such as those
related to development of some oil and gas reservoirs or of engineered geothermal
resources. Induced seismicity results primarily from the disposal of produced fluids into
deep geological formations near the basement due to over-pressurization (e.g.,
Box 2.5
Induced Seismicity in Oklahoma
Large volumes of salt water that are produced during oil production in Oklahoma are
injected into a deep, permeable geological formation unit, the Arbuckle Group. This formation
is in hydraulic communication with faults in the crystalline basement. Natural geologic
processes have accumulated stress on these faults, and when fluid pressures increase due to
fluid injection, the faults can slip (Keranen et al., 2014; Weingarten et al., 2015). Since 2009,
seismicity in parts of Oklahoma has increased significantly, with over 300 widely felt
earthquakes greater than M 3.0 recorded in 2015 (Langenbruch and Zoback, 2016; see figure
below). Reduction in injection rates and cumulative volumes in Arbuckle wells since 2015 has
significantly reduced seismicity in this region (Langenbruch and Zoback, 2016).

FIGURE Relationship between saltwater disposal and earthquakes in Oklahoma. Colors
represent the cumulative volume of produced saltwater injected into the Arbuckle Group
between 2009 and 2015 (in m³). SOURCE: Langenbruch and Zoback, 2016.
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Langenbruch and Zoback, 2016; see Box 2.5). Many of these earthquakes are strong
enough to be felt, which may lead to an increase in regulation associated with fluid
disposal. Understanding the risks and managing the hazards associated with induced
seismicity requires development of coupled geomechanical and hydrological models that
account for the effects of increased fluid pressures. The relationship between induced
seismicity and the rate, volumes, and depth of injection of produced waters are being
evaluated (e.g., Weingarten et al., 2015; Langenbruch and Zoback, 2016; Hincks et al.,
2018). The industry and state regulators, however, are still learning about the effects and
their associated hazards, and they are adapting injection strategies in real time to manage
seismicity (e.g., Oklahoma Corporation Commission, 2016). While individual states
address induced seismicity through regulation and study, some national organizations have
developed information and guidance documents (e.g., GWPC and IOGCC, 2017). Much
remains to be done before induced seismicity can be mitigated. Better knowledge of
bottom-hole pressures, new fault mapping, and an improved understanding of pore pressure
changes and the distance at which they influence seismic activity are necessary. In addition,
statewide databases of disposal volumes and pressures, and access to them, would be
invaluable.
Geologic Sequestration of Carbon Dioxide (Carbon Capture and Storage)
Given the domination of gas-fired and coal power plants (collectively producing
approximately 65% of the nation’s electricity in 2016),9 electricity-generating facilities are
responsible for the most CO2 emissions (1,928 million metric tons)10 among all the U.S.
energy sectors in the United States (about 35%).11 Depending on how federal and state
policies evolve to address CO2 emissions, and pending further research, development, and
commercial demonstration, subsurface geologic CO2 sequestration may become more
widespread in the United States. As of January 3, 2018, in excess of 16 million metric tons
of CO2 have been injected in the United States as part of the Department of Energy (DOE)
Clean Coal Research, Development, and Demonstration Programs.12 This represents a
small fraction of national CO2 emissions from the U.S. electric power sector alone (EIA,
2016). Important challenges associated with the successful geologic CO2 sequestration
center on identifying potential subsurface reservoirs and understanding their behavior
under long-term sequestration conditions. For example, positive net fluid budgets from
injecting CO2 into the subsurface can impact subsurface pressures and induce seismicity
(NRC, 2013; Zoback and Gorelick, 2015). In addition, dissolution and precipitation
reactions can affect long-term fluid chemistry, water quality, and aquifer or caprock
permeability. Such phenomena have been studied in deep reservoirs for such activities as
carbon sequestration (Johnson et al., 2005; Xu et al., 2011). Potential reservoirs:

9

See https://www.eia.gov/energyexplained/index.cfm?page=electricity_in_the_united_ states.
See https://www.eia.gov/electricity/annual/html/epa_09_01.html.
11
See https://www.eia.gov/tools/faqs/faq.php?id=77&t=11.
12
See https://energy.gov/fe/science-innovation/carbon-capture-and-storage-research.
10
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have appropriate porosities and permeabilities to store the CO2;
have appropriate stratigraphic, geochemical, or structural trapping mechanisms
(e.g., a cap rock) to prevent migration of CO2 to the surface or into other
surrounding geologic and hydrologic formations (e.g., aquifers); and
are geologically stable (i.e., where active faults will not compromise the reservoir
trap or increase the risk of induced seismicity).

These challenges can be addressed via substantial subsurface characterization, through
geological and geophysical data acquisition and analysis, in laboratory studies, and via
numerical simulation. The DOE has taken the lead on producing maps of both CO2 sources
and potential sequestration sites.13
Further research and development is required to facilitate wider deployment of
geologic CO2 sequestration. For example, sequestration projects can benefit from
information generated by and lessons learned from induced seismicity studies and
experiences (NRC, 2013). The DOE aims to develop and advance the effectiveness of
onshore and offshore carbon capture and storage technologies, reduce the challenges to
their implementation, and prepare them for widespread commercial deployment in the
2025-2035 time frame.14 Understanding waste disposal issues and evaluation of potential
impacts associated with CO2 sequestration can include basin-wide and lifecycle
approaches—even at the earliest phases of resource assessment and development. ERP
expertise in geochemistry, structural geology, and detailed stratigraphic analysis would
complement DOE capabilities; ERP collaboration with the DOE might provide more
detailed geologic characterization of subsurface reservoirs that may be suitable for carbon
sequestration.
Subsurface Storage of Radioactive Waste
Because the energy density of uranium is thousands of time greater than that of fossil
fuels,15 the full lifecycle volumes of wastes (including atmospheric emissions) produced as
a result of electricity generation are much smaller than those produced by fossil fuels.
Disposal of the relatively small volumes of the resulting radioactive waste is, however,
controversial, particularly as related to spent fuel, given its long half-live and radioactivity
(Alley and Alley, 2013), although progress is being made in a number of countries, notably
Finland and Sweden (IAEA, 2018). Since the initiation of U.S. nuclear power generation,
some 79,000 metric tons of spent fuel have been discharged from reactors (NEA, 2017).
Currently, spent fuel is stored in aboveground facilities (e.g., in spent fuel pools and dry
cask storage systems).

13
An atlas is available at https://www.netl.doe.gov/research/coal/carbon-storage/atlasv and an
online mapper is located at https://edx.netl.doe.gov/geocube/#natcarbviewer.
14
See https://www.netl.doe.gov/research/coal/carbon-storage/program.
15
One ton of natural uranium can produce the same amount of electricity as burning 16,000
tons of coal or 80,000 barrels of oil (DOE, 2018).
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As outlined by the Nuclear Regulatory Commission (NRC, 2017), radioactive wastes
include low-level waste with radioactivity just above natural background levels (such as
gloves and lab coats used in nuclear power stations and medical facilities, uranium mill
tailings, sandy material discharged from uranium mines) and high-level wastes (such as
those produced from the irradiation of fuel in reactors and from national defense activities).
Long-term disposal of each type of waste ranges from near surface sites for low-level
wastes and tailings to deep geologic disposal sites for high-level radioactive wastes.
There are four existing sites in the United States for the disposal of low-level
radioactive wastes (NRC, 2017). Low-level wastes are treated and packaged according to
the level of hazard and disposed of in licensed, near surface facilities. Tailings produced at
uranium mining and milling sites are generally stabilized on-site. Since the radium
contained in tailings decays to produce the radioactive gas radon over the course of
thousands of years, tailings are placed in piles—usually lined, covered, and monitored for
leaks—for long-term disposal. Remediation work continues at uranium mining and milling
sites that operated prior to the 1978 Uranium Mill Tailings and Mining Act (referred to as
legacy sites).
Spent fuel discharged from reactors is thermally hot, highly radioactive, and potentially
harmful. It must be handled with care and safely stored until it becomes harmless through
decay processes, which can take hundreds of thousands of years (NRC, 2017). Spent fuel
is first temporarily stored in cooling ponds at reactor sites until it can be safely handled and
transferred to dry storage casks, either at reactor sites or at a consolidated interim storage
facility. Ultimately, spent fuel is destined for disposal in a deep geologic repository. Siting
of a high-level radioactive waste facility in the United States has been a lengthy,
controversial and politically charged process.
After decades of study, the DOE submitted a license application in 2008 to receive
authorization to begin construction of a repository for high-level radioactive wastes at
Yucca Mountain, Nevada. This process was stopped shortly thereafter and the DOE
subsequently began to implement a consent-based process to select and evaluate sites and
license facilities, reversing previous efforts to select a high-level waste repository based
predominantly on engineering studies (NEA, 2017). In 2017, however, a House committee
voted overwhelmingly to advance a bill meant to establish Yucca Mountain as the nation’s
repository for high-level radioactive wastes (Cama, 2017).
Given the continued use of nuclear power in the United States, radioactive waste
subsurface disposal facilities will need to be licensed and operated. Although the DOE is
responsible for the siting and licensing of disposal sites for wastes of which the federal
government is responsible, U.S. Geological Survey expertise will continue to be required
during the selection and characterization of these facilities. This represents an opportunity
for ERP input as uranium-groundwater research matures.
Surface Land Use
Oil and gas resource development between 2000 and 2012 is estimated to have required
30,000 km2 of land for well pads, roads, and storage facilities (Allred et al., 2015), making
that land unavailable for agriculture, horticulture, wildlife habitat, recreation, rural and
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urban development, or other uses. Approximately 200,000 km2 of new lands are projected
to be required for energy production in the United States by 2040 (Trainor et al.,
2016). When spacing requirements are included in the projection, up to 800,000 km2 of
new land could be impacted by energy production by 2040. This accounts for the area of
land between well pads or other surface infrastructure that might affect wildlife (e.g., by
breaking up ecosystems that affect large mammal populations and wildlife migration) and
human use. Land use for surface coal mining is not actively tracked by federal agencies
and is thus imprecisely understood (Epstein et al., 2007), and the committee could not
locate land use estimates in the scientific literature. Based on estimates of the tonnage and
thickness of coal mined at the surface in 2016 (EIA, 2017c), about 270 km2 of land was
disturbed by surface coal mining during that year.
Fossil fuels are forecast to account for 60% to 80% of the direct land footprint required
for new energy, and more than 90% of the footprint when spacing requirements are
considered (see Box 2.6). Energy resource studies need to include accounting for land
disturbance issues for the full lifecycle of energy development. Understanding the
economic and environmental tradeoffs that may occur as additional public or private land
access is granted to develop new geologic energy resources is challenging as is recognizing
new issues that arise with the land-use requirements associated with growing alternative
energy production.
Challenge #3: Technical and Economic Barriers to New Resource Development
Processes
Technical innovation is also required for more efficient and responsible development
of existing geologic energy sources: for example, to improve resource recovery, mitigation
of environment impacts, and waste disposal. Examples include innovations that address
•

•
•
•
•
•
•
•

reducing methane (CH4) leakage associated with oil and gas production involving
high-water-volume hydraulic fracturing;
identifying EGS sites with the most desirable characteristics. Such characteristics
would support the creation and maintenance of an engineered reservoir that
accommodates commercial rates of fluid flow and heat exchange;
maintaining permeability in EGS reservoirs. This could be done through managing
the potential thermo-hydraulic-mechanical-geochemical (THMC) feedbacks, and
by developing new technologies to monitor the system throughout its lifetime;
achieving commercially viable methane recovery from hydrates;
achieving stable long-term CO2 sequestration with appropriate monitoring;
increasing the volumes of CO2 that can be efficiently injected for sequestration;
increasing oil recovery efficiency, leaving less oil in place;16
lowering the environmental impacts of coal production and fly ash disposal;
managing volumes of produced fluids in oil and gas wells; and

16

Even small levels of improved recovery can translate into trillions of dollars of additional
revenue.

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

42

Future Directions for the USGS’s Energy Resources Program

•

mitigating induced seismicity hazard during development of continuous oil and
gas resources and in EGS.

Through continued subsurface geologic characterization, collection, and archiving of
available data sets (e.g., well data, rock properties, production data) and basin-scale
modeling and assessments, the ERP has an opportunity to contribute to the innovations that
address these challenges. Their products could provide vital information that lead to
technical breakthroughs and viable solutions.
Box 2.6
New Land Use Requirements for Energy Production
The figure below shows new land used for energy production in the United States between
2007 and 2011 (top bars). The bars beneath represent projected land use between 2012 and
2040 under four Energy Information Administration (EIA) scenarios (lower 4 bars). The bars on
the left side represent the new land required for the direct footprint (e.g., roads, well pads,
turbine pads, surface infrastructure). The bars on the right represent the new land impacted
including, for example, the direct footprint, space in between turbines and well pads. The
reference scenario used to determine these requirements assumes a continuation of current
policies [as of 2017]). The Low Renewable Technology Cost scenario (bottom row) assumes
lower cost (20% below the Reference scenario assumptions) for new non-hydropower
renewable electricity. This scenario takes into account the Renewable Fuels Standard from the
Energy Independence and Security Act (EISA) of 2007, which mandates the use of 36 billion
gallons of renewable fuel by 2022 (the reference case on the left assumes that EPA continues
to largely waive requirements for cellulosic and advanced biofuels). The High Oil and Gas
Resources scenario forecasts greater production of technologically recoverable oil and natural
gas resources in the United States such that production nearly doubles by 2040. The
Greenhouse Gas Tax scenario assumes that Greenhouse Gases (GHG[s]) are taxed at a rate of
$10 per metric ton of CO2 equivalent, which discourages coal production and encourages less
GHG-intensive energy sources.

SOURCE: Trainor et al., 2016.
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Challenge #4: Adapting to Variable Power-Generation Sources
Contributions from renewable energy sources (e.g., wind and solar) to electricity
generation is projected to increase in coming decades (EIA, 2017a). These energy sources
do not always produce electricity continuously (e.g., solar energy is not generated at night).
Generation can also be variable over short timescales (e.g., minutes). The current electricity
grid was designed around stable baseload power generation, and, given the small storage
capacity of the grid, electricity supply and demand must always be closely balanced to
avoid grid collapse (e.g., blackouts) or other issues. To maintain grid stability and
reliability, and to more closely match energy generation with times of energy demand,
energy storage and other options (e.g., load following power plants that adjust power as
demand fluctuates) are needed to accommodate sources of variable power generation
sources such as wind and solar. Energy storage options include above ground systems such
as pumped hydroelectric storage (water moved to higher elevation using solar or wind
energy generated during peak production, and then drained to lower elevations to produce
energy during off-peak times), batteries, flywheels, chemical/thermal systems (e.g., molten
salts), and subsurface storage options.
Subsurface energy storage options include compressed air energy storage (CAES) in
geologic formations (see Box 2.7), gas storage (e.g., hydrogen, methane gas—including
liquefied natural gas), or thermal storage (storing hot fluids in subsurface reservoirs).
Thermal storage (e.g., sensible heat storage) usually occurs at shallow depths up to a couple
of hundred meters, whereas CAES and gas storage sites may use geological formations as
deep as 2 km (Kabuth et al., 2017).
Box 2.7
CAES Power Systems
There are only two operating utility-scale CAES power systems in the world (in Germany,
and in Alabama in the United States),a and techno-economic feasibility studies have been
conducted for other systems in Oregon (e.g., McGrail et al., 2013) and Iowa (e.g., Schulte et
al., 2012). CAES requires injection of significant volumes of air (107 standard cubic meters
[scm] or more) in addition to relatively short cycle times (hours to days) for load and
generation balancing. Thus, high-permeability structures in the subsurface are required
(McGrail et al., 2013). Opportunities for installing CAES systems elsewhere in the United States
will require detailed three-dimensional geologic characterization and assessment to evaluate
site suitability and viability. As such, future evaluation and deployment of more CAES systems,
or other geological storage systems (chemical or thermal), in the United States presents an
opportunity for the ERP to engage and contribute its subsurface and geologic expertise.
a

See http://www.energystorageexchange.org/projects/global_search?q=CAES.
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3
The ERP Portfolio with Respect to Energy
Challenges
In Chapter 2, the committee identified four major needs that the U.S. Geological
Survey’s (USGS’s) Energy Resources Program (ERP) might address. Specifically, there
are needs for:
1. a robust understanding of the national resource endowment and its associated
uncertainties;
2. environmentally and socially responsible exploration and development of geologic
energy resources;
3. overcoming technical and economic barriers to new resource development
processes; and
4. adapting to variable power-generation sources and related energy storage (e.g.,
wind and solar).
This chapter describes the major activities in which the ERP engages to understand the
energy resource endowment and how those activities now contribute to meeting the
challenges listed above. The current ERP portfolio reflects many of the energy priorities of
ERP product consumers. The brief outlines of selected projects described herein are
examples of both long-standing ERP obligations (e.g., oil, gas, coal, and uranium
assessments) and newer efforts in the rapidly changing energy landscape (e.g., methane
hydrates, geothermal energy, and produced waters). Described are the types of ERP
products and their alignment with the needs of federal and non-federal consumers, factors
that have led to the success of ERP efforts, and challenges that may have led to suboptimal
alignment with consumer needs or in missed opportunities. The examples also are used to
illustrate general aspects of the ERP, including the balance between basic research versus
service products (e.g., databases, resource assessments, maps); the uniqueness of the
products (e.g., field data collection, lab analyses); and the use of those products by the
targeted communities. Publication formats in the last 20 years generally have shifted from
paper publications and compact disks to a range of digital products, precipitated by the
wide availability of broadband Internet and emerging methods of digital data dissemination
and publication of reports, basic data, and geographic information systems (GIS). Virtually
all publications now are delivered online through the USGS’s website and through thirdparty publication outlets such as journals and society publications (e.g., Warwick et al.,
2011).
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Box 3.1
ERP Oil and Gas Resource Assessment Methodology
The ERP assesses conventional and continuous (unconventional) oil and gas
accumulations using similar approaches.a Continuous accumulations are often referred to as
“unconventional.” The approaches for assessing conventional accumulations with the
potential to be added to reserves in a 30-year forecast span requires (1) a minimum
accumulation size, (2) assignment of geologic and access risk, and (3) estimates of the number
and sizes of undiscovered accumulations in the assessment area (Schmoker and Klett, 2005).
Combined, these variables yield probability distributions for potential additions to reserves.
Geology-based input parameters identified through professional judgment rather than from
projections of historical trends control assessment results.
Continuous resources refer to source rocks and other tight reservoirs (e.g., shale, coal, and
tight sandstone) and are assessed using a modified approach that combines geologic analysis
with oil and gas production data (Schmoker, 2005). Hydrocarbons are found throughout these
continuous reservoirs. Production data from the accumulation being assessed (or an analog
accumulation) are used to forecast potential additions to reserves. The reservoir is generally
divided into homogenous subunits, referred to as assessment units. Instead of an in-place
methodology that involves estimation of the resource in place and recovery factors, the ERP
uses a productivity-based approach that relies on the productivity of cells (roughly equivalent
to drainage area of wells) and well productivities based on production decline curves for
determining estimated ultimate recoveries. Uncertainties in estimated recoveries were
addressed in an improved methodology (Charpentier and Cook, 2010) by allowing use of
analog data from areas with significant discovery histories.
Geologic risk elements for all assessments include information on the basin stratigraphy and
burial history, depth, total organic carbon, depositional environment (particularly clay content),
a Detailed

information on ERP assessment methodologies can be found at: https://energy.usgs.
gov/OilGas/AssessmentsData/NationalOilGasAssessment/ Methodology.aspx.

Examples provided in this chapter reflect the present mix of projects in the ERP
portfolio, including mandated service products and opportunistic research that has evolved
in response to rapid changes in the energy landscape over the past 10 to 20 years. The
committee provides its conclusions based on members’ personal experiences with ERP
products, interaction with ERP staff, and interactions with federal and nonfederal
consumers of ERP products. The experience and interactions suggest a continued demand
for ERP products and ongoing recognition by decision makers of the importance of
geologic information for energy policy decisions. Chapter 4 provides more detail about
aligning the ERP with ERP product consumer needs, and Chapter 5 describes directions in
which the ERP might move its portfolio to meet future needs.
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thermal maturity (vitrinite reflectance), reservoir volume (area and thickness isopachs), preexisting fractures, and saturations. Well completion and production data include well depths,
lateral lengths for horizontal wells, and oil, gas, and water production data. The initial
production and decline curves are determined from the historical well data. The figure below
shows the key steps in the assessment model for continuous resources.

FIGURE Steps in the USGS cell-based reservoir-performance assessment model for continuous
oil and gas accumulations. SOURCE: Schmoker, 2005, modified from Schmoker, 1999.

