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Summary

OVERVIEW

In recent years, federal oversight of public expenditures
has sought to integrate performance and budgeting. Notably,
the Government Performance and Results Act (GPRA) was
passed in 1993 “in response to questions about the value
and effectiveness of federal programs” (GAO, 1997, p. 11).
GPRA and other mandates have led agencies to develop
indicators of program performance and program outcomes.
The development of indicators has been watched with keen
interest by Congress, which asked the National Research
Council (NRC) for a series of reports using quantitative
indicators to evaluate the effectiveness of applied energy
R&D. The first such report! took a retrospective view of the
first 23 years of R&D programs sponsored by the Department
of Energy (DOE) on fossil energy and energy efficiency.?
That report found that DOE-sponsored research had netted
large commercial successes—such as advanced refrigera-
tor compressors, electronic lighting ballasts, and emission
control technology for flue gas desulfurization (NRC, 2001).
Other programs, however, were judged to have been costly
failures in which large R&D expenditures did not result in
a commercial energy technology (NRC, 2001). A follow-
up NRC committee was assigned the task of adapting the
retrospective methodology to the assessment of the future
payoff of continuing programs (NRC, 2005a). The present
report continues the NRC’s investigation of R&D outcome
indicators and applies the benefits evaluation methodology
to six DOE R&D activities. The report further defines indica-
tors for environmental and security benefits and refines the
evaluation process based on the experience with the case
studies.

'Requested by Congress in the conference report of the Consolidated
Appropriations Act for fiscal year (FY) 2000 (House Report 106-479,
p. 493. November 18, 1999. Washington, D.C.: U.S. Government Printing
Office).

2These programs include only those that were at the time under the
jurisdiction of the U.S. House Appropriations Subcommittee on the Interior
and Related Agencies.

Evaluating the outcome of R&D expenditures requires
an analysis of program costs and benefits. Doing so is not a
trivial matter. First, the analysis of costs and benefits must
reflect the full range of public benefits that are envisioned,
accounting for environmental and energy security impacts
as well as economic impacts. Second, the analysis must
consider how likely the research is to succeed and how valu-
able the research will be if successful. Finally, the analysis
must consider what might happen if the government does not
support the project: Would some non-DOE entity undertake
it or an equivalent activity that would produce some or all
of the benefits of government involvement? The process
and methodology developed by the Phase One committee,
summarized in Appendix F, are designed to address these
challenges.

Pursuant to GPRA, DOE submits its own analysis of
program costs and benefits in an annual report to Congress
accompanying the President’s Budget Request. Additional
analyses are required of DOE and all federal agencies by
the Office of Management and Budget (OMB), the executive
agency that formulates and administers the federal budget.
The President’s Management Agenda (PMA) (OMB, 2001)
sets forth nine agency-specific reforms and five government-
wide goals (OMB, 2005); a set of R&D investment criteria
was spelled out in 2003, implementing one of the agency-
specific goals of the PMA (Marburger and Daniels, 2003).
Also in 2003, OMB inaugurated the Program Assessment
Rating Tool (PART) (OMB, 2003, pp. 47-53) to assess and
improve program performance.

The principal responsibility at DOE for developing
applied energy technologies resides in three offices—the
Office of Energy Efficiency and Renewable Energy (EERE),
the Office of Fossil Energy (FE), and the Office of Nuclear
Energy Science and Technology (NE).? Of their combined
budget authority of $2.4 billion in FY05, the three offices
devoted approximately $1.3 billion to R&D. The R&D pro-

3The Office of Electricity Delivery and Energy Reliability, created in
2002, could be considered a fourth applied energy program.


http://www.nap.edu/catalog/11806.html

2 PROSPECTIVE EVALUATION OF APPLIED ENERGY RESEARCH AND DEVELOPMENT AT DOE (PHASE TWO)

grams are complemented by policy measures such as tax
incentives to encourage early adoption of advanced tech-
nologies by consumers, efficiency standards for household
appliances, and production tax credits for certain renewable
energy sources (EIA AEO, 2000).

The programs evaluated by the NRC were limited to
R&D within FE and to the portion of EERE’s R&D devoted
to energy conservation.* Research within FE has tradition-
ally been divided between the Office of Coal and Power
Systems (CPS) and the Office of Oil and Natural Gas. CPS
administers a suite of clean coal R&D, which has the goal
of ensuring the generation of clean, reliable, and affordable
electricity from coal. The Office of Oil and Natural Gas sup-
ports research and policy options to ensure clean, reliable,
and affordable supplies of oil and natural gas for American
consumers.’ The energy conservation portion of EERE’s
R&D is related to technologies for the efficient end-use of
fuels and electricity in vehicles, in industrial processes, and
within building envelopes.

Two general activities have been the focus of this Phase
Two study: refining the methodology developed in Phase
One and applying it to additional R&D projects. The com-
mittee improved the methodology for estimating environ-
mental benefits (from, for example, reduced emissions) and
estimating national security benefits (from, for example,
reduced oil imports). In parallel, the committee selected
six R&D activities to be the subject of case studies, which
were carried out by separate expert panels appointed by
the NRC. The activities selected for review included three
within EERE—the Chemicals subprogram of the Industrial
Technologies Program, the Distributed Energy Resources
Program, and the activities related to light-duty hybrid elec-
tric vehicles within the Vehicles Technologies Program—and
three within FE—the Integrated Gasification Combined
Cycle subprogram, the Carbon Sequestration Program, and
the Exploration and Production activities of the Natural Gas
Technologies Program. This Phase Two study shows that the
basic analytical structure, using decision trees, works well
and can be implemented with the appropriate panels.

HOW PROGRAM BENEFITS ARE EVALUATED

Introduction

The primary effects of DOE’s programs are seen to be
these: (1) they reduce technical risk, (2) they reduce market
risk, and (3) they accelerate the introduction of the technol-
ogy into the marketplace. The methodology developed by

4The remainder of EERE’s R&D was devoted to energy supply from
renewable resources. Beginning with FY06, funding for all FE and EERE
R&D programs was consolidated into one appropriations account subject to
the jurisdiction of the House Appropriations Subcommittee on Energy and
Water Development and Related Agencies (CRS, 2005).

SAvailable at <http://www.fossil.energy.gov/programs/oilgas/index.
html>.

the Phase One committee used expert panels to review the
DOE R&D program and estimate the expected economic,
environmental, and energy security benefits of the program
in three different global economic scenarios, with the results
summarized in a matrix such as that shown in Figure S-1
(see Appendix F for generalized definitions of economic,
environmental, and energy security benefits). The expert
panel evaluation process is facilitated by a decision analysis
consultant, and the panels construct simple decision trees to
describe the main technical and market uncertainties associ-
ated with the program and the impact of DOE support on
the probability of various technical and market outcomes.
The decision trees used by all the panels assessed changes
in technical and market risks. The acceleration effect was
considered separately by each panel. In some cases, ac-
celeration increases the likelihood that a project will attain
the program goals of completion by a critical date, which
is then accounted for in the assessment of technical risk. In
other cases, the panels accounted for acceleration in their
benefit calculations, which assume that if the technology
is ultimately developed in the absence of the government
program the net benefits accrue only for a limited time.

The calculations based on the decision trees allow the
benefits of each R&D project to be estimated for combina-
tions of outcomes—technical and market—in each of these
global economic scenarios. These scenario- and outcome-
specific results would typically be estimated using a simple
spreadsheet model in conjunction with more sophisticated
models such as the Energy Information Administration’s
(EIA’s) National Energy Modeling System (NEMS).® For ex-
ample, NEMS might be used to estimate prices and demand
for various energy sources in a particular global economic
scenario. A spreadsheet model might be used to estimate the
demand for the particular technology of interest given dif-
ferent levels of effectiveness and/or costs.

The overall benefit of the DOE R&D program is given as
the difference between the expected benefits with DOE sup-
port and the expected benefits without DOE support, where
the expected benefits are given as a probability-weighted
average of the benefits in particular technical and market
outcomes. To ensure consistency across the expert panels, the
process calls for the use of common scenarios and assump-
tions across evaluations and an oversight committee that
provides guidance to the panels. This kind of panel-based
probabilistic assessment of R&D programs is common in
many industries, in particular, the pharmaceutical industry
(Sharpe and Keelin, 1998).

SNEMS is a computer-based, energy-economy system for modeling U.S.
energy markets that projects the production, imports, conversion, consump-
tion, and prices of energy, subject to assumptions about macroeconomic
and financial factors, world energy markets, resource availability and costs,
behavioral and technological choice criteria, cost and performance charac-
teristics of energy technologies, and demographics.
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Program Name:
Program Goals:

Year Goals Achieved:
Costs:

Current Funding Cycle:

Expected Cost to Completion:

Global Scenario

Reference | High Oil and Carbon
Case Gas Prices Constrained
Technical Risk
g .
S
an .2
E ~ Market Risks

Economic Benefits

Environmental
Benefits

Expected Program
Benefits

Security Benefits

FIGURE S-1 Results matrix.

Methodology

Public programs often have social benefits that are not
valued by markets. Assessing the value of such benefits
is inherently difficult, involves ambiguity, and, even as an
academic matter, a range of possible answers. For the DOE
programs, two broad classes of benefits have this character-
istic: the environmental benefits of energy technology and
the security benefits of energy savings or energy alternatives.
These program attributes are in general critical components
of the benefits package—indeed, if a program can be justified
simply on a market benefits basis, the rationale for govern-
ment participation might be open to question.

Environmental Benefits

Although there are a host of land, water, and, perhaps,
public health impacts to consider, the evaluation of benefits
in monetary units related to reducing criteria air pollutants
is both the primary environmental benefit identified in the
present study and the class of benefits for which valuation
methods are most advanced.

Recommendation 1: Panels should apply valuations in
monetary units to criteria air pollutant emissions in the
results matrix but not to other types of pollutant emissions.
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The valuations used should be the allowance price forecasts
for the future period.

Energy Security Benefits

Electricity. While the complex relationship between elec-
tricity supply and security is becoming clearer, analysts are
a long way from having methods for valuing reductions in
security threats contributed by technologies such as distrib-
uted generation.”

Recommendation 2: Panels conducting prospective ben-
efits assessments should describe reductions in threats to
energy security related to electricity supply as physical
quantities of oil and gas.

Oil and Gas. Increases in U.S. oil and gas consumption
and imports may impose incremental costs that are not fully
reflected in the market price. For oil, several social cost
components have been estimated in various studies, together
comprising the so-called “oil premium.” In principle, similar
estimates could be made for natural gas, but the committee
is unaware of any such research.

Recommendation 3: Panels should describe energy securi-
ty benefits related to reduced oil and natural gas consumption
quantitatively in the benefits matrix as physical quantities of
oil and gas. The time pattern of the oil consumption impacts
should be made explicit, along with an assessment of the
probable state of the oil market during those future times.

Conclusions

The committee also reached the following conclusions in
regard to the methodology:

e The committee endorses the decision tree framework
for use in estimating the benefits of DOE’s applied research
programs. However, panels must take care and follow the
guidance of a decision analyst (the consultant) to understand
how to assign probabilities and how to specify the govern-
ment role clearly.

» The global scenarios developed by the committee for
all panels proved to be a valuable tool for characterizing and
quantifying the benefits of the DOE R&D programs. How-
ever, the Phase Two experience shows that panels sometimes

"The Distributed Energy Resources Panel noted that security pertains
to (1) safety from terrorist attacks, (2) insensitivity to energy disruptions
caused by reductions in oil imports (or other imports), and (3) customer
protection from the effects of disruptions to utility electric service. A unique
benefit of distributed energy production technologies is to decentralize
power production and locate it at or close to loads, hence providing benefits
of types (1) and (3).

needed to clarify aspects of a scenario to address issues that
were important to the specific R&D program.

* The NEMS model is important for providing baseline
energy prices and demands, but using it to estimate the prices
and demands of all different program outcomes is unlikely
to yield refinements that can affect the estimated benefits in
a meaningful way.

* The success or failure of competing or complementary
technologies can significantly affect the value of a DOE
applied research project. Although Phase Two shed light on
this issue and provided some methodological guidance for
dealing with it, more work is required to describe a method
for estimating the benefits of DOE’s overall portfolio made
up of separate programs or subprojects.

» The panels were generally successful in implementing
the committee’s methodology, but the Phase Two experience
did highlight some process issues that should be considered
in future studies.

Process

The experience with the six expert panels and case stud-
ies has led the committee to make several recommenda-
tions on the process. In particular, the committee found
that the commitment and the technology background of the
panel members determined the quality of the assessment of
a program.

Recommendation 4: Panel composition and level of ex-
pertise must be critically considered during the selection
process. If a panel concludes that certain skills are not pos-
sessed by its members, it should consider adding members
or using an outside expert to brief it.

The leadership role of the panel chair cannot be over-
emphasized. For a panel to succeed, the chair had to take
the lead in interacting with DOE to ensure that the best
possible information was available to the panel before its
first meeting. Moreover, the panels where the chairs spent
significant time ensuring that all panel members were fully
familiar with the process and methodology produced the best
assessments.

Recommendation 5: The panel chair should spend a fair
amount of time outside the actual panel meetings working
with the DOE program managers, DOE management, and
the independent consultant(s).

The primary responsibility of the consultant(s) was to
maintain consistency across the panels in applying the
methodology and facilitating the analysis. This included
structuring the decision trees, facilitating the assignment of
probabilities to technical and market outcomes, and provid-
ing guidance for and assistance in modeling benefits. Phase
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Two made use of the same consultant for all of the panels,
and the arrangement worked very well.

Recommendation 6: Depending on the number of pro-
grams being evaluated and the panels’ schedules, it might be
necessary to have more than one consultant. One consultant
should focus on the decision tree development and probabil-
ity assessment and the other on the modeling of benefits.

The timeliness and quality of information provided by
DOE to the various panels played a critical role in facilitating
the deliberations and conclusions of the panel and impacted
the quality and utility of its evaluation. Completion of panel
evaluations was contingent on the panel’s receiving synoptic
information and benefits calculations inputs.

Recommendation 7: Since the usefulness of the benefits
estimates depends on the quality and timeliness of informa-
tion available to the panels, DOE management should give
its full support for providing the necessary information. DOE
at all levels should buy into this process because it is useful
for managing and assessing its programs. If this commitment
is not clear, the committee should explore all avenues for
gaining DOE support.

Quality control continued to be important in ensur-
ing the consistency, and therefore the utility, of the panel
evaluations.

Recommendation 8: An oversight committee should apply
the quality control process to several elements of the study
process, including ensuring appropriate panel membership
and composition, orienting the panel chair and consultant,
monitoring the panel’s progress, monitoring information
received from DOE for adequacy and consistency, and re-
viewing and revising the process itself.

RESULTS OF BENEFITS EVALUATIONS

Approach

The expert panels evaluated benefits using the process
and methodology summarized above and described in detail
in Chapters 3 and 4 of the Phase One report (NRC, 2005a):
That process and the associated methodology are summa-
rized here in Appendix F, which was provided to panelists
before their first meeting. The improvements to the method-
ology described in the above section on methodology were
suggested by the committee in parallel with the case stud-
ies and thus did not alter the approach taken by the expert
panels. However, future case studies will make use of these
suggestions.

Results of Six Case Studies

As noted above, the committee selected six case studies
to test the proposed methodology and guide refinements
and extensions, three within EERE and three within FE.
The results of the benefits evaluation for EERE activities
are summarized in Table S-1. The three EERE activities had
combined annual funding of $115 million in FY05 out of a
total of $768 million spent on R&D by EERE. The results of
the benefits evaluation for FE activities are summarized in
Table S-2. The three FE activities had combined annual fund-
ing of $105 million in FYO05 out of a total of $561 million
spent on R&D by FE. The completion costs are cumulative
quantities, calculated assuming the program receives level
(constant) funding at the FY0S amount, starting in FY06
through the year in which major goals are achieved.