OIL AND GAS ASSESSMENTS
Using a geology-based approach, the ERP assesses technically recoverable oil and gas
resources in priority basins within the United States and globally. The program does not
assess economically recoverable resources. A single methodology has been adapted for assessing both conventional oil and gas resources and oil and gas resources requiring high
water-volume hydraulic fracturing (see Box 3.1). Multiple ERP publications describe the
assessment methodologies.1 Inputs to assessment models include subsurface geology based
on literature studies and data compilation and, when available, well completions and
production data. The primary source for well data is a widely used commercial database of
1

A list of references describing methodologies is found at https://energy.usgs.gov/OilGas/
AssessmentsData/NationalOilGasAssessment/Methodology.aspx.
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well records from regulatory agencies and operators.2 Outputs consist of probability
distributions of estimated ultimate recoveries (EURs) for each assessment unit, with areas
of highest density of technically recoverable resources delineated.
The methodologies have been peer-reviewed by the Committee on Resource
Evaluation (CORE) of the American Association of Petroleum Geologists (AAPG).3 In
1998, CORE published a review and endorsement of the ERP’s conventional assessment
methods4 and in 2000, an endorsement of assessment methods for resources requiring highwater-volume hydraulic fracturing.5
Oil and Gas Assessment Products and Timelines
Individual assessments, once complete and reviewed within the USGS and state
geological surveys, are released by the ERP. Figures 3.1 and 3.2 show the status of U.S.
and global basin assessments as of October 2017. The ERP plans to release a compilation
of results from the current cycle of assessments for high-priority U.S. and global areas of
resource interest (“plays”) in FY2019. The assessments are published online, with
information released in a series of products, including press releases, USGS fact sheets,
data releases, GIS products, and, ultimately, geologic reports. To illustrate the variety of
ERP products, Table 3.1 lists oil and gas assessment products released in the last quarter
of 2017. The table includes information about the region assessed, the type and description
of product released, and the year the assessment was initially completed.
Typically, the ERP issues a press release announcing the completion of an oil or a gas
assessment. A brief technical summary of that assessment is released soon after. These are
typically in the form of USGS fact sheets. Such fact sheets include maps of assessment unit
boundaries, a short geologic summary, assessment input data (e.g., number of fields, field
size, potential production area, average drainage area), and assessment results (see
Appendix C for an example). Input data forms (see Appendix C) are released with the fact
sheets and may include general characteristics of the assessment unit, potential for
additional reserves, estimated ultimate recovery per well, and select ancillary data. GIS
data are provided for most assessment units but are limited to shape files that define the
boundaries of assessment units and some geologic data (e.g., isopach maps).
At some point after the release of the fact sheet technical summary, the ERP releases a
geologic report with a more complete description of the critical oil or gas system elements
that informed the assessment (e.g., the source rock, migration, reservoir characteristics, and
oil and gas maturation processes). It can be several years after a fact sheet is released,
however, that the detailed geologic report is made available (e.g., 10 years in the case of
the assessment of the Gulf of Mexico Paleogene stratigraphic interval; see Table 3.1). The

2

See https://www.ihs.com/products/us-well-data.html.
See http://www.aapg.org/about/aapg/overview/committees/details/articleid/592/ committeeresource-evaluation.
4
See https://certmapper.cr.usgs.gov/data/noga00/natl/text/worldassessmethod.pdf.
5
See https://certmapper.cr.usgs.gov/data/noga00/natl/text/core_report.pdf.
3
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FIGURE 3.1 2017 status of ERP oil and gas assessments for priority basins in the United States.
SOURCE: S. Gaswirth, presentation to the committee, October 16, 2017.

FIGURE 3.2 2017 status of ERP oil and gas assessments for priority basins globally. SOURCE:
S. Gaswirth, presentation to the committee, October 16, 2017.
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TABLE 3.1 Oil and Gas Assessment Products released between Sept-Dec 2017
Unit/Region

Product (release date)

Product Description

Assessment
Completed
2017

Federal, State and
Tribal Lands and
Waters in Alaska

Press Release (Dec.
2017)

Updated assessment;
increases oil and gas resource
estimates relative to 2010,
2005 studies

Ventura Basin,
California

Fact Sheet 2017-3050
(Oct. 2017)

Assessment unit boundaries,
brief geologic summary, key
assessment data, assessment
results, references
(conventional and
continuous/ unconventional)

2016

Permian Basin, TX Spraberry

Assessment Input –
Open File Report 20171117
(Sept 2017)

Supplemental documentation
of input parameters used in
the USGS 2017 Spraberry
Formation assessment

2017

North-Central MT;
Williston Basin

GIS compilation and
Data Release (Sept
2017)

GIS shape files with
geographic limits and
geologic boundaries of
assessment units within the
defined total petroleum
systems

2017

Lower Paleogene
Midway and Wilcox
Groups, and Carrizo
Sand of the Claiborne
Group - Northern
Gulf Coast

Geologic Report -OpenFile Report 2017-111
(Sept 2017)

Full geologic framework for
Tertiary strata, including
source rocks, maturation,
migration, trap and reservoir
characteristics. Original
assessment results were
published in USGS Fact
Sheets by Dubiel and others
(2007) and Warwick and
others (2007a).

2007

Mississippian Barnett
Shale, Bend Arch–
Fort Worth Basin
Province

Scientific Investigations
Report 2017-5102 (Nov.
2017)

Updated assessment;
increases oil and gas resource
estimates relative to 2010,
2005 studies

2015

Source: https://energy.usgs.gov/OilGas/AssessmentsData/NationalOilGasAssessment.aspx.
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geologic reports are published in a variety of formats, among them USGS Digital Data
Series, open file reports, and professional papers. The level of detail in the reports varies
depending on the exploration stage of the assessed region. Examples include:
•
•

Full basin-scale petroleum systems analyses (Magoon and Dow, 1994), including
3-dimensional numerical models of source rock distribution, thermal maturation,
petroleum migration, and accumulation (e.g., Anadarko Basin; Higley, 2014).
Compilations of regional geology, structural setting, and petroleum systems for
specific reservoir units (e.g., Lower Paleogene of the Northern Gulf Coast;
Warwick, 2017).
Summaries and lists of previous work over areas of new exploration interest,
including lists of previously published maps, cross sections, stratigraphy, organic
geochemistry and burial/thermal histories, with some new analyses based on recent
exploration results (e.g., Ruppert and Ryder, 2014).

Based on interactions with ERP product consumers, the geologic information in these
reports is useful. Some of those consumers, however, raised concerns about the lag time
between the release of the fact sheets and of the full geologic reports.
Data Dissemination
Much of the data used to develop the oil and gas assessments are not included with the
products described above. The lack of data limits the ability of consumers to evaluate the
reliability of ERP assessments.For example, it is not possible to determine how much
stratigraphic mapping of reservoir units was conducted as part of the assessment or where
the producing wells are located relative to assessment units. In addition, detailed
petrophysical data, such as those that support physical models to estimate net reservoir
thickness and porosity, can be difficult to locate or are unpublished for many of the
assessments. ERP reliance on literature data for model input parameters in lieu of detailed
petrophysical analyses is a limitation of some of the assessments. Chapter 4 includes an
extended discussion of the publicly available (i.e., not proprietary), unbiased, and trusted
data that would be helpful to ERP product consumers.
Basic Research Related to Oil and Gas
The ERP conducts basic research in support of oil and gas resource assessments: for
example, ERP publications on “basin-centered” gas from the late 1980s through late 1990’s
(e.g., Spencer, 1989; Law, 2002) led the field in the recognition of large, continuous gas
resources that subsequently became the shale-gas revolution. The ERP commitment to
basic oil and gas research continues through large research projects on the regional
structure, stratigraphy, and geochemistry in the Gulf Coast region and Alaska. The research
provides insights on the geology of those regions and on the potential impacts of oil and
gas development. Recent ERP publications describe research related to the fate of injected

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

52

Future Directions for the USGS’s Energy Resources Program

carbon dioxide (CO2) in the Wilcox group of Louisiana in the Gulf of Mexico (Shelton et
al., 2014); land loss in southern Louisiana associated with the exploitation of subsurface
geologic resources (Olea and Coleman, 2014); the composition and content of asphaltenes
in spilled and original wellhead oils from the Deepwater Horizon incident (Lewan et al.,
2014); and U-Pb ages of detrital zircons in the Mississippi delta as an indicator of sediment
provenance (Craddock and Krylander-Clark, 2013). These research products provide
valuable information to help address the energy challenges described in Chapter 2 and
listed at the head of this chapter (e.g., related to carbon capture, and environmental impacts
of energy production). They also result in raw data that might be used as input for
assessments (e.g., geochemical analyses of formation waters and gases). The research,
however, may not always directly be used in resource assessments. For instance, basic
research in the Gulf Coast (Olea and Coleman, 2014) has not been used in assessments of
the Haynesville formation (Paxton et al., 2017). The ERP may already be integrating this
research into their assessments, but the extent to which that occurs was difficult to ascertain
from the existing publications.
Laboratories
The ERP operates chemical analytical laboratories that support ERP analysis needs as
well as the analytical needs of other federal agencies, state and local agencies, and
universities in its Central Energy Science Center in Denver, Colorado. They offer a unique
and broad complement of experimental and analytical capabilities that enable fully
integrated characterization of a broad suite of geological based energy resources. As an
example, the ERP organic geochemistry lab analyzes the composition and maturity of oil
and gas samples to support research on geochemical petroleum systems, research on the
geochemistry of solid fuels, coal research assessment methodologies, fossil fuel
environmental issues (such as natural sources of greenhouse gases), and prediction and
monitoring of fossil-fuel quality and baseline studies of fossil fuel in the environment.6 The
laboratories also emphasize analytical data preservation and management. One unique and
new contribution is that of being a repository for a new suite of national gas standards,
replacing standards formerly maintained by the U.S. National Institute of Standards and
Technology and used in research and technology development by industry, academia, and
governmental agencies.7
Consumer Needs
The audience for ERP oil and gas assessments and supporting data and research
includes federal, state, and local government offices, industry, the financial community,
6

See https://energy.usgs.gov/GeochemistryGeophysics/GeochemistryLaboratories.aspx #389
8249-overview.
7
See https://energy.usgs.gov/GeochemistryGeophysics/GeochemistryLaboratories/Gas
Standards.aspx#4590412-standard-development.
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academe, and the general public. The ERP informs these consumers of upcoming products
through presentations to state-level entities; USGS alerts regarding new fact sheets;
presentations at national conferences (e.g., AAPG and Unconventional Resources
Technology Conferences]); local-level conferences; and its website. According to ERP
staff members, ERP assessments are used by a variety of organizations to inform decision
making: other Department of the Interior (DOI) units use the assessments of federal lands
for leasing and other management decisions; local governments use the assessments for
land-use planning; and banks and other investors use the assessments to construct baseline
data for potential transactions. The current trend, according to ERP staff, is for consumers
to access information online and download the products they need, including through smart
phone technology. Statistics regarding who accesses ERP products, how they are used, and
of the impacts of that use are not tracked.
Although ERP research and assessment products appear to be widely used, the ERP
does not have a formal process to capture information about product use or alignment with
consumer needs. Based on the anecdotal information received through committee
interactions with representatives from the Department of Energy (DOE), the Energy
Information Administration (EIA), state geological surveys, federal environmental
agencies, and industry (see the meeting agendas in Appendix C for a sampling of those
with whom the committee interacted), there is wide use and appreciation of ERP products,
but also opportunities to increase product utility. For example, consumers expressed the
desire for greater ease of access to products and information on the ERP website.
Consumers also expressed concern about the limited availability of raw and derived data
both online and in reports. Some consumers suggested that the absence of available data
and the time taken by the ERP to release full geologic reports may lead consumers to
produce their own assessments. They expressed concern that the long lag times may render
information in the full reports obsolete by the time they are published. No specific
examples were provided.
In consideration of ERP oil and gas assessments moving forward, product consumers
identified how expanding assessments to consider economically recoverable resources
within a range of oil prices, given fluctuations of prices in recent years, would expand the
utility of ERP assessments (see Box 3.2 regarding supply curves). They also offered
suggestions regarding new research the ERP might conduct using new or available data as
part of the assessments, such as that related to enhanced oil recovery8 and subsurface
energy disposal and storage (discussed further in Chapter 5). Finally, consumers suggested
that the rapid evolution of energy technologies and the increasing volumes of available
geologic and production data warrant more dynamic assessment methodologies that better
accommodate new information and may be more readily updated. This suggests that
consumers need the independent assessments provided by the ERP, but at a pace consistent
with their own work. These issues are discussed in Chapter 4. The committee’s conclusions
regarding how the ERP might establish its priorities in response to consumer needs are
described in Chapters 5 and 6.

8

For example, increasing recovery by injecting gas or chemicals.
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Box 3.2
Supply Curves
Energy resources such as oil and gas, coal, and geothermal included in the ERP portfolio
are found in nature with many variations in resource quality. These variations can manifest
themselves as differing resource characteristics such as porosity, depth, permeability, and
recoverability. They can be related to cost of production at a point in time if economic models
for the cost of resource extraction are applied. Costs shift over time as technologies are
developed to target specific resources and address one or more geologic characteristic. The
varying costs coupled with geospatial variations and estimates of the recoverable supply at a

FIGURE A Predicted geothermal supply curves using the Geothermal Electricity Technology
Evaluation Model for identified EGS sites associated with hydrothermal resources at depths
shallower than 3 km. SOURCE: Tester et al., 2006.

COAL
The ERP quantifies technically recoverable coal resources on and under federal lands9
as well as the coal resources and reserves at the basin and national scale (e.g., East, 2013).
Recognizing the changing role of coal resources in our society and the continuous evolution
of coal reserve estimation methodologies, the ERP solicits periodic external review of its
assessment methodology, the most recent of which was in 2005, by a panel of six experts

9

See https://www.usgs.gov/news/assessments-evolved-usgs-coal-research-21st-century.
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given cost can be used to create resource supply curves. Methodologies have been used to
develop cost estimates for recoverability at various price points using GIS tools to build supply
curves for wind resources (Kline et al., 2008) and supply curves were presented based on
state-level data for engineered geothermal systems (EGS; Tester et al., 2006). The generated
supply curves allow analysis of the changing technically- and economically-recoverable
resource with evolving technologies and an ever-changing energy price market. Supply curves
can incorporate a number of variables including uncertainty in both cost and resource size in
addition to geospatial variability. Figure A illustrates of a set of supply curves predicted for
different points in time. Figure B is a hypothetical example of a supply curve demonstrating
how ranges of price and resource size might be displayed.

FIGURE B Generic example supply curve for natural gas. For the sake of demonstration, this
example shows a generic range rather than absolute values. SOURCE: The Energy Consulting
Group. Available at: http://www.energy-cg.com/ usnatgassupplydemandfund.html.

in coal geology, mining, management, economics, and resource evaluation (Rohrbacher et
al., 2005). That review was timely, given advances in GIS and digital data dissemination
and major technological advances such as automation in coal mining and processing
technologies. However, continued technology advances in information technology and
data analyses, as well as changes in coal utility and the coal market may indicate the need
for a new external review.
Recent products available through the USGS website include a major assessment of
the Powder River Basin in Wyoming and Montana, which is the most productive coal basin
in the United States (Luppens et al., 2015). Assessments of the coal resources of China and
Mongolia (Trippi et al., 2015; Trippi and Belkin, 2015) have also been released.
Publication of major compendia of data and research has been deemphasized by the ERP
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in recent years, and an example of such a compendium is a professional paper on the coal
and oil and gas rescue of the Appalachian Region (Ruppert and Ryder, 2014).
Digital data management has been central to coal resources assessments at the USGS
since establishment of the National Coal Resources Data System (NCRDS) in 1975.10 The
NCRDS includes a cooperative program in which state geological surveys from all coal
states compile basic stratigraphic and coal quality data. This information populates the
primary database used to quantify coal resources and reserves. Funding of this cooperative
program originated within the USGS and has decreased significantly over the years, even
though large amounts of new data have been provided as a result of the expansion of the
deep longwall mining and coalbed methane industries.
The NCRDS database is used by a range of governmental, industrial, and academic
stakeholders, as well as by landowners wishing to evaluate coal lands prior to mining or
other activities that require compensation for loss of access to resource. The core NCRDS
database, which includes basic data on coal occurrence (e.g., depth, thickness, associated
rock types) can be expanded greatly in areas of coalbed methane development, where wells
penetrate parts of coal basins that were previously unexplored; but overall, the bulk of the
nation’s endowment of coal has been explored and assessed in most basins. Ancillary to
the NCRDS database is the USGS COALQUAL11 (coal quality) database (Bragg et al.,
1998), which provides an unprecedented inventory of proximate (ash, moisture, volatile
matter, and fixed carbon), ultimate (carbon, hydrogen, oxygen, nitrogen, and sulfur), and
trace element analyses of coal seams throughout the United States. This database has been
updated periodically, most recently in 2015 (Palmer et al., 2015).
Research is an important part of the ERP’s coal-related activities, supporting
assessments and spanning basic and applied topics ranging from paleoclimate to coal
utilization. Paleoclimate research (Cecil and Edgar, 2003) contributed to the understanding
of the fundamental controls on coal genesis and resource distribution. A more recent
workshop on mercury in coal underscored the need for the ERP to continue research on
trace elements in coal to support policy and regulation on air quality (Kolker, 2016). This
research has significance for environmental protection as well as for identifying sources of
commercial products, such as rare-earth elements. ERP research on the geology of coalbed
methane reservoirs began as that industry approached maturity. This is an example of
untimely entry into a strategic research field. Even so, that work resulted in major advances
in the organic geochemistry of formation water, which can affect human health, and the
genesis of microbial gas in coal, which accounts for the majority of the known coalbed
methane resource base (Flores, 2008; Orem et al., 2014). The burgeoning discipline of
medical geology has its foundation in USGS research, much of which focused on the
effects of combusting unprocessed coal in rural areas of emerging nations (Selinus et al.,
2010).
The coal program is aligned with the needs of a broad range of consumers and
stakeholders, including federal energy agencies, state geological surveys, the coal research
community, the coal and coalbed methane industries, and environmental stakeholders. For
example, the Environmental Protection Agency (EPA) uses NCRDS data to fulfill their
10
11

See https://energy.usgs.gov/Tools/NationalCoalResourcesDataSystem.aspx.
See https://ncrdspublic.er.usgs.gov/coalqual/.
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mandates under the Clean Air Act Amendments of 1990 and the Acid Precipitation Act of
1980 (P.L. 101-549). ERP assessments also support the Bureau of Land Management
(BLM) mandates regarding quantification of coal reserves on federal lands under the
Federal Land Policy and Management Act of 1976 (43 U.S.C. 1701 et seq.) and the Federal
Coal Leasing Amendments Act of 1976 (30 U.S.C. 201).
Decreasing coal demand in favor of natural gas, however, indicates that realignment
needs to be considered so that the the relevance of the program is maintained. Increased
engagement with international institutions is a positive development that increases the
relevance and reach of ERP assessments, but the magnitude of the ERP coal resource
program is likely to continue to decrease as coal becomes a less significant component of
the domestic energy mix. In addition, limited funding of the NCRDS program has
adversely affected cooperative activities with the states, which are vital sources of
information for continued expansion of domestic coal resource databases and assessment
products. Although low natural gas prices and a move toward lower carbon fuel sources
have resulted in decreased domestic coal production—likely to lead to decreased
production globally in future years (see Chapter 2)—coal remains a major fuel for a variety
of purposes, including metallurgy. The ERP has a wealth of knowledge that can facilitate
efficient and responsible development of coal resources in countries such as India and
Indonesia, where production is expected to increase (EIA, 2017a; IEA, 2017). To address
this issue, assessment activities increasingly include international resources, and the ERP
can provide expertise to foreign agencies that promote and regulate the coal industry. There
is the potential to address differentiation of specific coal products in addition to the
mineable resources that currently form the backbone of the ERP coal resource program.
For example, opportunity exists to assess coal resources in terms of utility and to develop
a metallurgical coal assessment that would fill a major gap in understanding the nation’s
steelmaking capacity. Opportunities also exist to include geologic and spatial information
in coal resource assessments related to the larger portfolio of coal products and by-products
such as liquid fuels, lubricants, rare-earth elements, and for use for decisions regarding the
human health and safety aspects associated with coal mining and utilization.
RENEWABLE ENERGY
The ERP has supported development of two sources of renewable energy: geothermal
sources and wind energy, described below. Of these, only geothermal sources are truly
geologically based. The role of the ERP in wind energy development has appropriately
ended. Other sources of renewable energy are not geologically based and not part of the
ERP portfolio.
Geothermal Energy
Geothermal energy resources in the United States are used for baseload electric power
generation and for direct-use applications (e.g., greenhouse heating, swimming pool
heating, drying agricultural products, and building heating systems). Electrical-grade
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(>120° C) geothermal resources are predominantly found in the western United States
(California, Nevada, Utah, Idaho, Oregon, and New Mexico), Alaska, and Hawaii. Total
installed nameplate capacity (i.e., the intended full-load sustained output of a facility) is
approximately 3,700 megawatt electrical (MWe; ~2,700 MWe net) (GEA, 2016)—
approximately 3% of total power generation capacity in the United States. In terms of
actual generation, geothermal contributes approximately 0.4% to the annual electricity
production in the United States (EIA, 2018). The resource potential is significant, however,
with estimates of undiscovered hydrothermal (conventional) systems of approximately
30,000 MWe, and more than 500,000 MWe of potential resources if EGS can be
commercially developed (Williams et al., 2008b). Figure 3.3 is an example of a spatial
model map showing the relative favorability of the occurrence for geothermal resources
(Williams et al., 2000b).
The USGS has engaged periodically in geothermal research since the early 1900s. The
current ERP geothermal program area began in 2005 and collaborates with other USGS
focus areas (e.g., Water Resources, Mineral Resources, Geologic Mapping, Earthquake
Hazards, and Volcano Hazards) as well as externally with the DOE, Bureau of Land
Management, Bureau of Indian Affairs, National Aeronautics and Space Administration,
the National Labs, state agencies, academia, and industry (e.g., Ormat Nevada Inc., and