Tables S-1 and S-2 display program benefits as calculated
in each of three standard scenarios that were used in all six
case studies: (1) a reference scenario; (2) a high oil and gas
prices scenario; and (3) a carbon-constrained scenario. The
reference scenario is based on the EIA Reference Case from
its Annual Energy Outlook 2005, with oil and gas prices
ranging from $34 per barrel and $5.3 per thousand cubic feet
(Mcf), respectively, in 2005 to $30 per barrel and $4.8 per
Mcf, respectively, in 2025. In contrast, the High Oil and Gas
Prices scenario has oil and gas prices ranging from $68 per
barrel and $10.6 per thousand cubic feet (Mcf), respectively,
in 2005, to $78 per barrel and $9.7 per Mcf, respectively, in
2025. The Carbon Constrained scenario assumes a carbon
price of $100 per ton of carbon emissions, equivalent to $27
per ton of carbon dioxide. A fourth scenario is invoked as
needed to calculate benefits in a future state of the world
that would appeal to the unique performance characteristics
of the technology under consideration. Economic benefits
are measured in dollars, environmental benefits in terms of
the physical quantities of avoided emissions, and security
benefits as physical quantities of reduced resource consump-
tion (some of which would be reflected in reduced imports).
All benefits are computed net of savings that would have
been realized in the absence of the DOE program—that is,
as a result of R&D by U.S. industry or foreign entities. The
results summarized in Tables S-1 and S-2 are described in
more detail in Chapter 1 and Appendixes H-M.

When reviewing these results it is important to bear in
mind that these studies were conducted to test the proposed
methodology and guide refinements and extensions. The
committee believes that the estimated benefits are useful in-
dications of program benefits, but the reader should be aware
that some panels expressed concern about the reliability of
their estimates because they lacked good information about
some aspects of the program.


http://www.nap.edu/catalog/11806.html

6 PROSPECTIVE EVALUATION OF APPLIED ENERGY RESEARCH AND DEVELOPMENT AT DOE (PHASE TWO)

TABLE S-1 Benefits of Three EERE R&D Programs

Environmental Benefits ~ Security Benefits

Program Completion Costs  Economic Benefits (Cumulative Reduction (Cumulative Reduction in Resource
Program (Assuming Level Funding)  (Cumulative Net Savings)* in Emissions) Consumption)
Industrial Technologies ~ $75 M through 2015 Ref: $534 M All scenarios” All scenarios
Program—Chemicals High O&G: $950 M 24,700 MT CO Natural gas: 89 Bef
CC: $550 M 15,000 MT SO, Petroleum: 1.3 million bbl
22,600 MT NO,
280 MT PM
540 MT VOCs
2.87 MMTCE
Distributed Energy $205 M through 2015 Ref: $57 M Unknown? Ref: 10 TBtu of primary energy
Resources® High O&G: $46 M High O&G: 8 TBtu
CC: $64 M CC: 11 TBtu
Other: $83 M¢ Other: 15 TBtu®
Light-Duty Vehicle $567 M through 2012 Ref: $5.9 B to $7.2 B¢ Ref: 28 MMTCE Ref: 219-224 M bbl gasoline
Hybrid Technologies High O&G: $27.5 B to $28.2 B High O&G: 51 MMTCE High O&G: 398-405 M bbl gasoline
CC: $7.3 B to $8.5 B¢ CC: 32 MMTCE CC: 248-252 M bbl gasoline

NOTES: High O&G, High Oil and Gas Prices scenario; Ref, Reference Case from EIA’s Annual Energy Outlook 2005 (EIA, 2005b); CC, Carbon Constrained
scenario; Other, fourth scenario added by panel; MMTCE, million metric tons carbon equivalent; TBtu, trillion British thermal units; Bcf, billion cubic feet;
bbl, barrels; GHG, greenhouse gases; MT, metric tons; M, million; B, billion; CO, carbon monoxide; SO,, sulfur dioxide; NO,, oxides of nitrogen; VOCs,
volatile organic compounds; PM, particulate matter.

4For ITP-Chemicals program, benefits are cumulative through 2030. For the DER program, benefits are cumulative through 2025. For LDV Hybrid Tech-
nologies program, benefits are cumulative through 2050. Economic benefits have been discounted at 3 percent annually.

"The chemical industries panel concluded that the scenarios would produce insignificantly small changes in the volumes of oil and gas saved; therefore,
the physical quantities reported for environmental and security benefits are the same for all scenarios. Economic benefits differ because prices differ from one
scenario to the next.

“Includes only the end-use system integration and interface activity of the DER program.

4DER program can improve or worsen the environment depending on location, fuel used or displaced, and the technology deployed. The DER panel was
not confident about assigning environmental benefits to the DER program as modeled and presented by DOE.

¢The “other” scenario for distributed energy assumed constrained electricity transmission.

Mncludes the following elements of the vehicles technology program: Hybrid and Electric Propulsion, excluding projects related to heavy vehicles; Advanced
Combustion R&D, limited to the combustion and emission control R&D activity; and Materials Technology, excluding projects related to heavy vehicles and
excluding the high-temperature materials laboratory activity.

8The two values correspond to two different market scenarios—high and low—for hybrid vehicle penetration.

ADVICE TO USERS OF THE BENEFITS EVALUATION to research—in all domains of action (federal, state, and
RESULTS international, say) when considering the results of prospec-
tive benefits evaluations. Having a common set of scenarios
is useful in general, although additional scenarios may be
called for in some cases. While defining the scenarios more
completely would be helpful for interpreting the outcomes
of the analysis, at the same time it is essential to preserve
flexibility by keeping the scenarios as broad as possible.

The committee has developed some insights into the
methodological strengths and weaknesses of the proposed
process. These insights, recorded in the form of recommen-
dations below, may assist decision makers with interpreting
and applying the results of the analysis.

Policy measures that have nothing to do with research
can have an effect on when and whether the benefits of
some programs will be realized. For example, the benefits of
carbon capture and sequestration depend on the size and tim-
ing of a carbon tax (or equivalent policy intervention in the
market). The scenarios are a valuable tool for characterizing
and quantifying the benefits of the DOE R&D program.

The panel evaluations permit calculation of a benefit-cost
ratio. However, the benefit-cost ratio is not the correct metric
for optimizing the allocation of additional resources among
the programs in a portfolio.

Recommendation 10: To allocate resources, DOE should
know the marginal benefit of a budget increase on a program-
by-program basis. To calculate the marginal benefit, the deci-
sion tree should be examined to identify the outcomes that

Recommendation 9: Decision makers should consider the
impact of other policy measures—that is, policies not related


http://www.nap.edu/catalog/11806.html

SUMMARY

TABLE S-2 Benefits of Three FE R&D Programs

Program Completion Costs

Economic Benefits

Security Benefits
(Cumulative Reduction in Consumption

Environmental Benefits
(Cumulative Reduction in

Program (Assuming Level Funding) (Cumulative Net Savings)® Emissions) or Importation of Natural Gas)?
Natural Gas $140 M through 2015 Ref: $220 M Not quantified? Ref: 1.2 Tcf
Exploration and High O&G: $590 M High O&G: 0.6 Tcf
Production® CC: $300 M CC: 1.2 Tcf
Integrated $750 M through 2020 Ref: $6.4 B to $7.8 B Ref: —90 to 30 MMTCE Ref: up to 4.5 Tcf natural gas
Gasification High O&G: $7 B to $47 B High O&G: 34 to 36 MMTCE  High O&G: up to 3.6 Tcf natural gas
Combined Cycle
Technology
Carbon $875 M through 2020 CC:$3.5B CC and other:¢ Net CC and other:¢ Net security benefits are
Sequestration Other:¢ $3.9 B environmental benefits are likely zero.&

likely zero.

NOTES: High O&G, High Oil and Gas Prices scenario; Ref, Reference Case from Energy Information Administration’s Annual Energy Outlook 2005 (EIA,
2005b); Other, fourth scenario added by panel; CC, Carbon Constrained scenario, which assumes a $100 tax per ton of carbon emissions; MMTCE, million
metric tons carbon equivalent; Tcf, trillion cubic feet; quad, quadrillion British thermal units; MT, metric tons; M, million; B, billion.

“For the Natural Gas Exploration and Production program, benefits are cumulative through 2025. For IGCC and Carbon Sequestration, benefits accrue over
the 20-year book life of new plants built through 2025. Economic benefits have been discounted at 3 percent annually.

bFor the natural gas technology program, security benefits are expressed as offsets of imported natural gas. For the IGCC program, benefits are reduced

U.S. consumption.
“Includes the exploration and production activities only.

4Modest environmental benefits could result from a reduction in disturbed area and, if fuel switching from coal occurs, from lower carbon emissions.
¢The “other” scenario devised for the carbon sequestration program assumes a $300 tax per ton of carbon emissions.
fOther technologies that could be deployed in a CC regime would reduce emissions by the same amount as those of the DOE program, albeit at

higher cost.

8The least-cost alternatives to the technology under development in the DOE program would be a combination of nuclear generation and renewable electric-
ity that also would reduce natural gas consumption. The costs of other technologies that would reduce carbon emissions were taken from DOE forecasts.

would be most sensitive to changes in budget levels. In the
Phase One study, for example, the lighting program proved
to be highly budget-dependent. When such sensitivities exist,
the decision tree can be re-estimated for a different budget
level, using the committee’s methodology. The marginal
benefit associated with the change in budget level is the dif-
ference between the net benefits of the two calculations.

The methodology estimates benefits for each of three
scenarios that describe future states of the world, but it does
not attempt to combine the three sets of benefits into a single
set. As aresult, the decision maker must weigh the alternative
scenarios in arriving at judgments about the benefits of the
overall research portfolio. Presumably, the portfolio would
contain a balance of projects that would produce acceptable
results across the range of scenarios outcome.

The methodology estimates public benefits in three
areas—economic, environmental, and energy security. While
these three types of benefits reflect DOE’s strategic goals
(DOE, 2005a), the committee recognizes that other kinds of
benefits may be important in evaluating some projects. For
example, markets demand that automobile manufacturers
produce cars that not only meet the fuel economy objective
that is important to DOE but also satisfy several other needs
as well. An example of another need might be employment.

Recommendation 11: If benefits in areas other than eco-
nomic, environmental, or energy security are found to occur,
they should be noted in the text accompanying the results
matrix. However, the matrix should stay focused on the
three main types of benefits to facilitate comparisons across
programs.
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BACKGROUND

Since its inception in 1977 from an amalgam of federal
authorities, the U.S. Department of Energy (DOE) has ad-
ministered numerous programs aimed at developing applied
energy technologies. The better portion of the annual expen-
ditures dedicated to such technologies is spent on research
and development (R&D) and is administered by three DOE
offices—the Office of Energy Efficiency and Renewable
Energy (EERE), the Office of Fossil Energy (FE), and the
Office of Nuclear Energy Science and Technology (NE).!
These three offices received approximately $2.6 billion
total for fiscal year (FY) 2006, approximately $1.5 billion
of which is being devoted to R&D. The R&D programs are
complemented by policy measures, such as tax incentives
to encourage early adoption of advanced technologies by
consumers, efficiency standards for household appliances,
and production tax credits for a variety of energy production
technologies, including certain renewable energy sources
(EIA, 20006).

In recent years, federal oversight of public expenditures
has emphasized the integration of performance and budget-
ing. Notably, the Government Performance and Results Act
(GPRA) was passed in 1993 “in response to questions about
the value and effectiveness of federal programs” (GAO,
1997, p. 11). GPRA and other mandates have led agencies
to develop indicators of program performance and program
outcomes. The development of indicators has been watched
with keen interest by Congress, which has requested of the
National Research Council (NRC) a series of reports using
quantitative indicators to evaluate the effectiveness of ap-
plied energy R&D. The first such report? took a retrospective

IThe Office of Electricity Delivery and Energy Reliability, created in
2002, could be considered a fourth applied energy program.

2Requested by Congress in the conference report of the Consolidated
Appropriations Act for FY00 (House Report 106-479, p. 493. November 18,
1999).

view of the first 23 years of DOE R&D programs on fossil
energy and energy efficiency.? The report found that DOE-
sponsored research had netted large commercial successes,
such as advanced refrigerator compressors, electronic light-
ing ballasts, and emission control technology for flue gas
desulfurization (NRC, 2001). However, some programs were
judged to be costly failures in which large R&D expenditures
did not result in a commercial energy technology (NRC,
2001). A follow-up NRC committee was assigned the task
of adapting the methodology to the assessment of the future
payoff of continuing programs (NRC, 2005a).

Evaluating the outcome of R&D expenditures requires
an analysis of program costs and benefits. Doing so is not a
trivial matter. First, the analysis of costs and benefits must
reflect the full range of public benefits that are envisioned,
accounting for environmental and energy security impacts as
well as economic effects. Second, the analysis must consider
how likely the research is to succeed and how valuable the
research will be if successful. Finally, the analysis must
consider what might happen if the government did not sup-
port the project: Would some non-DOE entity undertake it
or an equivalent activity that would produce some or all of
the benefits of government involvement?

The present report continues to investigate the develop-
ment and use of R&D outcome indicators and applies the
benefits evaluation methodology to six DOE R&D activities.
It provides further definition for the development of indica-
tors for environmental and security benefits and refines the
evaluation process based on its experience with the six DOE
R&D case studies.

3These programs include only those that were at the time under the ju-
risdiction of the U.S. House Appropriations Subcommittee on the Interior
and Related Agencies.
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APPLIED ENERGY RESEARCH AND DEVELOPMENT
AT DOE

The DOE divides its mission according to four strategic
goals—one each dealing with defense, science, environment,
and energy* (DOE, 2005a)—and seven general goals. The
energy strategic goal is supported by the general goal of
energy security.’ The general goal underscores the role of
technology development:

Improve energy security by developing technologies that
foster a diverse supply of reliable, affordable and environ-
mentally sound energy by providing for reliable delivery of
energy, guarding against energy emergencies, exploring ad-
vanced technologies that make fundamental improvement in
our mix of energy options, and improving energy efficiency.
(DOE, 2005a, p. 20)

The three applied energy offices implement this goal
using R&D programs, intergovernmental grants, reserves
of fossil fuels, and appliance efficiency standards. Within
EERE, R&D programs can be considered in two more or
less distinct groups. The first consists of R&D directed at
biomass and biorefinery systems R&D, geothermal technol-
ogy, hydrogen technology, hydropower, solar energy, and
wind energy technologies. Program activities range from
basic research at universities and national laboratories to
cost-shared applied research, development, and field vali-
dation in partnership with the private sector (OMB, 2005).
The second group within EERE R&D consists of energy
conservation R&D relating to the efficient end use of fu-
els and electricity in vehicles, in industrial processes and
manufacturing, and in building envelopes. In general, this
second group of energy conservation EERE R&D programs
has the objective of achieving an output of a good or service
with less energy input®—that is, achieving greater energy
efficiency. The FY06 appropriation for EERE was $1,173
million,”® the R&D component of which totaled $770 mil-
lion, including $151 million for congressionally mandated
R&D activities.”

“The energy strategic goal is “[t]o protect our national security by pro-
moting a diverse energy supply and delivery of reliable, affordable, and
environmentally sound energy” (DOE, 2005, p. 7)

SThe final level in the goal cascade is the GPRA unit defining a major
activity that aligns resources with a unique program goal. Some examples of
GPRA units are hydrogen technology, solar energy, and wind energy.

%Examples of this include, in the automotive industry, vehicles that
obtain more miles per gallon (mpg); in the aluminum industry, production
of more pounds of aluminum per Btu of energy; in lighting, more lumens
per watt (NRC, 2001).

TBudget of the United States Government, Fiscal Year 2007—Appendix,
p. 390.

8DOE. FY2007 Control Table by Organization, p. 5. Available at <http:/
www.cfo.doe.gov/budget/07budget/Content/orgcontrol.pdf>.

9DOE. Department of Energy 2007 Budget Request: Fossil Energy and
Other. Available at <http://www.cfo.doe.gov/budget/07budget/Content/Vol-
umes/Vol_7_FE.pdf>.

Research in FE has traditionally been divided between
the Office of Coal and Power Systems (CPS) and the Office
of Oil and Natural Gas. CPS administers a suite of clean
coal R&D, which aims at ensuring the generation of clean,
reliable, affordable electricity from coal. One large planned
demonstration project is FutureGen, which has as its aim
the development of a zero-atmospheric-emissions power
plant. Additional programs focus on all the key technologies
needed for FutureGen—carbon sequestration, membrane
technologies for oxygen and hydrogen separation, advanced
turbines, fuel cells, technologies related to gasifiers for coal-
to-hydrogen conversion, and others. The Clean Coal Power
Initiative emphasizes the development of pollution controls
and efficiency improvements for existing plants (DOE,
2006a). The Office of Oil and Natural Gas supports research
and policy options to ensure clean, reliable, and affordable
supplies of oil and natural gas for American consumers.!?
The FYO06 appropriation for FE was $841 million, with
$592 million of it allotted for fossil energy R&D.!!