FIGURE 3.3 Map showing the modeled spatial distribution of relative favorability of occurrence of
geothermal resources in the western United States developed during the assessment of
geothermal resources by the ERP program in collaboration with the DOE. SOURCE: Williams et
al., 2008b.
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Calpine). The initial emphasis in 2005 was updating the National Geothermal Resource
Assessment, completed and described in 2008 (Williams et al., 2008a,b). Although this
product focused only on the western United States, where the highest-temperature
geothermal resources are located and used for power generation, it is the only
regional/national-scale geothermal resource assessment that has been conducted since the
1978 USGS assessment (USGS, 1978). The resource estimates documented by Williams
and others (2008a), with quantified uncertainties, have been widely used to promote
opportunities for geothermal in the United States to broad audiences, and as such, their
study was influential. Ongoing collaborative work with the DOE’s Geothermal
Technologies Office (GTO) is intended to expand the geothermal assessment methodology
applied throughout the United States and includes assessments of low temperature, EGS,
and sedimentary basin geothermal resources. The ERP contributes through characterization
of the nation’s geothermal resource endowment, complementing GTO technology
development programs that address exploration and operational issues and reduction of the
costs and risks of geothermal development.
Other ERP efforts focus on continued geochemical and geophysical data collection and
analyses from hydrothermal systems in the western United States; improved understanding
of the geologic, mechanical, and hydrologic aspects of EGS exploration and development,
supporting the improvement of the National Geothermal Data System;12 and collaborative
research supported by the DOE and BLM. An example of the latter is the Fallon Frontier
Observatory for Research in Geothermal Energy (FORGE) project that is evaluating a
potential field-research laboratory to test and develop EGS technologies (Blankenship et
al., 2016), the Washington Play Fairway Project (Forson et al., 2017), and the Nevada Play
Fairway project (Faulds et al., 2017). Results from these efforts have been incorporated
into open-access data repositories (e.g., Sciencebase.gov,13 the National Geothermal Data
System,14 and the Geothermal Data Repository15) and released as USGS Data Series and
Scientific Investigations (e.g., Farrar et al., 2010; Bergfeld et al., 2013) or conference
papers (e.g., e.g., Ayling et al., 2018, Forson et al., 2017; Siler et al., 2018).
The ERP geothermal research program also contributes to other USGS program area
research including that related to geothermal and hydrogeologic controls on groundwater
temperature distribution (e.g., Burns et al., 2016); to the geologic factors controlling the
viability of enhanced geothermal systems (e.g., Taron et al., 2017); and to temperature
distribution in seismically active areas (e.g., Han et al., 2016).
Wind
The ERP has contributed to assessing the impacts—especially on federal lands—
associated with widespread development of wind energy. The ERP was to develop and
apply a quantitative methodology used in oil and gas to wind development. The ERP
12

See https://www.sciencebase.gov/catalog/.
See https://www.sciencebase.gov/catalog/items?q=geothermal.
14
See https://www.sciencebase.gov/catalog/.
15
See https://gdr.openei.org/.
13
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created an interactive map and database of onshore industrial wind turbines installed by
2013 in the continental United States.16 The database synthesizes publicly available data
from multiple sources and is helpful for prioritizing and focusing research into the most
relevant impacts on wildlife ecology in different regions. An actual assessment would
combine this methodology with species-specific understanding, utilizing expertise in
wildlife ecology and wind-wildlife research. The ERP released a preliminary methodology
to assess wind energy development impacts on birds and bats on a national scale
(Diffendorfer et al., 2015).
URANIUM
In 2011, the USGS began work on a project to update U.S. uranium assessments of
undiscovered resources (Integrated Uranium Resource and Environmental Assessment
Project; IUREAP), as recommended by the National Research Council (NRC, 1999). They
developed a method to assess the environmental impacts of extracting these resources.
Earlier estimates date back to the DOE’s National Uranium Resource Evaluation program
in the late 1970s (Smith, 2006). A number of projects have been completed, including an
assessment of groundwater recovery after uranium mining (Hall, 2018), updated estimates
of sandstone-hosted uranium resources in south Texas (Mihalasky, et al., 2015), and
calcrete-hosted deposits on the southern high plains (Hall et al., 2017), which included the
identification of a new species of uranium mineralization (Klein, 2017). The ERP also is
developing a model of Coles Hill, Virginia, the largest undeveloped uranium deposit in the
United States, and plans to update uranium resource estimates for sandstone in the
Colorado Plateau or the Wyoming Basins, subject to available funding (Hall, S.M., USGS,
personal communication, December 7, 2017).17
In addition to updating resource estimates, the ERP is conducting collaborative studies
with other USGS researchers the impacts of uranium extraction by solution mining—the
primary method of uranium mining in the United States today—on groundwater (Naftz and
Walton-Day, 2016; Beisner et el., 2017). In 2017, an evaluation of the remediation of
legacy uranium mines in the Navajo Nation was undertaken by the ERP at the request of
the EPA. And in response to a USGS management request, IUREAP members evaluated
how the ERP could contribute to decision making in the ongoing siting process for a longterm nuclear waste storage facility in the United States.18
The ERP conducts valuable and unbiased work related to the nation’s uranium
endowment that no other government agency or private company does. In collaboration
with the International Atomic Energy Agency, the ERP developed new methods to estimate
undiscovered uranium resources, and results of ERP efforts support international
assessments of uranium resources.19

16

See https://eerscmap.usgs.gov/windfarm/.
Most operating uranium mines in the United States are located in Wyoming (EIA, 2017d).
18
S.M. Hall, USGS, personal communication, December 7, 2017.
19
Ibid.
17
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PRODUCED WATER
Improved produced water management requires a fundamental understanding of the
volumes and chemical characteristics of produced water. The ERP is beginning to
characterize produced water volumes as part of their oil and gas assessments and to develop
projections for future volumes, as exemplified by a recent study of produced water volumes
associated with development of the Bakken Formation in Montana, North Dakota, and into
Canada (Haines et al., 2017b). The chemical constituents of produced water are analyzed
by the ERP and other groups and collated in an online database (Blondes et al., 2016). The
database includes information on salinity, major and trace element chemistry, and organic
chemistry of produced water from conventional and continuous (tight oil, shale gas,
coalbed methane) reservoirs (Blondes et al., 2016). During open session meetings of the
committee, some ERP product consumers indicated concern that the analytical methods
applied by the ERP are currently quite limited; that samples were analyzed for relatively
few constituents; that few samples are in the public domain; and that the general
understanding of the toxicity of these waters is poor. Approximately 95% of the data in
these sets are for produced waters derived from conventional reservoirs, even though there
is a growing volume of production from continuous (unconventional) reservoirs. Given the
possibility of the reuse or recycling of some of this water, development of a more thorough
understanding of the chemical nature of produced water is warranted.
Produced water is thought to have a central role in recent induced seismicity
(earthquakes from anthropogenic sources), particularly in the midcontinent states of
Arkansas, Oklahoma, Kansas, Texas, and Colorado. Much of the recent increase in induced
seismic activity is related to the dramatic increase in the disposal of produced water into
deep geologic formations. A small percentage of midcontinent events, and those elsewhere,
have been attributed to hydraulic fracturing [Rubenstein and Mahani, 2015]). The USGS
Hazards Program, along with a variety of state agencies and academic institutions, have
intensively monitored, analyzed, and reported on induced seismicity. Providing data on the
volume and chemistry of produced water, in support of the work of others on induced
seismicity, is an appropriate role for the ERP. Produced water is discussed in greater detail
in Chapter 5.
METHANE HYDRATES
Methane hydrates form when water and methane are compressed at high pressure and
moderate temperature. Water freezes to form a lattice (i.e., an “ice cage”) that traps the
methane gas (see Box 3.3). The USGS completed the first systematic assessment of inplace methane hydrate resources in the United States in 1995 (Collett, 2004). The results
of this assessment suggest that gas in the nation’s hydrate accumulations exceeds the
volume of known conventional gas resources. If economically feasible and safe
technologies to develop methane hydrates are developed, then methane hydrates may
substantially change the global and domestic energy mix. That finding became the basis
for a sustained, multiagency effort to solve the scientific and technical challenges of
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Box 3.3
Methane Hydrates as a Resource
Methane hydrate forms when high pressure and moderate temperatures cause molecules
of methane gas to become trapped in a lattice of ice. When warmed or depressurized, the ice
melts and the methane is released.a Other gases may also be included in hydrate structures
but methane is most commonly found, particularly in areas close to conventional oil and gas
reservoirs (Ruppel, 2018). Gas hydrate is found in ocean sediments at depths greater than
300–500 meters (984–1,640 feet) and also where the ground is permanently frozen ground
(permafrost). A cubic meter of gas hydrate can release 164 cubic meters of natural gas,
equivalent to approximately 1,750 kilowatt-hours.a

FIGURE Burning methane hydrate.
a See

https://www.energy.gov/fe/science-innovation/oil-gas-research/methane-hydrate.

converting methane hydrates into a usable energy resource, beginning with the Methane
Hydrate Research and Development Act of 2000 (HR1753-106th Congress, 1999-2000).
Among other provisions, the Act required the Secretary of Energy to: (1) facilitate
partnerships among government, industry, and academia, (2) undertake basic research
programs, (3) ensure wide dissemination of results, (4) promote cooperation among
agencies, and (5) report annually to Congress. These mandates provided a compelling
external driver for the collaboration and communication efforts that have become a
hallmark of this program. The Interagency Roadmap for Methane Hydrate Research and
Development (DOE, 2006) outlines the roles and nature of the collaboration across the
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federal agencies such as the DOI, DOE, and the National Science Foundation, including
the periodic resources assessments led by the DOI.
The ERP and the DOI Minerals Management Service (MMS), in collaboration with
the DOE, identified onshore Alaska and the offshore Gulf of Mexico were as focus study
areas with large hydrate accumulations and the infrastructure that would allow for drilling
and production of accumulations. Other countries, including Japan, Canada, and India,have
also established research programs to investigate the energy resource potential of gas
hydrates, although the government of Canada stopped funding gas hydrate research in 2012
(Arango, 2013). As a key partner in methane hydrate research programs, the USGS
participates in consortia of government agencies—both domestically, through the
Interagency Roadmap, and internationally, with India, China, and Japan—and with
industry and academic institutions in all of these regions.
The collaborative programs have significantly advanced methane hydrate science. As
a result of those programs, laboratory studies have become more realistic; the complexity
of naturally occurring hydrate systems has been recognized and is now a research focus.
Emphasis has been placed on porous and permeable strata: remote sensing tools for
methane hydrate detection have been developed, recoverability estimates have improved,
and the first validated reservoir simulators have been developed (Boswell, 2007). Recent
major ERP accomplishments in methane hydrate research are highlighted in Table 3.2. The
scientific results of these studies are published in an American Association of Petroleum
Geologists Memoir (Collett et al., 2009), several special issues of the Journal of Marine
and Petroleum Geology (e.g., Boswell et al., 2011; Collett and Boswell, 2012), and
Geoscience Canada (Dallimore and Collett, 2005). Field experiments in Alaska and the
Gulf of Mexico continue.
Despite improved understanding of methane hydrate occurrence and distribution,
development of hydrates as an energy resource remains infeasible. An understanding of the
types of natural hydrate occurrences is necessary, and more long-range research is required
before the viability of hydrates as a resource can be determined. The best hydrate reservoirs
are likely to occur in high-cost deep-water and arctic environments, and the long-term
production testing has yet to achieve sustained, economically viable economic gas flowrates from these reservoirs (e.g., Spalding and Fox, 2014; Chong et al., 2016). There also
is broad concern about potential environmental impacts of the release of methane to the
atmosphere during production and associated warming of Arctic and oceanic sediment and
the atmosphere.20 Nonetheless, if long-term field tests demonstrate commercial flow rates,
or large-volume, high-density resources are found in deep-water areas with substantial
existing production and development infrastructure, the economic equation might change.
Hydrates are likely more economic for nations such as Japan and India, which lack access
to conventional, non-coal resources, and for which imports of oil and liquefied natural gas
are expensive (e.g., Vedechalam et al., 2015).
Involvement of the ERP in methane hydrate research has been instrumental for
advancing the science and technology. Continued ERP collaboration with hydrate
programs in these countries has the potential to bring substantial technical capability to the
United States.
20

See https://www.energy.gov/fe/methane-hydrates-and-climate-change.
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TABLE 3.2 Recent Accomplishments of the USGS Methane Hydrates Program in ERP
Project
MacKenzie delta hydrate
geologic and production
studies (2002 and 2007)

Roles and Responsibilities
Coordinated by Geological
Survey of Canada,
contributions from DOE and
USGS

Accomplishments
Drilled two test wells, acquired a full suite
of wireline log, core, and formation
pressure test data, and performed the first
long-term production test of natural gas
hydrates

Gulf of Mexico Gas
Hydrate Joint Industry
projects I and II (2005
and 2009)

Led by the DOE, USGS, MMS,
and energy companies
coordinated by Chevron

Confirmed gas hydrate occurs at high
saturations in reservoir quality sands, and
defined locations for future research into
the energy potential of the hydrates

Assessment of Gas
Hydrate Resources on
the North Slope of
Alaska (2008)

USGS lead role

Used well-established geologic assessment
methodology to estimate ~85 trillion cubic
feet of undiscovered, technically
recoverable gas within hydrates in
northern Alaska

India National Gas
Hydrate Program
Expeditions I and II (2008
and 2015)

Led by the government of
India, with the support of the
USGS

Characterized the hydrate resource off the
east coast of India—confirmed pre-drill
predictions of large, highly saturated
hydrate accumulations in coarse-grained
sand-rich depositional systems

Marine Methane
Hydrate Field Research
Plan (2013)

Coordinated by DOE and
Consortium for Ocean
Leadership, and led by the
USGS

Describes key scientific and technical
challenges facing hydrate researchers
today, lays out scientific drilling programs
that address outstanding challenges, and
outlines educational opportunities for
supporting the growing public interest in
methane hydrates

SOURCE: USGS.

GEOLOGIC CARBON DIOXIDE SEQUESTRATION
Geologically based carbon dioxide (CO2) sequestration is the pumping of carbon
dioxide into the subsurface for permanent storage. The USGS released an assessment of
technically accessible resources for CO2 sequestration (USGS, 2013) in the United States,
including state waters. The work was undertaken in response to a mandate in the Energy
Independence and Security Act of 2007.21 Products of that work are a resource for the DOE
and its Regional Carbon Sequestration Partnership Program (Litynski et al., 2009), as well
as a resource for the Environmental Protection Agency. Those estimates are based on
current geologic knowledge, hydrologic knowledge, and engineering practices, but they do
21

Public Law 110-140 enacted December 19, 2007. See https://www.gpo.gov/fdsys/
pkg/PLAW-110publ140/pdf/PLAW-110publ140.pdf.
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not include an economic cutoff. The ERP has since assumed responsibility of carbon
sequestration research within the USGS and now focuses those efforts on supporting
technology development for use of CO2 for enhanced oil recovery (CO2-EOR). In CO2EOR, carbon dioxide is injected into oil reservoirs to increase volumes of recovered oil,
and a fraction of the injected CO2 is permanently trapped in those reservoirs. For example,
the ERP has produced publications on factors that influence CO2-EOR (e.g., Olea, 2017).
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4
Alignment with National and Stakeholder
Needs
Several strengths of the Energy Resources Program’s (ERP’s) individual research and
service activities emerged from the discussions with ERP staff and ERP product
consumers. As the energy landscape has evolved and program budgets are increasingly
constrained, the ERP has strived to maintain cutting-edge research programs in emerging
areas (e.g., methane hydrates) while generating a large number of critical resource
assessments and compiling or producing data to support those assessments. The ERP
response to consumer demand for more rapid product dissemination has been an emphasis
on easily distributed fact sheets, press releases, and web-based summaries of new and
existing work (e.g., oil, gas, and coal assessment programs). As described in Chapter 3, the
data and analyses contained in or supporting these products are critical for agencies,
industry, and academic research, but full reports often are not available for many years
after an assessment is completed, and data used in the assessments never may be made
available if they are proprietary. These and other aspects of ERP products described in
Chapter 3 can, at times, result in suboptimal alignment with stakeholder needs.
Flexibility and responsiveness to consumer needs and the changing energy landscape
are needed on the part of the ERP to maintain an effective ERP portfolio. Strategic planning
is required to balance program resources (that are increasingly limited) to produce timely
energy assessments and to support delivery of shorter-term (e.g., months to 1-3 years)
service products and longer-term (multiple years) research that better align with ERP
product consumer needs. This chapter discusses ways the ERP might modify its portfolio
to improve that alignment. Some of these strategies may involve changes in practices for
prioritizing and managing the ERP portfolio. Discussion of specific management practices
is outside the scope of this report. Discussion about the environment and input that will
facilitate creation of the nimble culture of scientific excellence that meets the nation’s
energy information is included. Much of this chapter, and the remainder of the report,
revolves around the ERP role in compiling existing and generating new field and laboratory
data; the timely release of ERP products; how the ERP might assist efficient and effective
use of products; and how the ERP obtains stakeholder feedback so that it might quickly
modify activity in response to that feedback. This chapter focuses on addressing the
shorter-term needs and issues.

67
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UNDERSTANDING CONSUMER USE OF ERP DATA
The ERP uses several internal U.S. Geological Survey (USGS) mechanisms to
prioritize activities in its portfolio. There are no formal mechanisms to obtain feedback
from product consumers as to how ERP information is used to make decisions. Datatracking efforts are limited to counting website visitors, and the ERP could only provide
anecdotal information about how its products are used. Both federal and nonfederal ERP
product consumers that interacted with the committee suggested that they would value
regular participation in ERP project identification and prioritization to improve product
alignment with their needs. There was an expressed willingness to provide the ERP with
data to inform metrics for characterizing how products are used as well as to help identify
gaps or duplications in the current product portfolio.
The ERP might begin to quantify product use by, for example, tracking who is
downloading data and analyzing information about website visitors, page views, etc. A
next step could include collecting consumer information during download, perhaps via
simple surveys of consumers about their intended use of the product. If those surveys are
informative, the ERP might consult with experts about what more sophisticated tools ERP
might use to track consumer use of products. Metrics and information collected from an
active stakeholder base could be used not only to improve product delivery but also to
advance research objectives. Providing a digital object identifier (doi) for each database
produced by ERP researchers and compiling usage metrics might also provide a means to
track accessibility of data in much the same manner that a doi for published literature is
tracked. These are short-term steps the ERP might employ to identify those with whom the
program might engage to help identify priorities, described further in Chapters 5 and 6.
CURRENT DATA AND INFORMATION MANAGEMENT PRACTICES
Management and dissemination of data and products are a focus for both the ERP and
the USGS, consistent with USGS policies for data management and release (USGS, 2018).
To meet current near-term data objectives to deliver ERP science to the broadest possible
audience in compliance with federal policies regarding open data access (e.g., Burwell et
al., 2013), the ERP is developing program-wide data catalogs (seismic data, geographic
information systems [GIS], and well data), implementing and enhancing web-delivery
products, and creating an ERP-wide data management plan to support the data stewarded
by each of the individual projects.
The ERP described to the committee the challenges it faces enhancing data and
information management processes and tools, including the cost of source data, managing
large volumes of information related to daily work flows, identifying optimum delivery
tools, managing the cost and time involved in preserving data, understanding how
consumers use ERP information, and staying abreast of technology changes. Currently, the
ERP publication database is sufficiently diffuse that the committee was not able to capture
the full spectrum of ERP publications. ERP staff, when requested by the committee, were
unable to do so either. Chapter 3 describes some ERP product consumer concerns regarding
ERP data and information management. Although the committee felt these were significant

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Alignment with National and Stakeholder Needs

69

enough to merit specific discussion in this report, the committee does not have the expertise
to make specific recommendations regarding data and information management. The
committee does provide conclusions regarding how ERP data products and management
might better meet consumer needs.
Disseminating More Geoscience Data
The majority of ERP resources are devoted to the oil and gas research area and,
correspondingly, the majority of ERP product consumers from whom the committee heard
were from the oil and gas community. Much of the discussion with them, therefore, was
focused on oil and gas products. Whereas this section of the report focuses on oil- and gasrelated examples, many of the points raised are true for ERP products more broadly.
Consumers communicated two primary sentiments regarding ERP assessments that
affect their abilities to determine assessment reliability: (1) the need for greater detail
regarding the application of ERP assessment methodologies in specific assessments, and
(2) the strong desire to access raw data to support the assessments. Given the emphasis on
reproducible results in published scientific literature, it is important to provide raw and
derived data with published ERP assessments so that others can test and therefore increase
confidence in ERP results.
Without exception, the ERP consumers from whom the committee heard underlined
the value of geoscience data to their organizations, including but not limited to seismic
data, well log data and analyses, rock property data, rock/fluid geochemistry data, and
subsurface temperature and pressure data. The consumers advocated for both (1) continued
ERP stewardship of data that easily can be released for publication and retrieved for further
analysis, and (2) consideration of new data types and products, particularly at the national
scale. As an example, the recently released National Archive of Marine Seismic Surveys,
stewarded by the USGS Pacific and Coastal Marine Center (Triezenberg et al., 2016),1 was
cited several times as one of the most useful products recently made available publicly.
This type of product is particularly valuable because seismic data are routinely used in
evaluating subsurface natural resources, but normally they must be purchased at relatively
high cost. The new release allows free and open access to seismic data, although not of the
latest generation, that represent a valuable public resource for evaluating the subsurface.
Contract restrictions limit the distribution of proprietary well productivity data,
however, and they are cited by the ERP as the reason why it does not provide input data
with assessments. There may be means to satisfy consumer need for data while complying
with contractual restrictions. For example, it may be feasible to publish aggregated data for
assessment units (e.g., the spatial-temporal variability in productivity within each
assessment unit could be valuable to consumers). Likewise, raw data and exact locations
of specific wells from industry sources may be proprietary, but anonymized data might be
made available. There are examples of federal agencies aggregating data and making

1

See https://walrus.wr.usgs.gov/NAMSS/.
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valuable information public: for instance, data provided in by the Department of Energy’s
alternative fuels data center.2
Consumers also suggested that including data such as
•
•
•
•
•

gross reservoir thickness;
cross-correlations within basins;
consistent unit tops;
time periods of production data used for assessments; and
pressure, volume, and temperature (PVT) data for subsurface oils, gases, and
condensates, which are required to characterize the physical properties and
producibility of those fluids

would make data releases more useful. ERP consumers also indicated that maps of the
various geologic attributes (e.g., porosity, water saturation, thickness, PVT data) used in
the assessments and production histories for assessment units, as described in Charpentier
and Cook (2010), would be valuable.
Accessibility of Data
ERP data may be accessed from several locations on the ERP website. The “USGS
Energy Data Finder” web data portal,3 accessed from the ERP home page, includes GIS
files for assessment areas, tabular data from published reports, and associated geologic
data, where available (e.g., core data, well logs, seismic data, and geochemical data). A
map viewer portal (“EnergyVision”)4 provides access to interactive maps of U.S.
exploration and production through 2006, shale gas in 2012, geothermal potential, wind
turbines, and coal. Archival databases and interactive maps for specific projects (e.g.,
related to produced water and resource geochemistry) are accessed through the individual
project subheaders found on the bottom of the map viewer portal webpage.5 To validate
ERP product consumer comments related to the ease of accessing the ERP data, the
committee conducted its own (albeit unscientific) test searches, one of which was for
organic geochemistry data—a key asset for ERP data and analytical capabilities (see Box
4.1). The search demonstrated the large number of analyses results made available to the
public but also provided some insights regarding difficulty with data access. Consumers
cited formats provided by the U.S. Energy Information Administration (EIA) as being more
accessible and user-friendly.6 ERP staff have indicated that a major ERP website revision

2

See https://www.afdc.energy.gov/data/.
See https://energy.usgs.gov/Tools/EnergyDataFinderSplash.aspx.
4
See https://energy.usgs.gov/Tools/EnVisionSplash.aspx.
5
For example, data related to produced waters can be accessed using the following link:
https://energy.usgs.gov/EnvironmentalAspects/EnvironmentalAspectsofEnergy Productionand
Use/ProducedWaters.aspx#3822349-data.
6
See https://www.eia.gov/electricity/data/browser/.
3
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Box 4.1
Accessibility of Organic Geochemistry Data
To test data accessibility, the committee conducted searches for organic geochemistry
data, which is considered by customers to be a valuable ERP product. While there is a great
deal of publicly available data, the difficulty of accessing it will discourage some consumers. As
of the writing of this report, the organic geochemistry research area on the ERP website
provides a single database of all geochemical analyses which must be downloaded to be
viewed. It contains over 100,000 samples, with 3 million analytical results, and is provided in
Microsoft Access 97 software (*.mdb) that is not readable with versions of Access from 2010
or later (*.accdb). A search on “organic geochemistry” in the Energy Data Finder available on
the ERP home page yielded 24 records that include geochemical analyses from Alaska, Florida,
California, Colorado, and Afghanistan, as well as multiple records for individual U.S. coal beds.
The search engine provides an interactive map showing the outlines of the study areas. The
map is helpful, but apparently does not link to the data. Map data can be accessed via data
download and GIS software loaded on an external computer, which may or may not be
available to the average user. An interactive map is currently under development, which
should greatly enhance accessibility. This exercise and corroborating input from various ERP
data consumers indicate a need for more ERP attention to up-to-date and user-friendly
accessibility.

is under way, intended to facilitate near-term improvement in data accessibility. Some of
the issues related to the difficulty in finding data may be short-lived, but the committee
could not ascertain the extent to which this may be true.
Other data dissemination practices were suggested by ERP product consumers,
including:
•
•
•
•
•

substituting published, appropriately credited state geological survey data for nonpublishable data. This approach may yield consistent assessment results and avoid
issues associated with proprietary commercial data;
releasing computer-generated basin models and petroleum systems analyses used
in assessments that can be worked with and modified by researchers;
turning other legacy data sets into more easily accessible information (e.g., core
and geophysical well log data);
determining the ERP role in developing digital links between ERP databases and
other national databases; and
creating doi for data, as well as published results, to increase data discoverability
and to give credit to authors.