NE supports innovative applications of nuclear technol-
ogy and administers four principal R&D programs. The
Generation IV Nuclear Energy Systems Initiative and the
Nuclear Hydrogen Initiative, which according to the infor-
mation DOE provided on its budget for FY07 (DOE, 2006b)
will develop a new generation of nuclear technologies to
produce cost-effective electricity and commercial quanti-
ties of economic hydrogen to support the development of a
transportation infrastructure. Nuclear Power 2010 is a dem-
onstration program applicable to untested licensing and other
regulatory processes. The Advanced Fuel Cycle Initiative
aims to improve the efficiency and proliferation resistance
of the nuclear fuel cycle.

The scope of programs subject to the NRC studies in this
series has been limited to fossil energy R&D and the energy
conservation portion of EERE’s R&D. Prior to FY06, fund-
ing for this group of programs fell under the jurisdiction of
the Interior and Related Agencies appropriation subcom-
mittees owing to the programs’ origins in the Department
of Interior; the balance of EERE’s R&D funding, on energy
efficiency, was included on a separate appropriations bill.
However, in FY06, the House Committee on Appropriations
restructured its subcommittees’ jurisdictions and reduced
them in number from 13 to 10. Funding for all FE and EERE
R&D programs was consolidated into one account subject to
the jurisdiction of the House Appropriations Subcommittee
on Energy and Water Development and Related Agencies

10Available at <http://www.fossil.energy.gov/programs/oilgas/index.
html>.

I'The balance of budget authority within the Office of Fossil Energy
went for the Strategic Petroleum Reserve and Northeast Home Heating Oil
Reserve ($164 million), a rescission of uncommitted balances for clean coal
technology (—$20 million), and for other purposes.
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TABLE 1-1 Summary of Congressional Appropriations Oversight of EERE Programs

FYO05 and Earlier

FY06

EWD

Interior Bill: Energy

Subaccount Conservation Account

EWD: Energy Supply
Account

Energy Supply and
Conservation Account

Electricity Delivery and
Energy Reliability Account

Vehicle technologies X

Fuel cell technologies X

Hydrogen technology X
Distributed energy

Building technologies

Industrial technologies

Biomass and biorefinery systems R&D
Solar energy

Wind energy

Hydropower

Geothermal technology

Biomass and biorefinery systems R&D

el

XK KK

X
1
X

HR R R X XX

NOTES: (1) Merged with the hydrogen technology subaccount; (2) merged with the identically named biomass and biorefinery systems R&D subaccount on
the energy and water development bill. FY, fiscal year; EWD, Energy and Water Development Bill.

(CRS, 2005).!2 Four of the program funding line items that
made up the pre-FY06 accounts were merged into two. In
another instance—that of distributed energy—a program
was moved out of EERE and into the appropriation account
corresponding to the DOE Office of Electric Transmission
and Distribution. (See Table 1-1 for a listing of programs and
legislated funding sources in FYOS5 and earlier years and in
FY06 and beyond.)

EVALUATING THE FEDERAL INVESTMENT IN ENERGY
RESEARCH AND DEVELOPMENT

Federal Oversight

GPRA requires agencies to annually submit or update
a strategic plan, an annual performance plan, and an an-
nual performance report (GAO, 2005). Program costs and
benefits are analyzed and submitted, pursuant to GPRA, in
an annual report to Congress with the President’s budget.
GPRA and other mandates have led agencies to develop
indicators of program performance and program outcomes.
Additional analyses are required of agencies by the Office of
Management and Budget (OMB), the executive agency that
formulates and administers the federal budget and evaluates

2The name of the combined account is Energy Supply and Conservation.
Page 97 of House Report 109-275 explains it thus: “Energy Conservation
programs previously funded by the Interior and Related Agencies Ap-
propriations Act are now funded by the Energy Supply and Conservation
appropriation, and are combined with energy efficiency activities in the
Energy Efficiency and Renewable Energy account.” See also OMB (2005,
p- 391).

program effectiveness. The President’s Management Agenda
(PMA) (OMB, 2001) sets forth nine agency-specific reforms
and five government-wide goals (OMB, 2005); a set of R&D
investment criteria was spelled out in 2003, implementing
one of the agency-specific goals of the PMA (Marburger
and Daniels, 2003). Also in 2003, OMB inaugurated the
Program Assessment Rating Tool (PART) (OMB, 2003) to
assess and improve program performance. The Government
Accountability Office—a congressional agency—regularly
audits, examines, and evaluates government programs (GAO,
2005). A few of the aforementioned assessments, and their
relationship to one another, are discussed below.

Reporting Requirements and Management Systems

GPRA and PART require DOE to report on the perfor-
mance of its R&D programs. The OMB guidance document
for PART (OMB, 2005) states that “PART is a vehicle for
achieving the goals of GPRA.” To encourage compatibility
between the two systems, the PART guidance states that

The PART . . . strengthens and reinforces performance mea-
surement under GPRA by encouraging careful development
of performance measures according to the outcome-oriented
standards of the law and by requiring that agency goals be
appropriately ambitious. Therefore, performance measures
included in GPRA plans and reports and those developed or
revised through the PART process must be consistent.

The PART should help develop and identify meaningful
performance measures to support GPRA reporting. . . . [T]he
measures used for GPRA should be the same as those includ-
ed in the PART. In all cases, performance measures included
in GPRA plans and reports should meet the standards of the
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TABLE 1-2 Stated Goals of GPRA and PART
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Program GPRA Objective PART Objective

Sequestration/  Create public/private partnerships to develop technology to ensure ~ Long-term goals are 50% efficient coal-based power generation
integrated continued electricity generation and hydrogen production from the  (IGCC) in 2010; CO, capture at 10% increase in cost of electricity
gasiification extensive U.S. fossil fuel resource, including control technologies by 2012; 90% reduction in mercury emissions at less than 75%
combined to permit reasonable cost compliance with emerging regulations current cost by 2012; $1,000/kW capital cost for IGCC technology
cycle IGCC)  and, ultimately, by 2015, near-zero atmospheric emission plants in 2010.

Natural gas

Distributed
energy

Vehicle
technologies

Industrial
technologies

(including carbon) that are fuel-flexible and capable of multi-
product output and energy efficiencies over 60 percent with coal.

Provide technology and policy options capable of ensuring
abundant, reliable, and environmentally sound gas supplies.

Develop and facilitate market adoption of a diverse array of
cost-competitive, integrated distributed generation and thermal
energy technologies in homes, businesses, industry, communities,
and electricity companies, increasing the efficiency of electricity
generation, delivery, and use, improving electricity reliability, and
reducing environmental impacts.

Develop technologies that enable cars and trucks to become
highly efficient, through improved power technologies and cleaner
domestic fuels, and to be cost- and performance-competitive.

Partner with our most energy-intensive industries in strategic
planning and energy-specific research, development, and
demonstration to develop the technologies needed to use energy
efficiently in their industrial processes and cost-effectively
generate much of the energy they consume. The result of these
activities will save feedstock and process energy, create domestic
supply, improve the environmental performance of industry, and
help America’s economic competitiveness.

Long-term goals are (1) by 2015, develop technologies to expand
the 2002 domestic gas economically recoverable resource base

by 100 Tcf; (2) develop technologies that will by 2025 add 20 Tcf
of technically recoverable resources of natural gas from methane
hydrates; (3) by 2013, reduce the cost of hydrogen production from
natural gas by 25% from current baseline of $5.54/MMBtu (steam
reforming of methane at natural gas price of $3.15/MMBtu).

The program has two long-term goals that capture most of

the activities supported in each of the two subprograms. One
subprogram focuses on the development of next-generation
distributed energy technologies (e.g., microturbines, reciprocating
engines, industrial gas turbines, thermally activated cooling and
humidity control devices, combined heat and power systems) that are
cleaner and more reliable, fuel efficient, fuel flexible, and affordable
than existing equipment. The second subprogram concentrates on
the development of technologies, tools, and techniques to enable
prospective users of distributed energy systems—regardless of the
type of technology—to evaluate benefits, install, operate, control,
and maintain those systems in an optimized manner to meet the
needs of their facilities and business operations and those of the
electric power and natural gas utilities to which the systems are
interconnected.

The program has established three long-term performance measures.
These measures are focused on program outputs (not process-
oriented) that could enable significant oil savings. However, success
is dependant on the rate and level of market penetration, which are
strongly affected by other policy instruments (such as fuel economy
standards) and market conditions (such as fuel prices). The program
also tracks progress against additional goals with its industry partners
from the FreedomCAR and 21st Century Truck partnerships.

Not available.

PART — they must be outcome oriented and have ambitious
targets. (OMB, 2005, p. 3, italics added)

In principle, therefore, PART and GPRA should use the same
benefits estimates. However, it is difficult to tell whether this

is being done because the DOE Performance and Account-

ability Report (DOE, 2005a) only presents a general state-
ment of objectives and an assessment of whether a series of

annual program targets was reached. Moreover, the PART
Assessment Report!'? does not consistently state specific
long-term goals for each program. Table 1-2 contains the
goal statements in the 2005 GPRA and PART reports in

3Available at <http://www.whitehouse.gov/omb/budget/fy2006/pma/
energy.pdf>.
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the five technologies that the NRC evaluated in the current
study. ™

GPRA requires a statement of expected program results.
EERE develops this statement through its benefits estima-
tion process. That statement describes the relation between
GPRA and benefits assessment as follows:

EERE develops these benefits projections annually to help
meet the requirements of the Government Performance and
Results Act (GPRA) of 1993 and the President’s Manage-
ment Agenda (PMA). GPRA requires Federal Government
agencies to develop and report on output and outcome
measures for each program. This analysis helps meet GPRA
requirements by identifying the potential outcomes and
benefits of realizing EERE program goals (outputs). The
benefits estimates do not reflect the risk of realizing these
goals, which is being addressed separately. (DOE, 2005b,
italics added)

This benefits assessment process is the same one that EERE
discussed with the NRC Phase Two committee. Note that the
GPRA benefits are not discounted for risk.

PART does not report benefits estimates per se but rather
asks a series of questions about the program as a basis for
assessing its performance and management. The specific
questions are listed in Appendix A. The relationship between
PART and the present study depends on whether the NRC
committee’s methodology helps to provide answers for the
questions in PART. In particular, a credible benefits estimate
is persuasive in answering PART questions on program pur-
pose and design.

Analysis Within the Department of Energy

DOE has made important strides in developing tools for as-
sessing the likely benefits of its R&D programs. Of special
note is that elements of DOE—particularly the fossil energy
and energy efficiency programs—have worked together
toward common methodologies and approaches. In this
regard, the efforts of DOE to improve and standardize its
own estimates of benefits contributed to the committee’s
ability to fully understand the programs and their anticipated
impacts. At the undersecretary level, DOE maintains the
R&D Council to handle the PMA, including R&D invest-
ment criteria, portfolio analysis, and budgeting. Reporting
to the R&D Council are the Science and Technology (S&T)
Integration Working Group, which facilitates compliance
with administration and DOE requirements through the use
of common methods and procedures and provides portfolio-
level decision support briefings, and the S&T Laboratory

14Table 1-2 also shows that the programs reported in PART and GPRA
are generally larger than the specific technologies that the Phase Two study
is evaluating. However, the programs in PART and GPRA appear to be
the same.

Working Group, which enhances the alignment of the R&D
agenda with national energy goals.!

National Research Council Studies

The conference report of the Consolidated Appropriations
Act!6 for FY00 requested the NRC to assess the benefits and
costs of DOE’s R&D programs in fossil energy and energy
efficiency, a task agreed on by the House and Senate subcom-
mittees then having jurisdiction over funding of these pro-
grams. The retrospective study—Energy Research at DOE:
Was It Worth It? (NRC, 2001)—reported that, in the aggre-
gate, the benefits of federal applied energy R&D exceeded
the costs but observed that the DOE portfolio included both
striking successes and expensive failures. As important,
the study noted that the methodologies by which DOE had
calculated the benefits of its programs varied considerably,
making comparisons of program benefits difficult.

Congress subsequently provided funds for “a continu-
ing annual review by the [National] Academy [of Sciences]
of programs . ..to measure the relative benefits expected
to be achieved and to inform decision making on what
programs should be continued, expanded, scaled-back, or
eliminated.”!” The methodology suggested by the Phase One
commiittee in its report, Prospective Evaluation of Applied
Energy Research and Development at DOE (Phase One):
A First Look Forward (NRC, 2005a), used expert panels to
review the DOE R&D program. The panels estimated the
expected benefits!® in three categories—economic, environ-
mental, and energy security—and in three global economic
scenarios and summarized the results in a matrix. The panels
constructed simple decision trees to describe the key techni-
cal and market uncertainties associated with the program
and to evaluate the impact DOE support would have on the
probability of various technical and market outcomes. To
estimate benefits, simple spreadsheet models were deployed
in conjunction with more sophisticated models (such as the
Energy Information Administration’s (EIA’s) National En-
ergy Modeling System (NEMS).!° The overall benefit of the
DOE R&D program was given as the difference between the
expected benefits with DOE support and the expected ben-

15John Sullivan, Deputy Under Secretary for Energy, Science, and the
Environment, “Energy, Science, and Environment R&D Council,” Presenta-
tion to the committee on October 26, 2005.

15House Report 106-479, November 18, 1999.

"House Report 107-564, July 11, 2002.

8The expected benefit is a single quantity that incorporates information
about the various possible outcomes and their respective probabilities and
levels of benefits (NRC, 2005a).

IYNEMS is a computer-based, energy-economy system for modeling U.S.
energy markets that projects the production, imports, conversion, consump-
tion, and prices of energy, subject to assumptions about macroeconomic
and financial factors, world energy markets, resource availability and costs,
behavioral and technological choice criteria, cost and performance charac-
teristics of energy technologies, and demographics.
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efits without DOE support. The process ensured consistency
through the use of common scenarios and assumptions by
each panel and the guidance on process and methodology
provided by the parent committee, which also provided
oversight.

THE CURRENT STUDY

The current NRC study continues the work of the first
prospective benefits study, which evaluated the stream of
benefits resulting from applied energy programs. It has the
objective of testing, refining, and extending the proposed
methodology. To conduct this study, the NRC formed the
Committee on Prospective Benefits of DOE’s Energy Ef-
ficiency and Fossil Energy Programs (Phase Two) (see bi-
ographies of committee members in Appendix B). The task
assigned to the committee for Phase Two was as follows:

The work of the Phase 2 committee will be supported by
several panels that will be separately appointed by the NRC
to apply the methodology developed in Phase 1 and evaluate
the prospective benefits of individual EE and FE programs/
projects. Since a methodology will have been developed in
Phase 1, it is expected that a greater number of panels can
be formed in Phase 2 and more time and resources can be
devoted to evaluating prospective benefits. It is proposed that
approximately 6 panels will be appointed by the NRC.

(The complete statement of task for Phase Two can be found
in Appendix C.) Funds were appropriated in FY04 for Phase
Two?° and FYO05 for Phase Three.?!

To obtain feedback from stakeholders on its proposed
methodology and its then-pending selection of DOE pro-
grams for further case study, the committee held a workshop
on July 14, 2005, in Washington, D.C. Topics of discussion
included the methodology developed in Phase One, the sug-
gested revisions thereto, and the choice of case studies. Soon
after the workshop, the committee selected six programs for
case study and informed DOE of its choices. The programs
selected comprised three in EE, including the Industrial
Technologies Program (ITP)-Chemicals, the Distributed En-

20House Report 108-330, p. 83 and p. 163.
2'House Report 108-792, p. 1032, and House Report 108-542, p. 125.
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ergy Resources (DER) program, and the Light-Duty Vehicles
Hybrid Technologies program, and three in FE, including the
IGCC program, the Carbon Sequestration program, and the
Natural Gas Exploration and Production program.

The NRC formed six panels of experts to conduct the case
studies. Each panel held two meetings between September
and December 2005. The panels carried out their evalua-
tions following the methodology of Phase One with some
modifications suggested by the Phase Two committee. The
panels wrote short reports summarizing their findings and
calculations and submitted them to the committee.