It is apparent from discussions with consumers that ERP analytical capabilities to
generate data, databases, and products for using those data (e.g., mapping applications)
represent a valuable and unique currency for the ERP. As such, the committee suggests
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that further exploration of these topics is warranted and that exploration is best done by the
ERP, its stakeholders, and information technology experts external to the ERP.
REDUCING UNCERTAINTY IN ASSESSMENT METHODOLOGIES
Recent studies indicate that current assessment methodologies do not fully account for
complex geology, but rely on expert judgment regarding dependencies of uncertain
geologic variables (e.g., Schmoker and Klett, 2005). In addition, current methodologies do
not vary recovery factors (i.e., the amount of hydrocarbon that can be recovered) through
time, largely because the influence of small-scale geologic heterogeneities, price
variations, and technology improvements are still understood poorly. The result is
uncertainty related to the resource within individual assessment units and, ultimately, the
U.S. national endowment (e.g., Montgomery and O’Sullivan, 2017; Kauffman, 2018). In
fact, uncertainties are sufficiently large that they affect assessments by other agencies. For
example, the EIA either underestimates the 2017 growth in shale oil output by 300,000
barrels/day or overestimates it by more than 200,000 barrels/day (Lee, 2017). The lack of
certainty surrounding the variables used in assessment methodologies suggests better
methodologies are warranted that provide more reliable estimates of economically
recoverable resources.
Published studies external to the ERP have attempted to address uncertainties through
(1) statistical methods for handling geologic heterogeneities (e.g., simple grid approaches,
versus regression-kriging, and spatial error models [e.g., McGlade et al. 2013; Ikonnikova
et al. 2015]); (2) petrophysics-based approaches for estimating rock properties (e.g., Fu et
al., 2015; Hammes et al., 2016); (3) understanding the impacts of various technology
innovation scenarios (e.g., Weijermars, 2015; Ikonnikova et al., 2016); (4) understanding
the role of production costs (e.g., Hilaire et al., 2015; Ikonnikova and Gülen, 2015); and
(5) determining the effects of potential resources that are not included in the assessed
resource endowment (e.g., residual oil zones [ROZs] that might be produced in conjunction
with CO2 sequestration, such as published by Jamali and others [2017]). These studies
represent a small sampling of recent literature on efforts to update assessment
methodologies, which suggests that the data and data types agencies need for decision
making are evolving beyond the methodologies employed now by the ERP.
APPLYING INTEGRATED APPROACHES
Science funding has traditionally supported specialist disciplines within individual
science-mission agencies, leading to the rise of research executed within conventional
disciplinary boundaries. Accordingly, the ERP analyzes most geologic energy resources
independently (e.g., uranium and geothermal resources typically are evaluated
independently of oil and gas resources).This has served the nation, but it will be
increasingly important to make decisions about the nation’s energy needs with an
integrated understanding of all the resources in a given region and the combined impacts
of their development. Decision making will be more strategic when it includes a thorough
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understanding of all the commodities in a region as well as the short- and long-term impacts
of resource development on human and environmental health and the economy.
Both the scientific and the commercial business literature now contain examples of
innovation that occurs with the recognition of the connections between seemingly unrelated
questions, problems, and ideas from different fields (e.g., Pink, 2006; Dyer et al., 2009;
Sharp and Langer, 2011). Solving energy challenges in the highly complex and integrated
systems that make up the Earth’s subsurface is beyond the capacity of any single
technology and so benefits from interdisciplinary approaches. Interdisciplinary approaches
have called on individual specialists to provide their unique skills to advance the solution
to a given problem, and there is now even the opportunity to integrate expertise to create
new disciplines (e.g., Sharp and Langer, 2011).
Integrated approaches to assessments may allow understanding by analysts of the
trade-offs of applying different energy decision alternatives. For example, it may be
possible for an analyst to discern if the development of one commodity (or even reservoir)
in the near term precludes productive or responsible future development of another. An
integrated perspective could also inform decisions about the short- and long-term research
and technology development needs, energy storage options, and water resource needs and
use impacts.
The benefits of integrated approaches already have been recognized by the ERP, but
applied to a lesser extent than recommended in this report. The ERP began to compile more
comprehensive inventories of geologic energy resources within a specific region when the
program could partner with agencies in that region. For example, the Wyoming Landscape
Conservation Initiative (WLCI) funded the ERP to develop integrated energy maps for
southwestern Wyoming. This effort was to support of WLCI’s efforts to conserve wildlife
resources while facilitating responsible energy development (Biewick and Jones, 2012;
Biewick et al., 2013; Biewick and Wilson, 2014). The resulting reports compiled
downloadable data and interactive maps of oil and gas wells, coal resources, geothermal
favorability, and mineral ownership into a single GIS project. The emphasis of those efforts
was on data organization rather than analysis; they focused on historical trends in energy
production relative to landscape evolution rather than the geologic underpinnings of the
energy resources. Nonetheless, the reports represent a first step in thinking about energy
resources from a multi-commodity perspective. They might serve as a preliminary template
for future efforts to incorporate full lifecycle approaches in geologic energy resource
evaluation.
The draft Department of the Interior strategic plan for 2018-20227 recognizes
continuous (unconventional) oil and gas resources in the United States as the significant
emergent resource in global oil and gas supply. Development of those resources carries
benefits, but also substantial challenges and risks (e.g., ExxonMobil, 2014). There is an
emerging effort to characterize continuous resources as complex, interconnected systems
in which development decisions have to consider not only the volume of the resource but
also the local energy infrastructure, including transport, surface storage, and commodity
markets; the environmental impacts, including related sand and water supply, produced
water disposal or recycling, and the potential for induced seismicity; the possibility for
7

See https://www.eenews.net/assets/2017/10/25/document_gw_15.pdf.
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short- and long-term natural gas storage in the subsurface; and potential technological
advances that could both maximize efficiency and minimize the spatial and environmental
footprint of production operations. The ERP, however, still addresses these topics
separately within its portfolio.
As an example, Box 4.2 briefly describes the remaining resource estimated to be in the
Permian Basin in West Texas as well as some of the supply and environmental issues
associated with continued development. The oil and gas assessment could have been
accomplished with methodologies already used by the ERP. The ERP recently published
detailed assessments of in-place resources for the Spraberry and Wolfcamp Formations
within the broader Permian Basin province (Gaswirth, 2017; Marra, 2017; Marra et al.,
2017) and began collecting data on produced waters. A systems approach to analysis of the
subsurface framework might be applied with this information. The ERP, in partnership
with developers and research organizations, could investigate the management of
underground fluids in a specific region within the Permian Basin, including produced
waters, storage capacity of disposal intervals, subsurface pressure monitoring, and
proactive minimization of hazards such as induced seismicity.
Related to the Permian Basin or elsewhere, the ERP could contribute to decision
making on broader scales for more stakeholders by also identifying subsurface structures
with characteristics suitable for, say, carbon dioxide (CO2) sequestration and for energy
storage in general (e.g., compressed air). There may be near-term opportunities to leverage
existing studies and to expand these studies into a full-systems analysis and synthesis of
one or more U.S. basins with large continuous (unconventional) oil and gas accumulations.
Initial versions of these studies could serve as prototypes for longer-term research efforts
in subsurface energy management and would constitute an example of an integrated
approach that could increase the relevance of the ERP portfolio.
The ERP might consider and prioritize which new data and methods are most important
to incorporate into their systems-based resource assessments and determine the research
paths that might be the most fruitful in the near term. Prioritizing the components of such
efforts would benefit from increased input from consumers; stakeholder engagement could
help the ERP determine the extent to which its user community requires new approaches
and might serve to mobilize support for new ERP research initiatives.
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Box 4.2
Resource Development in the Permian Basin of West Texas
The Permian Basin of West Texas and New Mexico has produced nearly 40 billion barrels
of oil since production began in the 1920s, and IHS Markit recently estimated the remaining
resource in the Permian Basin of West Texas and New Mexico at more than 60-70 billion
barrels, based on historical well and production data, more than two times larger than the
assessed resources a decade ago (Schenk et al., 2007). This is the largest wedge of growth in
unconventional resource development.a A number of emerging environmental issues are
associated with development of this resource, including those associated with water and sand
supplies needed for production, and disposal of the large volumes of water produced with the
oil and gas. IHS estimates, for example, that more than 30 million tons of sand will be required
in 2018 for production operations in the Permian Basin.b Moreover, monthly volumes of water
disposed in saltwater disposal wells has reached 100-200 million barrels in some West Texas
counties (Whitfield, 2017).
a See
b See

https://ihsmarkit.com/research-analysis/the-permian-basin-a-magnet-for-risk-capital.html.
https://ihsmarkit.com/research-analysis/index.html.
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5
Priorities for the Future
The energy needs of the world likely will continue to evolve at rates similar to those
recently experienced by the world. The United States is both a major consumer of
geologically based energy resources from around the world and a developer of energy
resources. To deliberate its recommendations regarding a future strategy for the Energy
Resources Program (ERP), the committee formulated a systematic framework for
considering how ERP products (e.g., data, research, assessments) meet the energy research
challenges identified in Chapter 2. As described in Chapter 1, the committee considered
how the ERP portfolio, processes, and products might evolve to address the nation’s
evolving energy needs. Previous chapters focused on current energy challenges and the
ERP response to them. The committee presented conclusions about some near-term ERP
strategies, given the current tools and technologies (Chapter 4). This chapter provides the
committee’s perspective on some of the nation’s future energy challenges and the ERP’s
role in addressing them.
Existing and potential energy domains and their related issues considered by the
committee included coal, uranium, conventional and continuous (unconventional) oil and
gas, renewables, hydrates, the energy-water nexus, and energy storage. Current and
potential ERP products considered by the committee ranged from resource assessments
and databases to economic recovery assessments, basic research, and evaluation of
environmental impacts of resource development. The committee identified program-wide
strategies to improve relevance of both the ERP portfolio and its products. This chapter
first addresses program-wide strategies (i.e., related to resource assessments, the energywater nexus, and data and information management) and then addresses strategies for
individual program areas.
ASSESSMENTS
The service the ERP provides through its resource assessments is appropriate and
relevant, and its relevance will continue, with variable emphasis depending on the resource.
National-scale assessments of recoverable resources are still required for continuous
(unconventional) oil and gas, geothermal, and uranium ores. Rock property information
provided in those assessments might serve purposes other than for development assessment
(for example, as input for assessments of the energy storage capability of those rock units)
if data are captured and presented in meaningful ways. As development of a resource type
becomes more mature (e.g., coal or conventional oil and gas), the ERP needs to transition
from providing national-scale assessments of overall resource recoverability to providing
more focused products. The ERP might target, for example, assessment of coal resources
suitable for metallurgical applications, or if revisiting an assessment of conventional oil
and gas volumes, they might focus their efforts on previously unidentified resource in a
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region. Assessments are of lower priority for resources such as methane hydrates, for which
there is still a need for basic research on technical recoverability.
The ERP may continue to receive requests from outside the program to apply its oil
and gas assessment methodologies to non-geologic resources, similar to its efforts on the
impacts of wind turbines on wildlife (Diffendorfer et al., 2015; see Chapter 3 of this report).
Responding to requests to identify new applications for ERP assessment methodologies
and build databases to support those new applications is an appropriate use of ERP
expertise, as long as the ERP transfers responsibility for maintenance of those products to
the responsible agency (e.g., the Department of Energy [DOE] in the case of wind).
The next sections describe priorities for ERP resource assessments that are common to
most or all ERP research areas.
Alignment with Consumer Needs
It is possible to better align ERP assessments with stakeholder needs without
sacrificing the scientific integrity of current approaches or review processes. Better
alignment is necessary if the ERP wants to provide the most relevant information for
resource management decisions and policy. Future actions by the ERP could include
improvements in product timeliness and in the amount and types of data released. More
information regarding how methodologies are applied in analyses would also be helpful,
and the release of more raw data would improve consumer confidence in and
reproducibility of assessment results. Assessments will have greater relevance if complete
reports are released soon after the release of the technical summaries (released as U.S.
Geological Survey [USGS] fact sheets). It now is common for there to be a lag time of
years between release of those products. Assessments will also be of greater value if they
are updated more frequently in response to new data, technology advances that increase
resource recoverability, and depletion of a resource as a result of development.
Given that ERP assessments often are informed by proprietary data, certain details
about the data may not be made public. Delivering more useful assessment products,
however, is still possible. For example, if individual well locations cannot be released, the
ERP could release derived products such as maps of reservoir porosity and thicknesses
used as input parameters in the assessments. Releasing such derived products
simultaneously with the assessments would allow ERP product consumers to evaluate the
spatial variation in the density of input data as well as to evaluate the numerical values for
individual geologic variables (e.g., reservoir porosity) within an assessment unit. This
would increase confidence in assessed resource volumes and their uncertainties. Such maps
will have greater spatial resolution of geologic heterogeneities than current products and
might allow consumers to pursue their own analyses, such as analysis of high resource
density (“sweet spots”) relative to sensitive environmental areas or existing infrastructure.
Broader use of ERP assessments is a likely result. Areas of development might be
prioritized with more confidence, or potential environmental consequences given specific
development scenarios might be predicted. Incorporating derived product data into
validated databases will be important as science and industry progress into technologies
such as automated learning.
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Moving Toward Full Lifecycle Assessments
Future assessment utility will increase if the ERP moves beyond providing just
estimates of resource supply if the program also incorporates information that will allow
analysis of full costs and impacts associated with energy extraction, transportation, waste
production and disposal, and reclamation of developed lands. Energy development of any
kind uses resources such as land and water, produces waste, and leaves a legacy (see Box
5.1). Decisions regarding which energy resources are developed and where they are
developed need also to include consideration of competing demands for resources and
various kinds of risk (e.g., economic and environmental). Recognition of these facts has
led to increased interest in lifecycle analysis and development in consideration of impacts
on people, wildlife, and the natural environment.
Lifecycle analysis provides a thorough accounting of the resources used and the waste
produced for the full lifecycle of a product. The lifecycle of geologic resource development
begins with exploration and includes the cleanup and retirement of the energy site. Any
lifecycle analysis has to be bound. For the goals of the ERP, those boundaries could be
drawn to include the well sites or mines, and possibly transport infrastructure (pipes, roads,
or trucks). Importantly, a recent USGS Science Strategy review (Ferrero et al., 2013)
advocated that the USGS develop its scientific capacity for lifecycle analyses for energy
and mineral resources in general. This science strategy review recommended an energy
and mineral lifecycle analysis that included “use,” as depicted in Figure 5.1. Combining
lifecycle analyses with analyses of competing resource demands and environmental risks
allows consideration of such questions as: “Given the need for a certain amount of natural
gas, where should wells be placed to minimize conflicts with other priorities (e.g.,
endangered species and financial risk)?” and “Which extraction technologies might
mitigate environmental impacts?” ERP assessments and basic research need to be designed
and conducted in consideration of the planning necessary to best utilize energy reserves in
consideration of competing interests and in the nation’s best interest.
The ERP is uniquely positioned to support lifecycle analyses for the resources it
assesses because lifecycle outcomes vary with geology and extraction techniques—which
the USGS understands and about which it has data. Several studies have shown the value
of combining lifecycle impacts with standard assessments. For example, Wolaver and
others (2018) combine shale gas production outlooks with data on expected well density
and land impacts to forecast threats to endangered species in Texas. Liden and others
(2017) map areas anticipated to experience large increases in oil and gas production using
high-water-volume hydraulic fracturing, then they couple this to waste management needs
and the water cycle. This information then leads to recommendations for investments in
cost-effective recycling technologies. Going forward, the ERP will need to examine its
own personnel, budget, and other resources to determine how it may incorporate lifecycle
data and routine elements of its assessments so that its consumers might more easily
combine resource availability with environmental impacts. Decision makers and society
can better understand choices, potential future energy portfolios, and the geography of risk
(Oakleaf et al., 2017).
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Box 5.1
Considering Water in the Energy Development Lifecycle
Water resource assessment is an important near-term priority for further understanding
the energy development lifecycle. At a minimum, the ERP needs to calculate expected
volumes of water produced during oil and gas development just as it calculates estimated
ultimate recoveries (EURs)a of oil and gas resources. Information on produced water volumes
will enable policy makers and planners to make informed decisions about energy-related
water use and disposal. Chapter 3 described an example of a produced water assessment in
the Bakken and Three Forks Formations of the Williston Basin Province in Montana and North
Dakota (Gallegos et al., 2015; Haines et al., 2017b). The ERP assessed water and proppantb
requirements for hydraulic fracturing as well as produced water volumes using the same
geologic and well-production information as the oil and gas resource assessment (USGS Fact
Sheets 2013–3013 and 2017-3044). This approach establishes a direct link between assessed
oil and gas resources and produced water volumes, an early step in understanding how much
produced water will ultimately need to be managed. The estimates for the Bakken suggested
that future produced water volumes could be 10 times greater than historical volumes (Haines
et al., 2017b)—information consumers can now apply to water management.
In anticipation of greater challenges related to water, the ERP might also begin to
incorporate additional spatial information about heterogeneities of water resources (e.g.,
variability in formation water volumes needed for hydraulic fracturing, and compositional
heterogeneities of produced waters) and capacity of specific geologic units for produced
water disposal. With higher-resolution spatial information, ERP product consumers may
develop integrated “risk” maps to help identify specific areas within a regional assessment
polygon where, for example, water availability may be challenged, or where spatial variability
in water composition may influence management options. Combined, these data could
support evaluation of the potential adverse impacts of disposal, including induced seismicity.
Such work could be done in collaboration with the Natural Hazards mission area of the USGS.
a The

estimated ultimate recover (EUR) is an approximation of the quantity of oil or gas that is
potentially recoverable or already has been recovered from an oil or a well.
b Sand or man-made material designed to keep hydraulic fractures open during or following
stimulation of a well.