In a letter report issued December 14, 2005 (see Appen-
dix D), the committee discussed the principal comments
made during the workshop, the case studies it intended to
perform in Phase Two, and the changes to the process and
methodology that had occurred since Phase One. The com-
mittee maintained its dialogue with stakeholders throughout
the study, including interfacing with the DOE R&D Council
structure (see above) and ensuring frequent briefings by DOE
to the committee and panels.

In addition, the committee refined its calculation of envi-
ronmental and security benefits and added enhancements to
the methodology based on its experience with the six panels.
Activities undertaken by the committee during Phase Two
are listed in Appendix E.

The balance of the current report is organized as fol-
lows: Chapter 2 presents the results of the six case stud-
ies. Chapter 3 discusses the methodology—the analytical
framework for calculating quantitative program outcome
indicators—in particular the way the framework has changed
since the completion of the Phase One report (NRC, 2005a).
Chapter 4 discusses the expert panel process—the sequence
of tasks and events needed to apply the methodology to a
specific program—and the changes to the process that have
occurred since the Phase One study. Chapter 5 presents the
conclusions and recommendations of the study. Appendix F
contains material from Chapter 3 of the committee’s Phase
One report to provide guidance to the panels on the method-
ology. Appendix G describes the kinds of information that
DOE should provide and suggests forms it can fill out to
submit that information. Appendixes H to M are the reports
prepared by the six panels.
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CASE STUDY SELECTION AND EXECUTION

The statement of task for the study called for case stud-
ies of the prospective benefits of approximately six DOE
programs on energy efficiency and fossil energy R&D. Early
in the study, during the open session of its July 14, 2005,
meeting, the committee on prospective benefits held discus-
sions with federal stakeholders on its pending selection of
case studies. Based on that input, the committee finalized its
choices and on July 22, 2005, sent letters to DOE—one each
to the Office of Fossil Energy (FE) and the Office of Energy
Efficiency and Renewable Energy (EERE)—informing them
of the six selected programs (see Appendix D), which were
as follows:

* FE programs and activities:

—Integrated Gasification Combined Cycle (IGCC),

—Carbon Sequestration, and

—Natural gas technologies (exploration and
production).

* EERE programs and activities:

—Distributed Energy Resources (DER) program (end-
use system integration and interface);

—Vehicle technologies program (hybrid and electric
propulsion, advanced combustion R&D and materials tech-
nology—excluding projects related to heavy-duty vehicles);
and

—Industrial Technologies Program—Chemicals.

In a few cases, the scope of the evaluation was limited to
a subset of activities within a program. This is indicated in
parentheses, where applicable.

The NRC formed six panels to conduct the case studies.
The chairs of five of the six panels were members of the
committee on prospective benefits. (A list of panel activities
is included as Appendix E.) Each panel held two meetings
between September and December 2005. A description of
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the evaluation process and methodology (see Appendix F)
was distributed to panelists before the first panel meetings.
After discussing this methodology early in the first meeting,
the panel heard presentations delivered by DOE staff on
their programs’ FYO05 budgets, objectives, R&D portfolios,
and estimated future benefits; the latter had been calculated
by DOE assuming program technical goals would be met.
The panels used this and other information available to them,
along with their own knowledge of the subjects, to construct
a decision tree showing the timing and likelihood of the
technical success and market acceptance of the technol-
ogy or technologies supported by the program. The panels
next calculated the benefits—economic, environmental,
and security—associated with each level of technical and
market success in three global economic scenarios. The
overall benefit of the DOE R&D program is given as the
difference between the expected benefits with DOE support
and the expected benefits without DOE support. To ensure
consistency, the panels employed the process recommending
common scenarios and assumptions across evaluations, and
they were aided by the committee, which served in an over-
sight capacity. A decision analysis consultant assisted with
the preparation of decision trees and benefits calculations.
The panels wrote short reports summarizing their findings
and calculations and submitted them to the committee.

STATEMENT OF TASK

The statements of task for the six panels were nearly
identical. Here is the statement of task for the Panel on Light-
Duty Vehicle Hybrid Technology:

The Panel on Light-Duty Vehicle Hybrid Technology will
apply the methodology developed by the Committee on
Prospective Benefits of Energy Efficiency and Fossil Energy
R&D Programs to assess the potential benefits of DOE’s
R&D activities that are focused on hybrid electric vehicle
technologies using more efficient internal combustion engine
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power trains for light-duty vehicles. The program has R&D
activities in combustion, lightweight materials for vehicle
components and structures, electrical and power electronic
systems, emission control technologies, and fuels. The panel
will be composed of about 8 members who will have experi-
ence with hybrid vehicle technologies, combustion engine
technology, emission controls, the automotive market and
sector, economics, and vehicle engineering and marketing.
Panel members may have expertise in more than one area.

The panel will apply the committee’s methodology by first
assessing the probability of success of meeting the DOE’s
time frame and targets for technology development, consider
alternative paths of development with and without DOE
funding, review DOE estimates of the economic, environ-
mental, and national security benefits of its program on
light-duty vehicle technology, and estimate the benefits un-
der the alternative future states of the world (scenarios) that
have been specified by the committee, namely, a base case
EIA scenario, a high oil/gas price scenario, and a carbon-
constrained scenario. Consideration of technical and market
risk will be a key element of this assessment.

It is expected that the panel will hold two 2-day meetings
and will write a short 10-page report on its assessment of
the benefits of this program and fill in the benefits matrix
and explanation of it as outlined in the committee’s report,
Prospective Evaluation of Applied Energy Research and
Development at DOE (Phase One): A First Look Forward.

ADVICE TO USERS

The benefits methodology presented in this report is
intended to provide consistent information that is useful to
decision makers who are considering what programs should
be continued, expanded, scaled back, or eliminated. The
committee’s charge did not extend to reaching conclusions
or making recommendations about such decisions for the
six programs that it reviewed for this Phase Two project.
However, the committee has developed some insights that
may assist decision makers with interpreting and applying
the results of the analysis. These insights are recorded in the
next section, “Commonly Encountered Issues.”

Although the committee has developed a process whereby
all the panels evaluating DOE programs will use a common
methodology and has suggested a procedure whereby all
evaluations will be performed on a consistent basis, it is im-
portant that the decision makers understand the assumptions
that the panelists had to use in assessing the programs. This
understanding is critical to giving them the confidence to use
the results as they make decisions about DOE programs and
as they recommend funding.

Commonly Encountered Issues

The committee’s review of the six panel reports of Phase
Two, along with the experience from the two earlier benefits
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evaluations, noted that several issues of interpretation came
up frequently. Decision makers may thus encounter these
same issues as they apply the results of the methodology
presented here.

1. A clear understanding of the reason for government-
funded research is fundamental to the entire evaluation. For
this reason, the program summaries produced in Phase Two
require an explicit statement of the reason for government ac-
tion. The government must demonstrate on the one hand the
importance of a technology and the compelling need for it,
and, on the other hand, that it will not be achieved in a timely
fashion without the government’s participation. Readers are
encouraged to consider this statement of justification care-
fully to verify that it accurately expresses the basic reason
for the program.

2. Several of the expert panels concluded that the prob-
ability of meeting the technical goals of a DOE program on
the stated timetable was very small. While it is important for
a decision maker to know this, it is also frequently true that
a program can produce significant benefits at lower levels
of technical achievement or over longer times. The com-
mittee recommends that users investigate these trade-offs
carefully.

3. The budgets of some programs may be inconsistent
with the program goals. In some cases, this inconsistency is
the reason that the program’s stated goals are not likely to
be met, as noted above. But in other cases the issue is that
budgets have been declining for several years; the combined
heat and power (CHP) program and the ITP—Chemicals sub-
program in Phase Two study exhibited this characteristic. In
the latter case, the benefits of the subprogram may be over-
ambitious because the analysis assumes that the goals will
be accomplished when the reality is that declining budgets,
relative to those planned, make that unlikely. In these cases,
decision makers should recognize that realizing the estimated
benefit may require increasing (or at least stabilizing) the
budget. At some point, declining budgets probably reach a
threshold below which the program is not viable.!