Technological Advances and Economic Viability
Current ERP oil and gas assessments describe technically recoverable resources
extractable using existing technologies. They do not include projected advances in
technology or the economic factors that may inform the viability of production. Future ERP
assessments could incorporate factors such as locations or availability of infrastructure,
areas where recovery might be enhanced given technology advances (e.g., via cyclic gas
injection for oil and gas recovery), or price forecasts for a given commodity. The ERP
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FIGURE 5.1 Stages of a resource lifecycle. SOURCE: Ferrero et al., 2013.

might collaborate with the DOE, for example, to obtain some of this information.
Economic recoverability information might be overlaid with maps of biodiversity,
endangered species habitat, and other environmental variables so that the cost and benefits
of development might be more fully considered.
The ERP could assess both technically and economically recoverable oil and gas using
a variety of approaches: it might apply similar approaches to those it applies in its coal
assessments,1 to approaches used by the USGS Energy and Mineral Resources mission
area (e.g., Meinert et al., 2016), or to approaches applied by the oil and gas industry. The
Texas Bureau of Economic Geology has developed a comprehensive approach to
assessments of unconventional oil and gas resources that includes geophysical well log
analysis, petrophysical analysis, and three dimensional geologic modeling to develop
projections of technically and economically recoverable resources in consideration of
advances in technology (Fu et al., 2015; Ikonnikova et al., 2017). The program will need
to decide which assessment method is appropriately rigorous and meets the needs of its
product consumers. To prioritize the technologic and economic variables that are most
important for ERP product consumers, the ERP could collaborate with organizations such
as the Energy Information Administration. Providing information to facilitate the
development of resource supply curves (see Box 3.2) by policy makers and land managers,
for example, is an appropriate role for the ERP and will allow evaluation of resources by
ERP product consumers that is available at different costs.
When incorporating estimates of economic viability, consumers need to be able to
evaluate what is and is not included in ERP estimates relative to industry and U.S. Security
and Exchange Commission standards. Multiple references are available to the ERP to assist
with this effort. Frameworks have been developed for reporting resources including the
Petroleum Resources Management System (PRMS)2 originally developed by Society of
Petroleum Engineers, the Society of Petroleum Evaluation Engineers, the American
Association of Petroleum Geologists, the Society of Exploration Geophysicists, and the
1

See https://energy.usgs.gov/Coal/AssessmentsandData/CoalAssessments.aspx#378437overview.
2
See https://www.spe.org/industry/reserves.php.
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World Petroleum Council in 2001. A 2017 update of the PRMS was made open for public
comment, but has not yet been released.
Next-Generation Assessment Approaches
Effective ERP resource assessments of the near future will need to be dynamic and
flexible so that the growing volume of new data becoming available may be quickly
incorporated and accounted for. They need to accommodate systems approaches to
management by including the information about water resources, waste disposal,
environmental factors, factors affecting production viability, and lifecycle assessments. All
of this is particularly important, given the accelerated pace of domestic drilling and
production. The ERP needs to present that information in its products using formats that
are accessible, usable, and informative for ERP product consumers. The ERP needs to
position itself to explore, identify, and apply new data analytics and machine learning tools
to its assessments. For example, ERP resource assessments now include basic information
about variables that influence the probability an undrilled well interval will add resource
(see Appendix B). The spatial distribution of those variables is reported as large regional
assessment polygons that are input into geographic information systems. No accompanying
information about geologic heterogeneities and their uncertainties is provided. The ERP
needs to investigate advanced data analytics tools that might allow it both to incorporate
and to report higher-resolution geologic heterogeneities as part of the assessment. Not only
would the spatial resolution be increased as desired by ERP product consumers—especially
if assessments are continuously updated with available data—but it would allow more
efficient, reliable, and varied use of the assessments as well. Providing the algorithms used
to perform the various analyses would increase transparency, allow product consumers to
reproduce the results, and result in better trust of ERP products.
DATA AND INFORMATION MANAGEMENT
Data management and custodianship will grow in importance as more data are
collected and the impacts of more and more complex energy-related decisions need to be
made. Subsurface characterization is required to support realistic and useful conceptual
energy resource models, reduce exploration risk, manage potential environmental impacts,
and support effective decision making for resource development. Subsurface
characterization, however, is dependent on access to appropriate geoscientific and
geospatial datasets (i.e., geochemical, geological, geophysical, engineering, and
hydrological).
The ERP maintains geologic energy resource-related databases of rock and fluid
geochemistry analyses from sedimentary basins and geologic provinces within the United
States and the world. These are, effectively, the only publicly accessible, national-scale
archives for those types of data. The ERP’s capabilities to generate these data, the
databases, and the products for using these data (e.g., mapping applications) are valuable
and unique. Congress and other organizations routinely use ERP data and data products to
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support internal decision making. As described in Chapter 4 and in this chapter, however,
the ERP product line could better inform decision making by including more resource
assessment input data and data related to the environmental impacts of resource
development; increasing the ease of access to existing data (e.g., turn legacy nondigital
core and log data into more accessible information); identifying, acquiring, and archiving
new types of data (e.g., geomechanics data); and evaluating and integrating new data
management and analysis tools into ERP practices. There is also a need for improved
custodianship and dissemination of such national-scale geoscientific data sets. Challenges
associated with data management include:
•
•
•
•
•
•

designing appropriate database structures to store information (database
architecture);
migrating and merging existing data into new databases;
managing and incorporating proprietary data sets used by the ERP with
permission;
maintaining data quality assurance and control (QA/QC);
updating and maintenance of databases (populating with new data; software
management); and
designing systems that allow rapid, effective dissemination of data to external
stakeholders.

Developing a national geoscience data repository is a formidable task that would
require a substantial investment in resources. As of the writing of this report, advanced data
science and analytics are beginning to transform the ways in which organizations collect,
analyze, and manage their data (e.g., Bean, 2017). New tools for managing and evaluating
data might be necessary and they might enhance the ability of the ERP to address the above
challenges. Exploring these tools and applications, however, is best undertaken by the ERP
with input from product consumers and external experts in data information and
management.

PORTFOLIO AREA PRIORITIES
The next sections address future priorities specific to the different ERP priorities.
These include for assessments and products related to coal, oil and gas, wind, uranium,
energy storage, and methane hydrates.
Oil and Gas
Oil and gas companies will continue to create their own resource assessments to better
understand the global hydrocarbon endowment and to meet Securities and Exchange
Commission requirements for publicly traded companies. Their assessments are based on
data collected with state-of-the-art technologies and use resources often not available to
the public sector. Because the data and analyses are generally proprietary, they are not
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available to support policy decisions. Given that oil and gas will remain important parts of
the U.S. energy mix over the next 10-15 years, the United States will continue to need
independent, unbiased, and robust assessments of domestic and international oil and gas
inventories to inform policy and energy strategies at all levels. As such, the ERP needs to
continue to produce its oil and gas assessments. To better align its assessments and data
products with the needs of ERP product consumers, and to better serve both USGS and
U.S. priorities, the ERP will need to take some specific steps: (1) Increase the transparency
of its assessment approaches by adding to the raw data and intermediate data products that
are released with assessments, and (2) Ensure that assessments can be seamlessly updated
when new production information; any updated geologic mapping; petrophysical analyses,
or rock-fluid analyses conducted by the ERP and elsewhere in the USGS; new data analytic
technologies; advances of production technologies; or new economic forces make
previously unrecoverable resources economically feasible to recover.
Initial resource assessments are based largely on basic geologic interpretation and
interpolation of data in areas where data are scant. As resources are developed, production
and other data become available and can be used to refine initial resource assessments and
reduce uncertainties. By the time complete assessments are released, however, they can be
out of date, and they still may not include useful levels of data and background information.
This practice limits the utility of ERP products because users cannot trust that they
represent the best available science. Several suggestions for types of useful data the ERP
might release are provided in Chapters 3 and 4. Access to intermediate data products
derived from the assessments will allow product users to better understand the reliability
and uncertainty of the estimated resource volumes as well as to reproduce those
assessments as needed to ensure that decisions made using them are based on the best
available information. The pace of development of continuous (unconventional) resources
implies that the ERP needs the capacity to quickly publish updates to its assessments.
Current ERP reporting strategies, however, make this difficult.

Raw and Derived Data
Raw and derived data products associated with oil and gas assessments need to be
available publicly in a timely manner for ERP product consumers so that consumers may
better understand the reliability of both the ERP’s resource assessments and any
independent assessments that may have been conducted. The private sector will always
have access to more subsurface seismic and well production data than public agencies do,
but raw data generated by the ERP in support of its assessments (e.g., geochemical analyses
of rocks and fluids) are an ERP commodity. The USGS has significant strengths in basic
rock and fluid characterization, and the ERP might expand the existing datasets to include
detailed petrophysical and geomechanical analyses of cores as well as additional
geochemical and fluid properties studies on oils, gases, and waters. These types of data and
analyses lead to an enhanced understanding of how different rock-fluid property
combinations perform under production and thus improve assessments of ultimate resource
recovery. Such studies are routinely conducted by the private sector for the regions in
which they have producing assets. Those studies are generally proprietary and responsive
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to private sector needs. The ERP has the opportunity to perform analyses across multiple
regions and sedimentary basins, with variable rock and fluid types. In the process, the ERP
might broaden overall knowledge of U.S. resource endowment. Public-sector decision
makers and land managers need access to publicly available, scientifically sound, unbiased,
and trusted sources of information for all regions and basins.

Unassessed Resources
The ERP does not assess some oil and gas resources—for example, residual oil zones
(ROZs)—because of a lack of economically viable strategies for producing them. ROZs
consist of immobile oil beneath the oil/water contact of some reservoirs and are the result
of modification of an original oil accumulation by natural subsurface hydraulic processes
(e.g., Aleidan et al., 2016). They are typically classified as part of the underlying aquifer
rather than the overlying oil accumulation. They may, however, contain billions of barrels
of oil that could increase the U.S. domestic endowment (DOE, 2012; Petzet, 2012). Recent
studies suggest that such enhanced recovery mechanisms as carbon dioxide (CO2) injection
or stepwise pressure reduction, coupled with the drive to increase subsurface storage of
CO2, may make it feasible to produce ROZs (e.g., Jamali et al., 2017; Rotelli et al., 2017).
Management of the additional produced water that would result will be critical to consider
in the development. Through basic research on the geologic controls on their distribution,
producibility, and potential environmental impacts related to production, the ERP might
take the lead to quantify the extent to which these and other unassessed resources might
contribute to U.S. and global endowments.

Economic and Environmental Challenges
The ERP is qualified, especially in collaboration with other USGS mission areas, to
address the geologic characterization and assessment of resources as well as the
environmental impacts of their development, such as land use, water contamination, and
induced seismicity. Different resource production strategies to develop continuous
(unconventional) resources, for example, are likely to have different environmental
impacts. Today, such wells can be drilled horizontally, beginning miles from their target
reservoirs. Such extended-reach wells previously targeted difficult to access conventional
offshore resources, but they are increasingly used onshore and improve economic
recoverability of those resources. This style of production may decrease the footprint of
drilling pads but it increases the per-well volumes of water used for hydraulic fracturing
and extracted during production. The overall environmental impacts have yet to be
evaluated fully. The ERP might collaborate with the USGS Water Resources mission area
to evaluate the impacts of specific high-water-volume hydraulic fracturing development
strategies on water resource depletion and potential groundwater contamination.
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Coal
Despite the major decrease in demand precipitated by low natural gas prices, more than
728 million tons of coal were produced in 2016 (EIA, 2017b), and coal remains a critical
part of the domestic energy mix. And although the decline in coal consumption is expected
to continue in the United States and abroad, it is not clear how pricing and supply for natural
gas and coal will change. Lowered demand and the move away from coal for power
generation suggests that the ERP can place less emphasis on its coal program, but it is
essential that the ERP maintain a program robust enough to react to changing coal markets
and to address coal resources with respect to utility. Hence, assessment should remain part
of the ERP coal program. To maintain relevance and to even expand the stakeholder base
of the coal research area, the ERP might migrate from high-level assessments of technically
recoverable resources and toward more focused assessments of metallurgical coal as well
as coal by-products and constituents like rare-earth elements. Other coal assessments could
include the quantities of resources suitable for coal-to-liquids processes and in situ coal
gasification, which would provide vital data and products related to energy security.
The bulk of the nation’s coal endowment has been explored and assessed in most
basins. Some efforts are underway at the DOE to characterize advanced coal properties and
utility, but the ERP and USGS are uniquely positioned to develop focused and
comprehensive geologically based resource assessments at the basin and national scales.
The ERP coal research area will be most relevant by enhancing or developing databases to
address the future utility of coal. Database development has long been an imperative for
the ERP coal program, as exemplified by the National Coal Resources Data System
(NCRDS) database.3 The core NCRDS database, which includes basic data on coal
occurrence (e.g, depth, thickness) can remain an important resource if it is expanded greatly
in areas of coalbed methane development. Other databases, such as the USGS coal quality
database (COALQUAL)4—which contains proximate, ultimate, and trace element data—
will become a higher priority and might be expanded because of their importance for
identifying coal quality and utility. Additional databases of coal petrology (i.e., maceral
composition and mineralogy) will also improve knowledge of coal quality and utility.
Characterizing fluids and microbiota in coal—vital for coalbed methane exploration—has
significance for understanding how coal-borne water can be disposed of or utilized. This is
another area for database development.
There are issues related to coal that are worthy of basic research, such as understanding
the distribution and occurrence of rare-earth elements in coal-bearing strata. Because much
of the nation’s coal resource base has been characterized, however, basic research for
exploration and development, particularly from the standpoint of mining, needs to be a
lesser priority for the ERP. Similarly, the need for basic research on coalbed methane
resources currently lacks immediacy: coalbed methane development is mature but has been
hampered by competition from other parts of the gas industry that employ high-watervolume hydraulic fracturing. Data generated by the coalbed methane industry is useful,
however, for continued quantification of the coal resource base.
3
4

See https://energy.usgs.gov/Tools/NationalCoalResourcesDataSystem.aspx.
See https://ncrdspublic.er.usgs.gov/coalqual.
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The ERP has the basic data and expertise related to potential impacts and remedial
actions associated with the tangible environmental impacts of coal mining, coal utilization,
and coalbed methane development needed by most stakeholders. The ERP databases, such
as COALQUAL, are vital for predicting and understanding environmental impacts
associated with coal resource development and can be used to inform strategies for
prevention and mitigation. Moreover, these databases are useful for understanding legacy
impacts, such as acid mine drainage, as well as predicting impacts of activities that may
become important in the future, such as extraction of rare-earth elements from coal-bearing
strata.
Renewables
As described in previous chapters, because the ERP focuses on geologically based
energy resources, its efforts related to renewable energy resources has been limited to
geothermal resources and wind.
Geothermal
Geothermal resources quality in the United States varies dramatically as a result of
natural permeability and geothermal gradient. National-scale estimates of geothermal
resource potential for conventional and engineered geothermal systems (EGS) will be
needed to support development of U.S. energy strategy and policies and to guide future
research priorities. As for the oil and gas assessments described above, the ERP needs to
revise and update geothermal resource estimates as new data and technology advancements
become available as well as when assessment methodologies are updated. Making the
fundamental data sets used in the geothermal assessments publicly available would support
wider use of the resource estimates due to the greater transparency and increased
confidence in the results. Incorporating information about economic recoverability would
add to the value and utility of these estimates for stakeholders who use these products.
Evaluating the location and quality of water sources near potential EGS targets is also
warranted: EGS reservoirs will gradually lose water with long-term operation of EGS
plants. Additional water will likely need to be injected. It may be appropriate for the ERP
to partner with the USGS Water Resources mission areas and with other agencies to
evaluate potential water resources. There may be opportunities to leverage synergistic ERP
activities involving the characterization of produced water volumes and compositions
associated with oil and gas development, although areas of high-temperature geothermal
potential often are not located in oil and gas provinces.
Continued basic research on geothermal resources will allow the ERP to maintain a
reputation of excellence, innovation, and leadership, and, most importantly, to contribute
to higher-quality resource assessments. This will contribute to sustained demand (and
potential funding) for ERP research and products. Such research could leverage new and
existing collaborative relationships with other research groups within the United States,
including complementary geothermal programs such as those initiated by the Geothermal
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Technologies Office at the DOE. Examples of potential research directions include projects
to evaluate resource exploration techniques, development and production strategies (e.g.,
via acquiring specific monitoring data sets at productive sites), and developing new data
mining and machine learning approaches to improve resource prediction.

Wind
Basic research on the impacts of wind energy development on wildlife, to which the
ERP has contributed, fills a critical gap. The ERP has developed a methodology by which
national, regional, and locality-specific assessments can be designed and implemented by
other entities. Limited ERP contributions to such efforts are appropriate, but the actual
conduct of assessments of the impact of turbines on wildlife, for example, is best left for
the organization with ultimate responsibility. The ERP’s expertise is better utilized for
assessments of geologically based energy resources.
Uranium
ERP uranium research was initiated to inform policy makers when a resurgence in lowcarbon electricity generation by nuclear power was anticipated (NRC, 1999). Although
prospects for nuclear capacity growth have faded, updated assessments of domestic
uranium potential remain important. About 90% of U.S. uranium requirements are
currently met by imports from a number of countries, supplemented by domestic
production. Concerns about this heavy reliance on imported uranium, and about the
associated vulnerabilities associated with that reliance, have been raised recently (WNN,
2018), stimulating interest from the Senate Environment Committee (Volcovici, 2018).
New policies aimed at increasing reliance on domestic uranum production would
significantly increase interest in the undiscovered uranium resource inventory being
updated by the ERP. Thus, the ERP needs to remain ready to provide current information
by maintaining capacity in this area.
Given the expected retirement of aging U.S. reactors, U.S. uranium requirements are
projected to decline (NEA, 2017). The operator of the North Anna and Surry nuclear power
plants (three reactors in total), however, intends to apply for a second 20-year life
extension, for a total of 80 years of lifetime operation (NEI, 2017b). Should these licenses
be approved and other utilities apply for and receive license extensions, U.S. uranium
requirements would extend the period of heavy import reliance. Advanced and small
modular reactor designs are under development in the United States (DOE, 2017) and, if
successfully commercialized, would increase national uranium requirements.
Updated estimates of domestic uranium support current and future U.S. activities in
civil nuclear power. Cutting-edge ERP estimates of undiscovered uranium resources add
valuable, unbiased information on the national endowment of this strategic metal. Should
market conditions change or new policies be introduced to increase domestic supply of
uranium for U.S. requirements, this ERP work will kick-start exploration and mine
development activities. High-quality research on the groundwater impacts of solution
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mining provide information to government, industry, regulators, and the interested public
on current mining operations. These efforts also help guide the remediation of legacy
mines.
Water Use, Disposal, and the Energy-Water Nexus
The complexity of the relationship between water and energy has increased with the
expansion of high-water-volume hydraulic fracturing in oil and gas production. The
volume of water resources needed to support energy development is increasing, as is the
energy required to treat and dispose of waters used for hydraulic fracturing. Water volumes
required for hydraulic fracturing already have increased by a factor of 10, and they are
anticipated to increase further (Scanlon et al., 2016, 2017; Haines et al., 2017a). Disposal
options for produced water are likely to be increasingly limited, driving interest in reuse of
produced water for oil and gas production. Basic water resource studies related to highwater-volume hydraulic fracturing are in their early stages (see Chapter 2), and identifying
those research efforts that will best support near-term policy decisions regarding water
management is imperative. The USGS has conducted several studies on the volumes of
water used for hydraulic fracturing (e.g., Gallegos et al., 2015). Priorities for including
water volumes in assessments are described in the preceding sections of this chapter. The
following sections summarize two high-priority areas in which the ERP could help address
gaps in current understanding of water chemistry and disposal.
Geochemical Characterization of Produced Water
Produced water can be viewed as a waste product or a resource depending on one’s
perspective. Whether it is treated as waste or a resource depends on an understanding of its
composition; the toxicity of its constituents; geologic constraints on its disposal (to avoid,
for example, induced seismicity); the cost of managing it relative to the cost of resource
production; and specific strategies for industrial or agricultural reuse of the water. Robust
water geochemistry data are critical, but those data are limited. Only a few analytical results
are in the public domain, relatively few constituents have been measured, and the majority
of the existing analyses come from conventional oil and gas reservoirs.
The ERP and USGS Water Resources Mission areas collect raw water samples and
conduct detailed, high-quality analyses of major and trace elements and isotopes to better
understand the source and quality of produced waters. This information is stored in the
produced water database.5 The ERP needs strategies to update and expand that database by
incorporating a greater number of basic water chemistry analyses, coupled with detailed
analyses for trace elements, transition metals, natural radioactive and organic constituents,
and other constituents that may contribute to toxicity, particularly those from the oil and
gas reservoirs. Such analyses will provide preliminary information on amounts and
5

See https://energy.usgs.gov/EnvironmentalAspects/EnvironmentalAspectsofEnergy
ProductionandUse/ProducedWaters.aspx#3822349-data.
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distribution of potentially harmful constituents in produced waters and inform decisions
about treatment and disposal options. New analytical approaches will need to be developed,
however, to identify constituents in produced waters not yet identified (Oetjen et al., 2017)
so that the potential health and safety effects of produced waters may be better understood.
To supplement its own database, the ERP might also begin to incorporate analyses of
produced waters from the oil and gas industry. Industry typically collects a limited suite of
analytes, but their databases will have many samples with a broad geographic distribution
and provide additional information about spatial heterogeneities in those fluids. This will
help scientists determine where to concentrate efforts on more advanced analyses of
potentially toxic constituents. Heightened interest in reuse of produced water for industrial
and agricultural applications also provides an opportunity for the ERP and Water
Resources mission areas to collaborate with external groups on new analytical approaches
for water samples with complex matrices, thereby identifying previously unrecognized
constituents of produced waters that may influence treatment and reuse decisions. The
combination of chemistry data with produced water volumes data (described in the
previous section) can be used by other USGS researches investigating aquifer
contamination.
Once an improved water geochemistry database is designed and created, a follow-on
priority for the ERP will be to begin identifying patterns in produced water composition
relative to the formations where the waters originated. Coupling produced water
chemistries to the subsurface geology and mineral chemistry of the formations that
produced those waters is a start. The ERP has already begun to collect detailed geochemical
and mineralogic information from continuous (unconventional) oil and gas reservoirs in
conjunction with field studies in key producing regions (e.g., Engle and Rowan, 2014;
Enomoto et al., 2015; Engle et al., 2016). If rock observations are coupled to fluid
chemistry observations from a single reservoir, and those data are collected for multiple
reservoirs over many regions, basin types, and reservoir lithologies, then the ERP might
begin to predict produced water chemistry in those undrilled areas where policy makers
need to develop strategies for water management with very limited information.
Produced Water Disposal and Reuse
Waters produced during oil and gas extraction are typically managed through surface
disposal or surface discharge after chemical treatment to remove harmful constituents. In
conventional reservoirs, waters can be reinjected into the producing formation to enhance
oil and gas recovery, but this approach is not possible for some reservoirs due to their low
permeabilities and concerns that geochemical reactions may damage the formation’s ability
to produce oil and gas. Current disposal practices face increasing challenges, however,
including higher cost of water handling in semiarid regions and greater constraints on
subsurface disposal, as described in Chapter 2. These challenges are driving research on
alternative strategies for disposal and reuse of produced waters, including evaluation of
reuse of produced waters for hydraulic fracturing fluids (e.g., Haghshenas and Nasr-ElDin, 2014; Esmaeilirad et al., 2016; Scanlon et al., 2017). During the early phase of
continuous (unconventional) resource development, freshwater with various additives was
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used for hydraulic fracturing. More recently, however, industry has recognized that it can
use produced water with little treatment (i.e., “clean brine” for hydraulic fracturing
[McMahon et al., 2015; Nichols et al., 2017]). There is a general need for information on
water volumes and chemistry that are linked to temperature, pressure, and mineral
composition and chemistry data for the rocks in the producing reservoirs. This would also
support improved understanding of the potential negative water-rock interactions that
might occur during development of EGS. With databases of produced water volumes and
chemistry coupled to rock observations in key study areas, as described in the preceding
section, the ERP would be well positioned to partner with other agencies and academic
groups that are pursuing experimental studies of water-rock interaction (e.g., National
Energy Technology Laboratory, DOE, and academia), companies responsible for
implementing the hydraulic fracturing process (e.g., service companies), and companies
that produce unconventional resources (including EGS) to advance efforts to identify new
and more efficient options for reuse of produced waters.
Methane Hydrates
The expertise in the ERP methane hydrates research area is sought by research
programs in China, India, and Japan. Developing methods to produce natural gas from
methane hydrates will continue to be a focus of the international methane hydrate research
community in the coming years. Critical needs in hydrate development include
1. resource identification: ERP methods to predict the thickness and saturation of
hydrate deposits (Haines et al., 2017c) based on seismic data are used extensively
to identify likely productive hydrate deposits. Until further data are collected on
the technical recoverability of gas hydrates from onshore deposits, however,
resource assessments will not likely be a priority. Lack of production and
exploration data for onshore gas hydrate resources in the United States
demonstrates no ongoing need to maintain hydrate resources databases until more
data are acquired;
2. development and verification of production methods. Limited, short-term
production tests onshore in Canada and on the Alaska North Slope and offshore in
the Nankai Trough off Japan, in the East China Sea, and in the Indian Ocean have
been performed. The ERP is involved in the design and development of a longterm production test program in collaboration with the DOE, the State of Alaska
Department of Natural Resources, and the Japan Oil, Gas and Metals National
Corporation; and
3. evaluation of the environmental issues associated with both hydrate production and
the natural release of gases in situ given rising ambient temperatures (e.g., warming
arctic temperatures). Research on methane hydrate as a widespread constituent of
the shallow geosphere in arctic and marine settings is needed.
The level of priority now placed on hydrates research with the ERP is appropriate given
the potential of methane hydrates as a resource. ERP collaboration with the DOE on

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

92

Future Directions for the USGS’s Energy Resources Program

demonstration projects for the recovery of natural gas from hydrate deposits leading to the
current estimates for economic recovery of natural gas hydrates will continue as new data
are collected. This basic research and the evaluation of the environmental impacts need to
continue as the highest priority for the ERP hydrate research area. Given the uncertainties
of the contributions of methane hydrates to the future energy mix, emphasis placed on
methane hydrates research by the ERP in the next 10-15 years will need to reflect progress
(or lack thereof) toward development of viable technologies for natural gas production
from hydrates as well as on the information needs of ERP product consumers.
Geologic Carbon Dioxide Sequestration
Geologic CO2 sequestration will remain promising means to permanently store CO2.
The use of injected CO2 to first enhance oil recovery, then permanently store CO2 in the
subsurface looks to be a way to accomplish two important energy-related goals. The ERP’s
subsurface expertise will remain an important resource as technologies in these areas are
developed. There remain concerns regarding the associated issues of leakage and
groundwater contamination and subsurface mineralization that ERP expertise might help
address. The ERP could contribute toward improved understanding of associated induced
seismicity (Zoback and Gorelick, 2012). As for future assessments conducted in its other
research areas, the ERP may need to prepare geologic carbon sequestration resource
assessments that support full-lifecycle and full-system approaches. The program may need
to incorporate data in its assessments that support determination of the economic viability
of sequestration technologies.
Energy Storage
Diversification of energy generation and changing demand patterns places a greater
interest on use of the subsurface both for disposal of energy-related waste products and for
short- and long-term storage of energy-related resources. With an increase in non-baseload
renewable energy power generation, there is an increasing need for energy storage options
to moderate the variability, to increase system flexibility, and to support dispatchable, highramping power generators on today’s electricity grid. Various energy storage options exist
including compressed air energy storage (CAES), pumped hydroelectric energy storage,
and underground natural gas storage. Individually, these storage options may not contribute
greatly to the energy mix, but combined, they have the potential to be important. Geologic
and land-use expertise is necessary to understand the characteristics of these storage
options, and basic research is required to forecast long-term performance and effects.
Subsurface energy storage involves coupled hydro/chemical/thermal/mechanical processes
that can be difficult to anticipate. There is a practical focus on understanding the impacts
on capacity and round-trip efficiencies,6 but there are also temporal issues to consider.
6

The ratio of the energy consumed to put energy into storage to that consumed to retrieve it
from storage.
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CAES and natural gas storage, for example, have rapid cycles. The long-term impacts—
including environmental—associated with the interactions between the engineered and
natural systems also need to be understood. Reversible extraction of fluids and other
materials from storage all require better data and assessment of the storage reservoirs and
environmental implications of their use. With the ERP’s deep geologic expertise, assessing
the storage potential for various basins would be an important contribution it could make,
potentially in collaboration with the DOE and its partners.
Pumped-Storage Hydroelectricity
Pumped-storage hydroelectricity (PSH) plants pump water from a reservoir at a lower
elevation to one at a higher elevation, often doing so when there is low power or energy
demand and electricity may be available at lower cost. Power is generated by releasing
water from the upper reservoir when power demand is high. Siting of PSH plants requires
elevation and water and can raise environmental, aesthetic, and other concerns. Installation
of some plants has been proposed in depleted mines or underground reservoirs. Given an
increasing interest in PSH, the ERP could leverage its unique expertise in geology and land
use with USGS water resource expertise to assess opportunities to repower existing dams
or develop new paired reservoirs for this purpose. Such efforts could be designed to support
interests of multiple agencies (e.g., the U.S. Army Corps of Engineers, the Department of
the Interior, and the DOE).
Compressed Air Energy Storage (CAES)
CAES systems are similar to PSH systems in terms of their applications, output, and
storage capacities. CAES plants compress ambient air (rather than water) and store it under
pressure in underground caverns. The pressurized air is heated and expanded in an
expansion turbine to drive a generator for power.7 Since air compression creates heat and
air expansion removes heat, different approaches (e.g., adiabatic, diabatic, or isothermal)
have been developed to address the thermal considerations, each with different efficiencies.
A key aspect affecting the commercial viability of such systems is the location and
character of the geologic storage reservoir; this is an emerging need that the ERP could
address.
Underground Natural Gas Storage
Given the growth of natural gas production and the nation’s increasing dependence on
natural gas, availability is becoming more reliant on pipelines and storage options. Natural
gas is commonly stored underground and under pressure in depleted oil or natural gas

7

See http://energystorage.org/compressed-air-energy-storage-caes.
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fields, aquifers, and salt cavern formations.8 The suitability of a particular underground
formation for a particular use will be related to the formation’s physical characteristics
(e.g., porosity, permeability, and retention capability) and factors such as the costs of site
preparation and maintenance, how quickly gas can be retrieved from storage (i.e., its
deliverability rate), and cycling capability. Failure of underground natural storage systems
in California has been estimated at approximately four times a year in California, largely
as a result of loss of well integrity, but also as a result of loss of containment within the
underground storage reservoir (CCST, 2018). Loss of containment can result in the
explosive release of natural gas that threatens safety, and the nonexplosive release of gas
that may have long-term environmental impacts. The ERP might provide national or
regional-level assessments of the location and character of geologic storage options for
natural gas.

8

See https://www.eia.gov/naturalgas/storage/basics/.
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Recommendations
Characterizing, quantifying, and understanding the nature of the nation’s geologic
energy resource endowment are essential for national planning and economic vitality.
Trusted and scientifically rigorous geologic energy resource assessments are, therefore,
vital. As the only branch of a federal public agency dedicated to assessing geologic energy
resources, the Energy Resources Program (ERP) is a critical component of the U.S.
Geological Survey (USGS) and the Department of the Interior. This energy resource
assessment function is mandated in the original Organic Act of 1879,1 which established
the USGS to inventory the geology and resources of the nation (see Chapter 1).
Given the rate of technology change, relevant responsiveness to its core mission
requires flexibility on the part of the ERP: the program needs a nimbleness that allows
rapid adjustments to its portfolio, improvements in its assessment approaches, and
production of a suite of dynamic products. Changes in public policy, technology
innovations in extraction and waste disposal, discoveries of environmental impacts,
fundamental advances in geoscience, dynamic markets, and even global geopolitics
influence the ERP’s priorities and information needs. And, for the sake of efficiency, the
ERP needs to constantly determine which research best fits within the ERP mission and
which is more effectively executed elsewhere.
Furthermore, the ERP needs to maintain a culture of scientific excellence that allows
delivery of complete, accurate, and reproducible products that are most useful to support
decision making in the public and private domains. As much as possible, and given the
proprietary nature of some data used in assessments, the ERP needs to rely on source data
rather secondary literature or other sources, to release as much of the data as possible, and
to develop and release intermediate data products (e.g., aggregated data at the level of
assessment units). These good scientific practices will increase confidence in and
reproducibility of the data.
Chapter 2 identified a set of energy-related challenges in the context of the current and
projected energy landscape in the United States:
1. Maintaining a robust understanding of the national resource inventory and its
associated uncertainties;
2. Exploring and developing geologic energy resources in an environmentally and
socially responsible manner;
3. Overcoming technical and economic barriers to new resource development
processes; and
4. Adapting to variable power-generation sources (e.g., wind and solar) and related
energy storage.

1

See http://uscode.house.gov/statviewer.htm?volume=20&page=394.
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These challenges are not completely distinct: one cannot, for example, develop a
geologic energy resource responsibly (challenge #2) without a robust understanding of its
quantity, location, and geologic disposition (challenge #1), without overcoming technical
and economic barriers to technology development (challenge #3), or without consideration
of how to manage the resource after development (challenge #4). Recommendations in this
chapter—presented in bold type—identify how ERP research, data, and products need to
evolve over the next 10-15 years2 so that the program may provide timely and scientifically
rigorous information to support needed innovation. Individual recommendations do not
respond to the individual challenges described above, but collectively address how ERP
activities need to evolve.
The committee developed its consensus recommendations in consideration of the
constantly changing national and global energy landscape and based on input from
consumers of ERP products. The recommendations have been synthesized from the
observations and conclusions presented throughout this report and are organized into three
distinct categories:
•
•
•

Priorities for aligning ERP activities and its research portfolio with emerging
energy challenges (Recommendations 1-4).
The interdependence of energy resource development with other resources and
with economics at different scales (Recommendations 5-7).
Improvements and adjustments in ERP research approaches that will enhance the
value and relevance of ERP products (Recommendations 8-11).

The committee begins with consideration of ERP portfolio priorities, describes a new
paradigm for regional assessments and product delivery, and provides guidance for the
program so that it remains relevant and responsive.
Discussion of ERP operational strategies is beyond the scope of this report. This
chapter, however, does identify certain operational processes that could improve the ERP’s
ability to recognize and incorporate the latest science and technology into their research
and products; its ability to incorporate information into products in ways most meaningful
to consumers; and its ability to consider how elements of the geologic system are
interrelated and behave in the larger setting. Similarly, the committee was not asked to
consider budget or management practices within the ERP or the USGS more broadly. The
costs and benefits of implementing these recommendations will need to be assessed by the
program.
The recommendations in this chapter guide the development of a future ERP that is
most relevant for its stakeholders. The recommendations complement each other and their
implementation will be most effective if executed together and continuously. The
recommendations, therefore, are not listed in any priority order, but
some
recommendations might be implemented sooner than others given opportunity or
availability of program resources. In those cases, their implementation will need to be
accomplished in ways to accommodate the implementation of the others.

2

The 10- to 15-year is designated by the statement of task provided to the committee.
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ALIGNING ERP ACTIVITIES WITH EMERGING ENERGY CHALLENGES
The rapid changes in energy development technologies for existing and emerging
energy resources indicates the next 10-15-year planning period (chosen by the ERP when
requesting this report) could be exciting; 10-15 years allows both the possibility for
unpredicted outcomes and opportunities for unexpected gains. But not keeping pace with
advances that are made will leave the program out-of-date and struggling to find resources.
It is important for the ERP to focus on its mission while being cognizant that momentum
within the program could put it at risk of stagnation. The program needs to maintain an
appropriately balanced portfolio to respond to current and emerging issues. Assessment
objectives and methodologies, for example, need to be examined and refined as appropriate
to make certain their implementation reduces uncertainties and yields the most useful
results.
ERP Mission Focus
Recommendation 1: Focus new and continuing activities on geologic energy resources
as consistent with the ERP mission and the information needs of the nation.
Chapters 3, 4, and 5 of this report describe existing and emerging energy resource
priorities that the ERP, given its strong geoscience orientation, is positioned to address.
The ERP needs to prioritize its activities based on constant consideration of the current and
emerging energy resource needs; the form and function of ERP products most useful to its
stakeholders; and the strengths and competencies of the program. For example, oil and gas
resource assessments—and specifically continuous (unconventional) oil and gas
assessments—will continue to be of primary importance. Conversely, the ERP needs to
remain aware of its core competencies and consider the appropriateness of future
expenditures on activities unrelated to geologic energy resources (e.g., the development of
the wind turbine locational database), or on those less responsive to consumer information
needs. That said, ERP core competencies do need to evolve in response to the constantly
evolving domestic and international energy mix and the nation’s changing information
needs.
Priority Portfolio Areas
Recommendation 2: Give priority to geologically-based research and products
related to (a) existing and emerging continuous/unconventional oil and gas and
produced water and (b) emerging technologies associated with geothermal energy,
methane hydrates, and subsurface energy storage.
Continuous oil and gas exploration and development (i.e., with high-water-volume
hydraulic fracturing) will dominate the energy sector over the next 10-15 years (see
Chapters 2 and 5) and thus will need to remain a high priority for the ERP. Technological
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developments in the United States have stimulated a revolution in domestic natural gas and
oil production, with national and global impacts. Natural gas contributes greatly to the
domestic energy supply and likely will do so for the next 10-15 years. The rapid expansion
of continuous oil and gas development has been accompanied by evolving production
practices. The increased use of water for hydraulic fracturing in oil and gas development,
for example, calls for better understanding of the water resources available for
development, the characterization of those waters after development, and the
environmental impacts of those waters when treated and released or disposed of.
Emerging geologically based energy resources or geologic issues related to the nation’s
energy mix that require the attention and expertise of the ERP to address are those
associated with geothermal energy, methane hydrates, and opportunities for subsurface
energy storage. The near-term contributions for future energy sources such as methane
hydrates, renewables, and nuclear power are less predictable given evolving government
policies and regulations and on technological advances that are still in development.
The next sections summarize priorities related to continuous oil and gas, produced water,
geothermal energy, hydrates, and subsurface energy storage.
Continuous (Unconventional) Oil and Gas
The United States will become a net energy exporter within 10 years (see Chapter 2),
and for the first time since the 1950s. Challenges associated with developing continuous
oil and gas resources include managing the environmental impacts (e.g., land-use issues,
produced water disposal, induced seismicity, and possible contamination issues) and
characterizing the subsurface to facilitate appropriate development approaches and
accurate resource assessment. Priorities for the next 10-15 years include
1. Updating resource assessments and methodologies more regularly at intervals that
keep pace with technology advancements designed to improve resource recovery.
The ERP needs to remain aware of all new methodologies (including those
developed outside of the ERP) and apply them when appropriate.
2. Compiling more raw and aggregated data and data-source information developed
by states and other organizations to support ERP assessments and research.
Including these compilations in ERP products allows greater transparency for ERP
stakeholders, increases stakeholder confidence in ERP products, and increases
ERP product usefulness.
3. Increasing focus on data compilation related to impacts of resource development
such as produced water volumes and rates (described in detail in the later section
on produced waters and the text supporting Recommendation 4).
4. Releasing assessments and intermediate data products (e.g., aggregated
information for assessment units within reservoir units) in a timely manner so that
ERP products are relevant at the time of release.
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Produced Water: Production and Disposal
Projections for continuous (unconventional) oil and gas development and conventional
production stimulation activities, along with a trend toward developing formations with
higher water-oil ratios, lead to expectations of continued large volumes of produced water.
Subsurface disposal of produced water and its interactions with a formation’s matrix,
fluids, fractures, and faults are expected to be longer term (e.g., over several years) than in
the past and may be associated with potentially adverse consequences (e.g., induced
seismicity). The volumes of water needed and produced are much greater as is the spatial
scale of production. The chemistry of produced waters are also more varied and complex.
Critical research needs related to produced water that will support potential management
strategies include understanding historical variability in produced water quantity and
quality; anticipating future volumes of produced water; and characterizing the disposal
capacity of rock units for produced water to evaluate potential adverse impacts of disposal.
The strong background of the ERP in geochemical and hydrochemical analyses,
combined with the program’s capacity for understanding subsurface systems, makes the
ERP ideally suited to conduct analytical research on produced waters (including in
conjunction with the USGS Water Mission area). Priority research includes that on the
provenance of produced waters (e.g., how much is injected versus naturally found in
geologic formations), the importance of flowback water in continuous reservoirs, and
effects of water-rock interactions on produced water chemistry. If the ERP does not
conduct such research, it may be difficult to make policy decisions regarding management
of large volumes of produced water.
In addition to research, a priority for the ERP is to update and expand the existing ERP
produced water database to include more data associated with continuous resources.
Specifically, basic chemical analyses—conducted by the ERP and others—from a broad
range of sedimentary basins needs to be included, as well as more comprehensive chemical
analyses for representative subsets of these basins to support improved characterization of
potential toxicity and regional-scale patterns in water composition.
Geothermal
Although geothermal energy is a relatively small contributor to the nation’s energy
mix, the geothermal energy potential of the United States is substantial, with the added
advantage that geothermal energy is a renewable resource that provides baseload energy.
To develop geothermal energy resources and reduce exploration and development risk,
advances in subsurface exploration strategies and engineering technologies are required.
This, in turn, necessitates access to appropriate geoscientific data sets that support detailed
characterization of the subsurface and lead to step-change advances in the conceptual
understanding of geothermal systems. The locations and quality of potential available
water resources to support future engineered geothermal systems (EGS) projects is
included in the data needed. Currently, no single agency is responsible for updating
databases with key geothermal data (e.g., sub-surface temperatures, heat flow, fluid
chemistry and rock properties); there is the opportunity for ERP to serve in this capacity.
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The ERP also needs to be a leader in updating and improving methods for regional and
national-scale geothermal resource assessments. Using these methodologies, the ERP
might then maintain up-to-date assessments of the national geothermal resource inventory
(for both conventional and EGS resources). These are high-priority needs, and the ERP is
suited to meet them. Groups such as the Department of Energy’s (DOE’s) Geothermal
Technologies Office would be among the beneficiaries of the outcomes of this work and
may offer opportunities to leverage resources.
Methane Hydrates
The nation’s methane hydrate accumulations are estimated to exceed the volume of all
known conventional gas resources, and the ERP is contributing in important ways to
determine the feasibility of energy production from them. The potential opportunities
represented by methane hydrates, analyses of lifecycle consequences, and the
environmental issues surrounding significant exploitation of this energy asset warrant
continued attention at this time. Continued ERP collaboration on hydrate research activities
in the United States and internationally and expanded consideration of environmental
consequences have the potential to make the United States the world leader in methane
hydrates as an energy asset. The importance of hydrates to the nation’s future energy mix,
however, is highly uncertain, given expected availability and reliance on natural gas and
given the uncertainty regarding when responsible hydrate production technologies will be
feasible.
Whereas the ERP’s work in this area is important and appropriate now, the committee
recommends the program regularly and realistically assess the feasibility and likelihood of
responsible development of methane hydrates, as well as the information needs associated
with that development, to determine if and how priorities in this area should be realigned.
If production technologies being developed prove infeasible or there is a loss of interest in
methane hydrates, then methane hydrates assessments in the future may not be needed.
Conversely, if hydrates production technologies prove feasible, the energy outlook for the
nation may drastically change. The ERP might need to provide more detailed resource
assessments, to provide information that allows comparison of different sources of natural
gas, or to answer other geologic questions raised as a result new production technologies
that cannot be predicted at present.
Subsurface Energy Storage
Energy storage is increasingly important as society adapts to variable sources of energy
for power generation (e.g., wind and solar, energy) from which energy might be stored in
the subsurface by means of, for example, compressed air energy storage (CAES). Matching
energy supply and demand for the nation’s electricity grid when excess power is being
generated requires innovative approaches such as CAES and other energy storage
mechanisms. As discussed in Chapter 5, CAES and underground natural gas storage are
two subsurface storage options for which the ERP might contribute vital expertise in
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subsurface geologic characterization and energy resource assessment. Assessing the
storage potential for various basins in the United States could become a new and
strategically important priority for the ERP. The ERP might conduct such assessments in
collaboration with the DOE and other partners.
Maintaining Strategic Capabilities while Responding to Information Needs
Recommendation 3: Maintain strategic capabilities in areas such as conventional oil
and gas, coal, uranium, and emerging energy sources; adjust emphasis on products
and research in these and other areas based on demand for information.
As the nation’s energy mix evolves, the need for information about any given resource
may wax and wane, or new types of information may be necessary. To remain relevant to
its stakeholders, the ERP will need to adjust the emphasis of its products in response to
those information needs. Regular evaluation of its portfolio, assessment methodologies,
and products in light of projected energy trends and the needs of ERP product consumers
is necessary. The results of those evaluations could be used when deciding how its
portfolio, assessments, and products might evolve (or possibly be discontinued), or
responsibilities be shifted. As discussed in Chapter 2, conventional oil and gas, uranium,
and coal are important components of the U.S. energy resource mix, but given that when
and how those resources are developed will depend on a changes in technologies and
market and regulatory conditions, it is difficult to quantify their contributions to the future
energy mix. The ERP needs to retain core skills in these areas to ensure that it can respond
to future needs of the nation. Priority emphasis for conventional oil and gas, uranium, coal,
and emerging energy resources are described in the next sections.
Conventional Oil and Gas
In response to mandates in the Energy Policy Conservation Act of 20003 and its 2005
update, the ERP conducts U.S. and global conventional assessments of oil and gas
resources on a rolling three-year schedule. The ERP prioritizes U.S. regions where recent
discoveries have triggered reevaluation of recoverable resources (e.g., Alaska; Parshall and
Zborowski, 2018). The decision to prioritize basins in the United States where there have
been new discoveries is appropriate, as previously discovered U.S. conventional oil and
gas resources are generally well characterized and changes resulting from routine updates
are likely to be modest. Limiting its U.S. conventional focus to targeted areas also gives
the ERP opportunities to direct its capabilities to other assessment and research efforts,
such as those described in Recommendation 2.
Global conventional resources are less well characterized, particularly in emerging
markets with recent discoveries (e.g., East Africa) or new exploration (e.g., the circumArctic). Understanding the abundance and distribution of these resources continues to be
3

P.L.106-469 §604.
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critical for making informed decisions about U.S. energy security, even as U.S. energy selfsufficiency increases. As is the case with domestic conventional oil and gas assessments,
de-emphasizing routine updates of existing assessments and focusing on important new
discoveries or other changes that might affect development of the global resource portfolio
will be important for the ERP. It must be prepared to provide rapid and targeted information
necessary to inform U.S. decisions regarding the global resource portfolio.
Coal
Despite the major decrease in demand precipitated by the low natural gas prices, coal
remains a critical part of the domestic energy mix. Given that the traditional coal resource
base is well characterized, the ERP needs new assessment strategies to make those
assessments more relevant. For example, resource assessment activities might focus on
strategic coal resources with specific applications, such as metallurgy, coal gasification,
and extraction of rare-earth elements. Development of existing databases on resource
occurrence should continue to capture new subsurface data generated by coalbed methane
development. In addition, expanding the COALQUAL database,4 which contains an
essential set of coal quality parameters used to determine utility, should continue so that
coal can be characterized most effectively and so that targeted assessments can move
forward.
The ERP has the basic data and expertise useful to virtually all stakeholders about
potential impacts and remedial actions associated with the tangible environmental impacts
of coal mining, coal utilization, and coalbed methane development. ERP data and products
are needed to inform the characterization and remediation of the impacts of these activities,
and a new strategy balancing resource assessment with an increasing need for
characterizing environmental impacts and the associated remediation efforts is required.
An awareness of global developments that may affect coal demand also needs to be
maintained to provide a realistic understanding of the role of U.S. and foreign coal
resources.
Uranium
Although prospects for growth in nuclear generating capacity in the United States have
waned, nuclear power still accounts for about 20% of national electricity generation and
60% of the nation’s carbon-free electricity generation. ERP uranium resource assessments
are the sole source of public information on quantities and grades of uranium deposits in
the country developed using the most modern methods. ERP publications and data are
unique sources of information on the national endowment of this strategic metal and on the
potential environmental impacts of developing these resources. U.S. utilities import
approximately 90% of their uranium, but future decisions may be made that could lead to
the need for increased domestic production and, in turn, increased stakeholder demand for
4

See https://ncrdspublic.er.usgs.gov/coalqual/.
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ERP uranium products. The ERP should therefore continue its efforts to assess national
uranium resources using the methodology it has developed through international
collaboration.
In addition to resource assessment, ERP geochemical studies of groundwater-uranium
interactions inform stakeholders on potential solution mining impacts and remediation
processes. The research, with further refinement, could contribute to the development of
the regulatory framework for solution mining, the remediation of legacy uranium mines
and tailings, as well as the siting of radioactive waste disposal sites. As a result, the ERP
needs to continue with the current balance of assessment and environmental work in
uranium.
Emerging Geologic Resources
Long-term energy resources at early stages of recognition or rediscovery might
include, for example, oil shale or by-passed residual oil zones that could be targeted for
new recovery techniques. But, it is difficult to evaluate or anticipate which emerging
resources are appropriate for ERP focus and efforts. As is true for other ERP activities, the
ERP needs to remain aware of research and technologies related to new or renewed
geologic energy resources, and regular input from the program’s stakeholders will assist
the ERP (see Recommendations 10 and 11).
Incorporating Environmental Impacts Data
Recommendation 4: Compile and incorporate data related to environmental impacts
of resource development into ERP products.
Geologic energy resource development may result in unacceptable environmental
impacts if not conducted responsibly. Developing new energy resources will result in
different impacts for industry. If energy assessments are to support public policy and
economic planning, they must factor in environmental impacts. Furthermore, if those
assessments are to be trusted sources of information, then they must be provided by an
impartial and independent entity. To produce such assessments, the ERP could partner, for
example, with the Ecosystems mission area of the USGS or with other agencies that would
conduct research on the impacts of resource development on ecological, water, and air
quality. The ERP could then incorporate the geospatially relevant work of those research
results into ERP products to highlight the relationships between energy resources and
environmental vulnerabilities to impacts. Such maps are commonly produced in the private
sector, but results may be disparate or not readily available to others because of different
mapping techniques. ERP stakeholders would benefit if the ERP developed and applied
standardized mapping approaches.
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Examples of information that could be incorporated into ERP products include
•
•
•

Energy resource mapping overlaid with maps of biodiversity and endangered and
threatened species to guide mining and energy-related activities;
Impacts of energy development on water and air; and
Spatially explicit impact maps of the location of source waters and the disposition
of produced water.
THE INTERDEPENDENCE OF RESOURCE DEVELOPMENT AND
ECONOMICS AT DIFFERENT SCALES

The recommendations in this report represent a major shift in how resource
assessments can be produced to aid decision processes. They direct the ERP to consider
end goals in energy resource management: safe, responsible, and productive energy
development that best serves the long-term needs of the nation. The next-generation
resource assessments will provide the data to support full-lifecycle and full-systems
analyses by ERP product consumers and will include information about the quality,
quantity, and recoverability of multiple commodities, as well as spatial information related
to production needs and the impacts on infrastructure and the environment over the
lifecycle of development. Future assessments will support scenario analyses by product
consumers so that potential lifecycle economic and environmental impacts of one choice
over another may be weighed. Examples of how this has been accomplished on more
limited bases are referenced in Chapter 5. The ERP and the USGS already undertake
research relevant to lifecycle and system analyses and the next recommendations direct the
ERP to bring all this work together in useful formats for ERP stakeholders.
Applying Lifecycle and Full-Systems Approaches
Recommendation 5: Apply full-lifecycle and full-system approaches when considering geologic energy resources: from initial resource assessment to development, waste
disposal, and the disposition of depleted or legacy sites.
As described in Chapter 5, the utility of future assessments will increase by moving
beyond estimates of resource supply and by incorporating the full costs and impacts
associated with energy exploration, development, transportation, waste production and
disposal, and reclamation of developed lands. Applying integrated approaches to analysis
will support longer-term energy planning with attention paid to competing demands for
resources and various types of risk (e.g., economic and environmental). Lifecycle outcomes
associated with geologically based resource development vary with geology and extraction
techniques—which the ERP understands and about which it has data. The ERP, therefore,
is uniquely positioned to support lifecycle analyses for the resources it assesses. The ERP
needs to design and conduct its assessments and basic research in consideration of the
planning necessary to best utilize energy reserves in consideration of competing interests.
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With access to resource assessments that include lifecycle data, ERP consumers may be
better informed about resource availability, environmental impacts, costs, and risk at all
stages of resource development. They will be better able to discern among development
technologies, land-use options, and waste disposal options those that are most costeffective and environmentally responsible in the long term.
If the committee were asked to recommend research strategies for the ERP program
based solely on today’s capacities and resources, the committee would likely conclude that
it would not be practical to adopt lifecycle and systems approaches in the near future. The
committee was asked, however, to consider future strategies based on the information
needs of the nation. Implementation of this and recommendation 6 will not be simple. The
recommendations represent new operational paradigms for the ERP and the USGS. A
phased approach will likely be necessary for their implementation.
Quantifying Resources According to Quality and Recoverability
Recommendation 6: Improve assessments of geologic energy resources by quantifying
resources according to quality and recoverability.
The ERP provides assessments of in-place geologic resources and the fraction of which
that are technically recoverable, given today’s technologies. The value of ERP assessments
to many of its stakeholders would increase substantially by including analysis layers with
information about resource quality, economic recoverability, and information that would
support the development of robust energy resource supply curves by others (see Box 3.2).
Such information is required to reduce uncertainties in decision making and relate resource
size to economic price under different market conditions, allowing decision makers to
determine when and how to develop specific resources. Providing this information—using
widely accepted standards for resource classification—would make assessments for
conventional and continuous (unconventional) oil and gas, coal, and geothermal resources
more useful. Assessments with this information might also inform decisions regarding
geologic energy storage (e.g., CAES) and pumped hydroelectric energy and will
provide information for the lifecycle and full system approaches advocated for in
Recommendation 5.
Multi-Commodity and Multi-Reservoir Models
Recommendation 7: Emphasize the development of multi-commodity and multireservoir geologic models at regional and basin scales.
ERP reports typically focus on geologic controls for individual energy resources (e.g.,
structure, stratigraphy, and petroleum systems variables that control conventional and
continuous [unconventional] oil and gas occurrences) published at different scales (e.g.,
from full-sedimentary basin analyses to individual stratigraphic units over sub-regions
within a sedimentary basin; see Chapter 3). Chapter 2 describes the need for a robust and
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accurate understanding of the nation’s geologic resource inventory, the recoverable
quantities of all geologic energy resources, and the impacts of development. Given that
many of the same geologic processes are common to many geologic resource types, and
given the need to weigh the various impacts of different development choices, it is
advantageous to integrate in the next generation of resources assessments the evaluation of
resources by considering how processes are linked at the regional or basin scales. This is
true for evaluating oil and gas, coal, and renewable resources as well as water volumes and
distribution and the potential for subsurface energy or waste storage (described in Chapter
5 with examples of limited application provided). Future efforts by the ERP could involve
combining regional data with numerical models to understand multi-commodity, basinscale geologic energy resource inventories.
Some ERP reports include three-dimensional numerical models used to integrate key
variables into a predictive framework (e.g., Anadarko Basin; Higley, 2014), while others
are compilations of previous work and describe key variables independently (e.g.,
Appalachian Basin, 2014). As described in Chapter 3, the ERP has considered the
relationships between multiple commodities in a region, but without analyzing the linked
geologic processes of basin formation, basin fill, and fluid-rock interactions that
collectively influence resource accumulation. Future ERP assessments might include
information about linked processes relevant to the available resources. To provide accurate
descriptions of all geologic energy resources in a given sedimentary basin or region, the
ERP needs regularly to create geologic models that describe systematic interactions among
geologic processes at a basin scale. This requires easily accessible, basin-scale geologic
data with variables that reflect the key geologic constraints for a given resource type.
Recommendation 8 describes the ERP’s potential role for compiling those data. The ERP
might use numerical models as platforms to integrate those data and explore interactions
among geologic processes to test hypotheses and improve predictions regarding links
between different energy resources (e.g., distribution of continuous oil and gas
accumulations relative to reservoirs suitable for underground gas storage). These
integrated, basin-scale models might also support the full lifecycle and systems approaches
advocated in Recommendation 5. It is not necessary for the ERP to do this work alone. It
might conduct its work and provide the products to better support the work of others, or it
might target collaborations with appropriate entities (see Recommendation 11) as a means
to accomplish the efforts. Given the levels of effort to do this kind of work, it will become
necessary for the ERP to set priorities based on consumer needs (i.e., Recommendation
10).
MAINTAINING AND IMPROVING ERP PRODUCTS
This section synthesizes recommendations related to the way in which the ERP might
maintain and improve its products to be consistent with stakeholder needs and best inform
decision making. They relate to data compilation and management, timeliness, obtaining
input to help maintain the relevance of ERP activity, and leveraging with other entities to
optimize the usefulness of ERP products.
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Data Custodianship
Recommendation 8: Become the recognized custodian of national-scale, publicly
available geologic energy resource data.
There is no source in the United States of consistent, national-scale, and publicly
available geologic data to support geologic resource development, research, policy, or
regulation. Many data are available through federal and state agencies and the private
sector, but those data were collected for specific purposes and without consistency among
them. This makes it difficult for any entity to apply these data for purposes other than their
intended use, or for geographic regions beyond those in which the data were collected
(geologic resources do not recognize political boundaries). The ERP now maintains some
databases relevant to the development of geologic energy resources (e.g., geochemistry of
source rocks, oil and gas, and produced waters). Stakeholders, however, do not always
value those databases as comprehensive enough to meet their needs. Expanding ERP
efforts to become the recognized public source of comprehensive information would be
consistent with the ERP mission to provide reliable and impartial scientific information on
geologic energy resources. The long-term goal (10-15 years, as defined by this study
committee’s task) for the ERP would be to expand its current data compilation, archiving,
and dissemination practices and establish itself as the national custodian and disseminator
of energy-related geoscience data for the United States.
In the short and long terms, ERP priorities for developing or maintaining its databases
to meet consumer needs include:
•

•
•

•
•
•

collecting and compiling different types of data such as well log and analyses
data, rock properties data, rock/fluid geochemistry data (including isotopes), and
subsurface temperature and pressure data (which support improved, more
rigorous resource assessment activities and facilitate the ERP when evaluating
environmental impacts of resource development);
making publicly available more raw and supporting data (e.g., the input data
layers used in the assessments);
increasing the transparency of data (e.g., by providing more information about
their sources and generation methodologies) to reduce uncertainty, improve the
usefulness of and stakeholder confidence in them, and to create less potential for
misinterpretation;
creating data sets that are more easily updated and regularly updating them. This
includes incorporating flexibility into the databases so that new types of
information that become available may be included;
developing the appropriate data-storage systems and interoperable database
architecture to support the efficient archiving, updating, and delivery of new and
existing data; and
increasing the ease of access to existing data through improved web-delivery
mechanisms. This includes considering how scientific information is conveyed
over social media platforms now and in the future.
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Adopting this service role would facilitate the ability of the ERP, the USGS more
broadly, other agencies, and ERP consumers to reduce uncertainty and adopt lifecycle and
systems approaches to energy resource assessment and management (i.e., per
Recommendations 4 through 7). Implementing this recommendation does not need to occur
all at once, but it does need to be in cooperation with ERP product consumers. Analysis of
the overall costs and benefits of creating new digitally linked, national-scale databases that
can be rapidly updated, analyzed, and disseminated is warranted. The same needs are also
true for other ERP products and publications: the ERP needs to develop and maintain a
complete, searchable, updateable catalog of its output. The committee does not have the
expertise to recommend specific architectural improvements that would enhance the
efficacy of the ERP’s current data systems and information management processes. The
topic deserves further exploration, however, by database architecture and data information
and management experts external to the ERP.
Improving Timeliness
Recommendation 9: Improve the timeliness of ERP products and related data.
The time the ERP takes to release complete resource assessments yields products that
may be—or may be considered by consumers to be—outdated and therefore irrelevant. The
ERP adopted the practice of releasing fact sheets so that assessment information is
available to consumers as quickly possible. Fact sheets alone, however, are of limited
utility without accompanying data and analyses, and the lag between the release of fact
sheets and full assessment reports can be several years. Products such as assessments,
regional-scale models (i.e., Recommendation 7), and databases need to be released in a
more timely manner to reduce uncertainty about the information in them and increase
product utility. Furthermore, they could be converted from the static products they are now
to “living” or updatable products that could be continually updated with new data collected
during development, current resource estimates, or changes in economic recoverability
because of new technologies. Such changes will require changes in ERP product review
and product release practices.
Stakeholder Engagement
Recommendation 10: Establish formal mechanisms for regular engagement with
external parties and key stakeholders to identify and prioritize future ERP activities
and to determine the impacts of ERP products and research.
It is vital for the ERP to identify its key stakeholders and, through formalized and
ongoing dialog with them, determine metrics to evaluate how ERP data and products are
used, levels of satisfaction with the products, and the impacts of ERP product use. At
present, ERP priorities appear to be guided little by feedback from ERP product consumers
or external subject matter experts. This stems from a lack of a formal, consistent, and

Copyright National Academy of Sciences. All rights reserved.

Future Directions for the U.S. Geological Survey's Energy Resources Program

Recommendations

109

proactive mechanism for stakeholder identification and interaction. Creating such
mechanisms and formalizing engagement would allow the ERP to identify consumer needs
more quickly than occurs at present. In addition, ongoing interaction is needed for:
•
•
•
•
•
•

identifying emerging issues that affect the accessible energy resource inventory;
identifying new geologic energy resources as well as assessment and development
methods to be investigated;
identifying opportunities to leverage resources and collaborate on research;
reviewing ERP methodologies and products;
reviewing program competencies to make sure they are consistent with current and
future needs; and
establishing priorities for ERP activity.

Assessing product use could begin by tracking the number of page visits or downloads
of various products from ERP websites. The ERP could then begin to acquire more
advanced web-tracking algorithms (e.g., geographic location of downloads) and requiring
product users to populate a brief information form about themselves prior to product
download (e.g., describing intended use, current work sector, employer if appropriate).
Providing digital object identifiers for ERP databases and compiling usage metrics might
provide a way to track data accessibility. These types of metrics would allow the ERP to
better understand its consumer base, identify with whom to engage on formal and informal
bases, and provide the ERP with information regarding how best to track product impacts.
Ultimately, fostering regular and formalized engagement with ERP stakeholders would
help the ERP to better target its products, to develop program goals and objectives, and to
identify potential supplemental funding sources.
The program might establish an external ERP advisory board consisting of
representatives from federal and state entities and nongovernmental organizations.
Information gathered through this board would complement guidance from ERP’s internal
advisory board. Meeting with an external advisory board would provide the ERP with
regular opportunities for face-to-face discussions with its stakeholders, which could result
in a regular and formal source of fresh perspectives. Interaction needs to be ongoing, the
frequency of which would need to be determined by all parties based on agreed upon
objectives. Improved resource assessments and development of new ERP research projects
and products might result. While some of this information could be obtained through
informal channels, regular reporting and meetings of a formal review board may provide
better tracking of ERP performance. A working culture that encourages and is receptive to
constructive feedback will be required within the ERP.
Collaboration
Recommendation 11: Leverage and partner with other USGS units, other federal and
state agencies, and other domestic and international organizations to more efficiently
achieve the ERP’s mission.
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The ERP coordinates research with and leverages expertise and resources of various
entities to advance the general state of knowledge regarding methane hydrates. Other
research areas and program goals could also be advanced through similar arrangements and
enhanced interaction and collaboration with federal agencies such as the DOE and
Environmental Protection Agency (EPA), with state geologic surveys, and with academic
institutions. The ERP could broaden its reach and increase efficiency by:
• Transferring responsibility for routine database maintenance. It may be possible to
reduce overall costs if some activities, such as maintenance of databases that are
not critical to ERP assessments, could be transferred or contracted to universities.
A successful application of this model is the Database of State Incentives for
Renewables & Efficiency,5 maintained by North Carolina State University for the
DOE.
• Partnering more with other USGS units to expand the breadth and depth of ERP
products. The ERP has already demonstrated this approach to some extent with the
Geothermal Resource Investigations Project and with contributions from multiple
USGS units along with federal, state, academic, and industry collaborators. The
ERP might likewise collaborate with the Earthquake Hazards Science Center for
research related to induced seismicity, for example, and with its the Water mission
area.
• Partnering more with other agencies to enhance complementary efforts. For
example, the DOE has research and demonstration programs in geologic carbon
dioxide sequestration, produced water, radioactive waste disposal, and other areas
of interest to the ERP. Some state agencies have rich data sets and subsurfacesample archives. Establishing partnerships and formal collaborations with such
groups may require policy or management changes at different levels, but could be
mutually beneficial as a result of efficient use of combined resources.
• Managing extramural research programs. Utilizing extramural research expertise
can be effective, especially when there are focused or short-term (i.e., months to
2-3 years) needs for deep research expertise. Examples of such programs include
the EPA’s Science to Achieve Results (STAR) program or the U.S. Bureau of
Reclamation’s Desalination and Water Purification Research Program.
Developing such relationships could also serve to deepen the knowledge base that
informs the direction of ERP products, to increase visibility of the ERP (and the USGS)
activities, and has the potential to foster personnel recruitment pathways so that the ERP
remains an important long-term resource. The ERP, however, should make every effort to
remain separate and distinct from the private sector so as to remain and maintain the
appearance of objectivity and neutrality.

5

See http://www.dsireusa.org/.
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FINAL WORDS
Because energy is central to the economy and quality of life in the United States and
the world, knowledge of geologic sources of energy and the environmental impacts
associated with their development is a national priority. The ERP is a scientific agency, but
its mission is to provide information to support complex real-world policy and management
decisions, the impacts of which could affect the well-being and quality of life for
generations. The world’s production and consumption of energy are constantly changing.
As such, it is necessary for the ERP to position itself to anticipate information needs so that
it contributes to the robust understanding of the national resource inventory and associated
uncertainties. Program excellence will depend on program flexibility and the ability to
prioritize activities based on new technologies, the identification of different types of
resources, and discoveries of environmental impacts of energy development in light of
dynamic market forces changes in energy demand. Whereas the traditional scientific
protocols applied to date have been applied valuably to many of the problems addressed
by the ERP, new protocols are needed that maintain scientific rigor while also
accommodating real-world information needs.
The energy assessments that have been the traditional products of the ERP will be most
useful if they reflect the needs of their consumers. Thus, the ERP needs to enhance its
traditional assessments, which might have become routine (but should not be), with
ongoing scientific and data technology advances. Discovery and relentless improvement
of assessment approaches and modernized data management needs to be a mainstay of a
culture of scientific excellence within the ERP. Indeed, national energy planning is best
accomplished with an ERP that delivers timely, usable, and cutting-edge information on
geologic energy resources and their development.
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Appendix A
Committee Biographies
Rex C. Buchanan (Chair) is director emeritus of the Kansas Geological Survey (KGS),
based at the University of Kansas. He joined KGS in 1978 and was interim director from
2010 to 2016. He is the coauthor of Roadside Kansas: A Guide to its Geology and
Landmarks and editor of Kansas Geology: An Introduction to Landscapes, Rocks,
Minerals, and Fossils, both published by the University Press of Kansas; coauthor of The
Canyon Revisited: A Rephotography of the Grand Canyon, 1923-1991, published by the
University of Utah Press; and coeditor of Geowriting, published by the American
Geological Institute. Mr. Buchanan served as secretary of the Association of American
State Geologists, past chair of the Geology and Public Policy Committee of the Geological
Society of America (GSA), and past president of the Kansas Association for Conservation
and Environmental Education (KACEE), the Kansas Academy of Science, and the
Association of Earth Science Editors. He chaired the Kansas Task Force on Induced
Seismicity from 2013 to 2016. In 2008, Mr. Buchanan was named a GSA fellow and in
2016 received GSA’s Public Service Award. In 2009, he was given the John K. Strickler
Award for Environmental Education from KACEE. He also provides occasional
commentaries on Kansas Public Radio. Mr. Buchanan holds a B.A. in biology and a B.A.
in history from Kansas Wesleyan University and an M.A. in the history of science and an
M.S. in agricultural journalism from the University of Wisconsin-Madison.
Brian J. Anderson is the GE Plastic Materials Engineering Professor in chemical
engineering and director of the Energy Institute at West Virginia University (WVU). His
research interests include molecular, reservoir, and multiscale modeling applied to energy
and biomedical systems, enhanced geothermal systems, and natural gas hydrates. As
director of the WVU Energy Institute, he helps coordinate research among scientists
nationwide to advance both conventional and unconventional energy technologies. He was
awarded the 2012 Presidential Early Career Award for Scientists and Engineers, the highest
honor bestowed by the U.S. government on science and engineering professionals in the
early stages of their independent research careers. He was the recipient of the 2011
Department of Energy Secretary’s Honor Award for his work in response to the Deepwater
Horizon oil spill. Dr. Anderson has published 40-plus articles and book chapters, and his
work has appeared in Marine and Petroleum Geology and Geothermics, among other
journals. Dr. Anderson holds a B.S. and an M.S. in chemical engineering from WVU and
the Massachusetts Institute of Technology (MIT), respectively. He received his Ph.D. in
chemical engineering from MIT in 2005.
Bridget F. Ayling is an associate professor at the Nevada Bureau of Mines and Geology
and the College of Science at the University of Nevada, Reno (UNR), and she is the director
of UNR’s Great Basin Center for Geothermal Energy. Dr. Ayling is a geologist and
geochemist with more than 10 years of combined experience in the geothermal and
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unconventional oil and gas sectors. She joined UNR in early 2016 after working at
Geoscience Australia, the Australian government’s geoscience agency, and at the Energy
and Geoscience Institute at the University of Utah. Dr. Ayling has worked in both
conventional and unconventional geothermal settings in Australia and the United States,
contributing to regional geothermal resource assessments, to surface heat-flow
measurement, to characterization of reservoir fracture mineralogy, and to geochemical
tracer studies, as well as conducting numerical modeling to understand reservoir fluid flow
regimes. Dr. Ayling holds a B.S. with honors in geology and physical geography from
Victoria University of Wellington, New Zealand. She received her Ph.D. in paleoclimate
and environmental geochemistry from the Australian National University in 2006.
Peter M. Kareiva (NAS) is director of the Institute of the Environment and Sustainability
at the University of California, Los Angeles (UCLA). Prior to that, he was chief scientist
at the Nature Conservancy, director of the Division of Conservation Biology at the National
Oceanic and Atmospheric Administration’s fisheries lab, and a professor of zoology at the
University of Washington. Dr. Kareiva’s current research has two major foci: how to meet
the needs of people for energy, food, and water without degrading environmental systems,
and how to better communicate science to the public and policy makers in a way that is
maximally helpful. He cofounded the Natural Capital Project, NatureNet Fellows, and
Science for Nature and People. He has written or edited nine books and more than 200
articles, including a conservation biology textbook. His most recent book, Effective
Conservation Science: Data Not Dogma, was published by Oxford University Press in
October 2017. Dr. Kareiva was inducted into the U.S. National Academy of Sciences in
2011. He holds a B.A. in zoology from Duke University and an M.S. in environmental
biology from the University of California, Irvine. Dr. Kareiva received his Ph.D. in ecology
and evolutionary biology from Cornell University in 1981.
Robin L. Newmark is Executive Director for Strategic Initiatives at the U.S. Department
of Energy’s National Renewable Energy Laboratory (NREL). Previously, as Associate
Laboratory Director for Energy Analysis and Decision Support, she led the organization
that develops analytic insights and information that inform R&D directions and energy
system policy and investment decision making, which spanned all energy pathways,
including renewables, conventional, and emerging technologies. Prior to joining NREL,
Dr. Newmark conducted and led research at the Lawrence Livermore National Laboratory
on energy, environment, and national security. More recently, her research has focused on
energy, climate, and water issues, including the interdependence of water and energy
systems. She advises such groups as the multinational laboratory Energy-Water Nexus
consortium and is part of the U.S.-China Expert Carbon Capture and Sequestration Steering
Committee. Dr. Newmark is author of 100-plus papers and reports and was a lead author
for the Third U.S. National Climate Assessment. She is a member of the editorial board for
Current Sustainable/Renewable Energy Reports, a guest editor for Environmental
Research Letters, a fellow of research institutes in both Colorado and California, and holds
five issued patents. Among her awards are the U.S. Environmental protection Agency’s
Outstanding Remediation Technology Innovation Award and the Federal Laboratory
Consortium for Technology Transfer Recognition Award. Dr. Newmark holds a B.S. in
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earth and planetary sciences from the Massachusetts Institute of Technology, an M.S. in
earth sciences from the University of California, Santa Cruz, and an M.Phil. and a Ph.D. in
marine geophysics from Columbia University.
Jack C. Pashin is a professor and Devon Petroleum Chair of Basin Research at the Boone
Pickens School of Geology at Oklahoma State University, which he joined in January 2013.
From 1988 through 2012, Dr. Pashin led research programs at the Geological Survey of
Alabama, including the Energy Investigations Program, and served as an associate director
of the survey. His principal expertise is in petroleum geology, coal geology, and geological
carbon dioxide storage. He has published widely and won several awards for his research,
including the Gilbert H. Cady Award of the Geological Society of America (GSA), which
was given in recognition of career contributions in coalbed methane and geologic carbon
storage. Dr. Pashin serves on the editorial boards of the American Association of Petroleum
Geologists’ Bulletin and the International Journal of Coal Geology and has held officer
positions in the Alabama Geological Society, the Energy Minerals Division of the
American Association of Petroleum Geologists, and the Coal Geology Division of the
GSA. He is also an elected fellow of the GSA and a Charles Taylor Fellow of the American
Association of Petroleum Geologists. Throughout his career, Dr. Pashin has managed
numerous projects on unconventional and conventional natural gas and oil reservoirs and
geological carbon sinks. Dr. Pashin holds a B.S. in geology from Bradley University and
an M.S. and a Ph.D. in geology from the University of Kentucky.
J. Carlos Santamarina is a professor of earth science and engineering and associate
director of the Ali I. Al-Naimi Petroleum Engineering Research Center at King Abdullah
University of Science and Technology in Thuwal, Saudi Arabia. His research explores the
scientific foundations of soil behavior and subsurface processes using innovative particleand pore-scale testing methods combined with high-resolution process monitoring systems
and inversion techniques. His work helps advance the study of phenomena and the
development of solutions in energy geotechnology with contributions to resource recovery,
energy geo-storage, efficiency and conservation, and energy waste. He was inducted as a
corresponding member into Argentina’s National Academy of Sciences in 2003 and into
Argentina’s National Academy of Engineering in 2005. Dr. Santamarina is widely
published, with recent pieces appearing in Greenhouse Gases: Science and Technology,
the Journal of Geophysical Research, and Energy Policy. Dr. Santamarina holds a B.S. and
an M.Sc. in civil engineering from Argentina’s National University of Córdoba and the
University of Maryland, respectively. He received his Ph.D. in civil engineering from
Purdue University in 1987.
Bridget R. Scanlon (NAE) is a senior research scientist at the Bureau of Economic
Geology in the Jackson School of Geosciences at the University of Texas at Austin. She
has worked at the University of Texas since 1987. Her current research focuses on the
interdependence of water and energy, specifically on water quantity aspects. Dr. Scanlon’s
group evaluates water use for hydraulic fracturing for shale oil and gas extraction relative
to water use in electricity generation. Their recent work focuses on tight oil plays in
semiarid regions where produced water management is a critical issue because of over-
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pressuring and seismicity hazards. She also works on broader issues related to water
resources within the context of climate extremes using ground-based and satellite data. Dr.
Scanlon was the Geological Society of America Birdsall Dreiss Distinguished Lecturer in
2007. She serves as an associate editor for both Water Resources Research and
Environmental Research Letters and has authored or coauthored about 130 publications.
She was inducted into the National Academy of Engineering in 2016. Dr. Scanlon is a
fellow of the American Geophysical Union and the Geological Society of America. She
received the M. King Hubbert Award from the National Ground Water Association in
2016. Dr. Scanlon holds a B.A. Mod. in geology from Trinity College, Dublin, and an M.S.
in geology from the University of Alabama. She received her Ph.D. in geology with a focus
on hydrogeology from the University of Kentucky in 1985.
Lori L. Summa is a geologist with more than 30 years of experience in geoscience, basin
formation research, and petroleum-systems analysis. She retired as a senior technical
consultant with ExxonMobil Upstream Research Company in 2016. In this position, she
advised corporate management on strategic geoscience issues to ensure that appropriate
research is performed in support of business objectives. She is currently an adjunct faculty
member in the Department of Geosciences at Rice University and a research collaborator
in the Jackson School of Geosciences at the University of Texas at Austin. Her background
is in basin analysis and numerical modeling, but she has done much applied research with
exploration and drilling. She currently serves as the chair of the Education Committee for
the American Association of Petroleum Geologists, and she has led numerous student short
courses for the Geological Society of America, for which she received a 2016
Distinguished Service Award. Dr. Summa earned a B.S. in geology with honors from the
University of Rochester and a Ph.D. in geology from the University of California, Davis,
in 1985.
Robert E. Vance is a consultant focusing on global uranium resource inventories, uranium
supply and demand issues, and prospects for global development of civil nuclear power.
He was previously employed by the Organisation for Economic Co-operation and
Development (OECD) Nuclear Energy Agency and the Canadian government as a
ministerial advisor on uranium mining policy. At the OECD he worked on projects
exploring the needs for increasing nuclear energy generation capacity and the
environmental and health impacts of uranium mining. Dr. Vance has also completed
reviews assessing energy policies of the European Union, Japan, and Sweden, among
others. Prior to his work in nuclear power, Dr. Vance conducted research on the
hydrological impacts of postglacial climate change in western Canada. He has authored
more than 30 peer-reviewed publications and has presented to national and international
audiences. Dr. Vance holds a B.Sc. in forestry and an M.A. in anthropology from the
University of Alberta. He received his Ph.D. in biological sciences from Simon Fraser
University.
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ERP PRODUCT EXAMPLES

FIGURE B.1 ERP Product Example: first page of Fact Sheet 2017-3050 (Tennyson et al., 2017).
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FIGURE B.2 ERP Product Example: USGS Input-Data Forms for the Assessment of the Spraberry
Formation of the Midland Basin, Permian Basin Province, Texas, 2017 (Marra, 2017).
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Appendix C
Open Session Agendas
MEETING 1
Future Directions for the U.S. Geological Survey’s Energy Resources Program
Committee Meeting 1, September 5, 2017
National Academies of Sciences, Engineering, and Medicine
2101 Constitution Avenue, NW
Room 125
Committee’s Meeting Objectives:
1. Introduction to the Academies study process.
2. Understand and bound the Committee’s Statement of Task.
3. Become familiar with the USGS/ERP mission and context.
4. Learn how federal entities consume USGS/ERP products.
5. Strategize for information gathering and deliberation of the task.
DAY 1
Tuesday, September 5, 2017
9:00 AM

Doors Open

9:15 AM

Welcome and introductions
—Rex Buchanan, Committee Chair

9:30 AM

USGS/ERP Interpretation of Study Statement of Task: Discussion
between Committee and Sponsor
—Walter Guidroz, ERP Program Coordinator

10:30 AM

Break

10:45 AM

USGS/ERP Program Organization (big picture)
Q&A Discussion
(Note—questions from committee members will have priority; guests may be
able to pose questions if time allows.)
—Margo Corum, ERP Associate Program Coordinator

—Vito Nuccio, ERP Program Coordinator (remote)
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11:15 AM
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The ERP Mission Within the Broader USGS Mission: How is this
program unique in the federal government?
—Murray Hitzman, USGS Associate Director for Energy and Minerals
Q&A Discussion

11:40 AM

Department perspectives on ERP
—Vincent DeVito, Counselor to the Secretary for Energy Policy,
Department of the Interior
—Andrea Travnicek, Deputy Assistant Secretary for Water and Science,
Department of the Interior

12:00 PM

Working Lunch
Plenary and small group discussions

1:00 PM

Panel Discussion: Federal Consumers of USGS/ERP Products
—Douglas Hollett, Principal Deputy Assistant Secretary, Office of Fossil
Energy, Department of Energy
—Richard Desselles, Chief, Resource Evaluation Division, Bureau of
Ocean Energy Management
—Margaret Coleman, Team Lead, Exploration and Production, U.S.
Energy Information Administration
Panelists will have 10 minutes to provide brief comments to respond to
such questions as:
1. What collaborative activities do you have with the USGS?
2. What kinds of ERP products do you use and for what purpose?
3. How can these products be better targeted?
4. What new products could the ERP produce that would be
strategically useful to you and your program/office in the next 10-15
years?
Brief Q&A after each panelist’s presentation (~60 minutes total)

2:00 PM

Group Discussion

3:30 PM

Final word from USGS/ERP
—Walter Guidroz, ERP Program Coordinator

3:55 PM

Final words of session
—Rex Buchanan, Committee Chair

4:00 PM

Adjourn Open Session
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MEETING 2
Future Directions for the U.S. Geological Survey’s Energy Resources Program
Committee Meeting 2, October 16-17, 2017
Hyatt House Denver/Lakewood at Belmar
7310 W Alaska Drive, Lakewood CO 80226
AGENDA
Committee’s Meeting Objectives:
1. Become better acquainted with USGS/ERP products and data
2. Learn how non-federal consumers use USGS/ERP products and data
3. Consider and organize report content
DAY 1
October 16, 2017
OPEN SESSION | ROOM 125
9:00 AM–3:00 PM (MDT)
GATHERING ROOMS 1 & 2
9:00 AM

Doors open

9:15 AM

Welcome, introductions
—Rex Buchanan, Committee Chair

9:30 AM

USGS/ERP presentations to the committee:
National and Global Oil and Gas assessments
—Stephanie Gaswirth, Research Geologist, Central Energy Resources
Science Center

10:00AM

Coal assessments
—Brian Shaffer, Project Chief, U.S. Coal Resources and Reserves
Assessment Project

10:30 AM

Break

10:45 AM

Unconventional resources: Geothermal and Wind
—Colin Williams, Science Center Director, Geology, Minerals, Energy,
& Geophysics Science Center (participating remotely)
—Christopher Garrity, Cartographer, National Geologic Map Database
(remotely)

11:15 AM

Data Management
—Christopher Skinner, USGS Central Energy Resources Science Center
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11:45 AM

Additional Q&A/Discussion (Note—questions from committee members
will have priority; guests may be able to pose questions if time allows.)

12:00 noon

Working lunch to be served in room; plenary and small group
discussions

1:00 PM

Panel discussion: Non-federal consumers of ERP products
—Daniel Schwartz, Black Fox Resources and Vice President of Sections,
AAPG
—Scott Anderson, Senior Policy Director, US Climate and Energy
Program, Environmental Defense Fund
Panelists will each be given 10 minutes to provide their thoughts on the
following questions:
1. What collaborative activities do you have with the USGS?
2. What kinds of ERP products do you use and for what purpose?
3. How can these products be better targeted?
4. What new products could the ERP produce that would be strategically
useful to you and your program/office in the next 10-15 years?
5. What would be the ideal the USGS Energy Resources Program?
A question and answer and discussion session will follow the panelists’
comments.

1:45 PM
2:45 PM
2:55 PM
3:00 PM

Group discussion
Final word from USGS/ERP
Final words of session
—Rex Buchanan, Committee Chair
Adjourn Open Session
DAY 2
October 17, 2017

OPEN SESSION | ROOM 125
3:00 P.M.—5:00 P.M. (MDT)
DENVER FEDERAL CENTER BUILDING 20
3:00 PM

Site visit to USGS organic geochemistry labs
—Augusta Warden, Supervisor, Energy Geochemistry Laboratory,
Energy Resources Program

5:00 PM

Meeting adjourned
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Appendix D
Board Rosters

1

BOARD ON EARTH SCIENCES AND RESOURCES
GENE WHITNEY (Chair), Congressional Research Service (retired), Washington, DC
R. LYNDON (LYN) ARSCOTT, International Association of Oil & Gas Producers
(retired), Danville, California
CHRISTOPHER (SCOTT) CAMERON, GeoLogical Consulting, LLC, Houston,
Texas
RODNEY C. EWING, NAE, Freeman Spogli Institute for International Studies and
Stanford University, Stanford, California
CAROL P. HARDEN, The University of Tennessee, Knoxville
THORNE LAY, NAS, University of California, Santa Cruz
ANN S. MAEST, Buka Environmental, Boulder, Colorado
ZELMA MAINE-JACKSON, Washington State Department of Ecology, Nuclear
Waste Program, Richland, Washington
MARTIN W. MCCANN, Jack R. Benjamin and Associates and Stanford University,
Menlo Park, California
JAMES M. ROBERTSON, Wisconsin Geological and Natural History Survey, Madison
JAMES SLUTZ, National Petroleum Council, Washington, DC
SHAOWEN WANG, University of Illinois at Urbana-Champaign
National Academies of Sciences, Engineering, and Medicine Staff
ELIZABETH A. EIDE, Senior Board Director
ANNE M. LINN, Scholar
DEBORAH GLICKSON, Senior Program Officer
SAMMANTHA L. MAGSINO, Senior Program Officer
COURTNEY R. DEVANE, Administrative Coordinator
NICHOLAS D. ROGERS, Financial and Research Associate
YASMIN ROMITTI, Research Associate
ERIC J. EDKIN, Senior Program Assistant
RAYMOND (REMY) CHAPPETTA, Senior Program Assistant
CARLY BRODY, Senior Program Assistant

1

The boards serve as oversight and liaisons to the ad hoc study committee.
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COMMITTEE ON EARTH RESOURCES
JAMES SLUTZ (Chair), National Petroleum Council, Washington, DC
CARMEN T. AGOURIDIS, University of Kentucky, Lexington
CHRISTINE MASAE KEOLANI BOLDT, NIOSH (retired), Spokane, Washington
DANIEL P. CONNELL, CONSOL Energy Inc., Canonsburg, Pennsylvania
MICHAEL J. CARROLL, Hunt Oil, Dallas, Texas
DOROTHY J. MERRITTS, Franklin & Marshall College, Lancaster, Pennsylvania
JEROME C MUYS, JR., Sullivan & Worcester LLP, Washington, DC
JOEL L. RENNER, Geothermal Consultant, Inver Grove Heights, Minnesota
DAVID B. SPEARS, Commonwealth of Virginia, Charlottesville
National Academies of Sciences, Engineering, and Medicine Staff
ELIZABETH A. EIDE, Senior Board Director
NICHOLAS D. ROGERS, Financial and Research Associate
ERIC J. EDKIN, Senior Program Assistant
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Appendix E
Acronyms
AAPG
BLM
BOEM
CAES
CERSC
CFR
CH4
CO2-EOR
COALQUAL
CORE
DOE
DOI
Doi
EERSC
EGS
EIA
EISA
EOR
EPA
ERP
EUR
FORGE
FTE
GHG
GIS
GTO
IUREAP
MMS
NAS
NCRDS
NETL
NPR-A
OECD
PRMS
PSH
PVT
QA/QC
QMS
ROZ

American Association of Petroleum Geologists
Bureau of Land Management
Bureau of Ocean Energy management
compressed air energy storage
Central Energy Resources Science Center
Coal Federal Regulations
methane
Carbon dioxide for enhanced oil recovery
USGS coal quality database
Committee on Resource Evaluation
Department of Energy
Department of the Interior
digital object identifier
Eastern Energy Resources Science Center
enhanced (or engineered) geothermal systems
Energy Information Administration
Energy Independence and Security Act
enhanced oil recovery
Environmental Protection Agency
Energy Resources Program
estimated ultimate recoverie
Frontier Observatory for Research in Geothermal Energy
full-time equivalent
Greenhouse Gas
geographic information system(s)
Geothermal Technologies Office
Integrated Uranium Resource and Environmental Assessment Project
Minerals Management Service
National Academy of Sciences
National Coal Resources Data System
National Energy Technology Laboratory
National Petroleum Reserve-Alaska
Organisation for Economic Co-operation and Development
Petroleum Resources Management System
pumped-storage hydroelectricity
pressure, volume, and temperature
quality assurance and control
Quality Management System
residual oil zone
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STAR
UIC
USGS
WLCI
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Science to Achieve Results
Underground Injection Control
U.S. Geological Survey
Wyoming Landscape Conservation Initiative
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