4. The benefits of some programs are strongly influenced
by nonresearch policy decisions. For example, the benefits
of carbon capture and sequestration depend on the size and
timing of the carbon tax (or equivalent policy intervention
in the market). In this case, a delay in the imposition of the
tax, by delaying an incentive to the private sector, would ac-
celerate technology development attributable to government
funding, although not on a one-for-one basis. Imposition of
appliance efficiency standards might have a similar effect.

1At some point, however, a small program to maintain a federal presence
might be justifiable. For example, the Panel on DOE’s Distributed Energy
Resources Program believes that the federal program is helpful in encourag-
ing states to fund similar programs.
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While not directly evaluated in this study, the social welfare
impact of such policies could be considerable.

5. Programs having very large benefits might alter the
supply and demand characteristics of the entire energy sys-
tem. For example, a successful deployment of IGCC technol-
ogy appears to be accompanied by a large role for DER in
order to meet peak electricity demand. This, of course, would
affect the benefits calculation for DER. NEMS is particularly
useful in understanding these changes in the overall energy
system.?

Using the Benefits Analysis for Decision Making

The expected net benefits calculated according to the
methodology provide a useful basis for comparing programs.
However, other elements of the analysis will contribute to the
decision-making process. During its discussion of the results
of the Phase Two work, the committee identified three such
considerations that it believes deserve comment:

 The decision maker will often want to know how best to
spend incremental resources (or how to minimize the impact
on benefits of a reduction in resources). It is not the case,
however, that incremental resources should be spent on pro-
grams with the highest benefit-cost ratio. What counts most
in making this decision is finding the greatest incremental
benefit produced by the additional resources. The methodol-
ogy does not calculate marginal benefits and so is not directly
useful in making these incremental decisions. However, the
committee suggests that the decision tree analysis would
be of considerable use in identifying actions most likely to
increase the expected benefit. A recommended method for
calculating marginal benefits appears in Chapter 5.

* The methodology presents benefits for each of three
scenarios that describe future states of the world, but it does
not attempt to combine the three sets of benefits into a single
set. As aresult, the decision maker must weigh the alternative
scenarios in arriving at judgments about the benefits of the
overall research portfolio. Ideally, a well-designed portfolio
would contain a balance of projects that would produce ac-
ceptable results across the range of outcomes for different
scenarios.

* The methodology estimates public benefits in three
areas—economic, environmental, and energy security. While
these three types of benefits reflect DOE’s strategic goals

2NEMS determines capacity additions in its electricity market module
as follows: “Capacity expansion is determined by the least cost mix of all
costs, including capital, O&M, and fuel.” And further: “Fossil-fired steam
and nuclear plant retirements are calculated endogenously within the model.
Plants are retired if the market price of electricity is not sufficient to support
continued operation” (EIA, 2003, pp.43-46).

(DOE, 2005a), the committee recognizes that other kinds
of benefits may be important in evaluating some projects.
For example, markets will demand that automobile manu-
facturers produce cars that not only meet the fuel economy
of importance to DOE but have several additional attributes
as well. Another example might be employment impacts.
Because including such benefits could affect the compa-
rability among programs, the committee recommends that
they be considered apart from the results matrix developed
by the methodology or that, if included, they should be part
of the text of a panel report. The panel should also discuss
noteworthy assumptions it has made in calculating benefits,
particularly if the results are sensitive to that assumption or
the assumptions itself is novel or interesting.

RESULTS OF CASE STUDIES

The six expert panels that evaluated DOE applied en-
ergy programs estimated prospective benefits—economic,
environmental, and security—using quantitative outcome
indicators. In some cases, security and environmental ben-
efits had to be characterized qualitatively. These estimates
were facilitated by an assessment of the key technical and
market risk faced by the technology being developed. Each
set of results is reported in a two-page format accompanied
by a decision tree. The latter illustrates how the expert panel
assessed the possible future outcomes of the R&D program
in terms of the timing, probability, and levels of technical
performance and market acceptance of the technology. The
goals and history of the program are summarized, and the
expert panels have offered further observations about the
program. The expert panels have contemplated outcomes that
might occur with and without federal funding and taken the
difference between the outcomes as the net expected value
of the program.

The findings of the six panels are presented in summary
fashion in Figures 2-1 through 2-6:

* Figure 2-1, integrated gasification combined cycle
technology, pages 17-19,

* Figure 2-2, carbon sequestration, pages 20-22,

* Figure 2-3, natural gas exploration and production,
pages 23-28,

* Figure 2-4, distributed energy resources, pages 29-31,

* Figure 2-5, light-duty hybrid vehicles, pages 32-36,
and

* Figure 2-6, Industrial Technologies Program—Chemi-
cals, pages 37-39.

The complete panel reports from which this information was
derived are found in Appendixes H through M.
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Program Name: Gasification technologies program”

Program Goals and Timing: By 2010, complete R&D for advanced gasification combined-cycle
technologies that can produce electricity from coal at 45%-50% efficiency at a capital cost of
$1,000/kw or less. By 2020 develop zero-emissions plants (including carbon) that are fuel-
flexible and capable of multiproduct output and efficiencies of >60% with coal.

Program Costs: $750 million through 2020

Industry and Foreign Government Funding: No information is available. There is no doubt that

significant funding is being provided by several governments (e.g., Japan, European Union) and
industry, especially IGCC equipment suppliers

Key Complementary/Interdependent DOE Programs: Turbine programs, carbon sequestration

Global Scenario®

AEO Reference Case | High Oil and Gas Prices

Technical Risks Technical success was defined by the cost and efficiency of future IGCC plants. The panel
identified four levels of technical success: $1,400/kW and 39% efficiency; $1,265/kW and 42%
efficiency; $1,135/kW and 45% efficiency; $1,040/kW and 48 percent efficiency. Estimated
probability of achieving the highest level of technical success was 10% with the DOE program,
0% without the DOE program.

Market Risks Technologies that will compete with IGCC are natural gas generation and advanced PC
generation, including USC-PC. Primary market competition depends on the price of natural gas,
on the progress of research in other coal-fired generation technologies, and on the results of
other research programs such as fuel cells and distributed generation.

Program Risks

Economic Benefits | Economic benefits depend on the next-best alternative technology, which depends in part on the
results of other DOE R&D programs.®

If IGCC displaces PC, If IGCC displaces PC,
$6.4 billion at 3% $7 billion at 3%
$2.4 billion at 7% $2.7 billion at 7%
If IGCC displaces NGCC, If IGCC displaces NGCC,
$7.8 billion at 3% $47 billion at 3%
$3 billion at 7% $18 billion at 7%
Environmental Environmental impacts depend on the next-best alternative technology, which depends on the
Benefits results of other DOE R&D programs.
If IGCC displaces PC, If IGCC displaces PC,
carbon emissions decrease by 30 million t carbon emissions decrease by 34 million t
If IGCC displaces NGCC, If IGCC displaces NGCC,
carbon emissions increase by 90 million t carbon emissions decrease by 36 million t/

Security Benefits If IGCC plants are built instead of NGCC plants, there are security benefits related to the
decrease in consumption of natural gas. The total amount of natural gas displaced by IGCC,
assuming a 20-year plant life, is as follows:

Expected Program Benefits

If IGCC displaces NGCC, natural gas If IGCC displaces NGCC, natural gas
consumption is reduced by 5 quad consumption is reduced by 4 quad

NOTE: /kW, per kilowatt; IGCC, integrated gasification combined cycle; NGCC, natural gas combined cycle; PC,
pulverized coal; quad, quadrillion British thermal units; and USC-PC, ultrasupercritical pulverized coal.

“For the purposes of this assessment, the panel defined the ICGCC research program as coal to electric power
systems. It did not include IGCC/fuel cell configurations or carbon capture and sequestration technology options since
these were being analyzed by other panels.

The panel determined that the benefits of the IGCC research program in the Carbon Constrained scenario
depend critically on the success of carbon sequestration research. Specifically, in the Carbon Constrained scenario
there would be no market for IGCC plants unless the carbon emissions can be captured and sequestered. A separate
panel evaluated the carbon sequestration program.

“Economic benefit in this table is calculated as the difference in the discounted expected value with and
without the DOE program of all IGCC plants built between 2006 and 2025. Economic benefits are discounted at both
3% and 7% real, while environmental and security benefits are discounted at 3%.

“In the High Oil and Gas Prices scenario, almost the same amount of IGCC is expected to be built with or
without the program. The reduction in carbon emissions results from the increased efficiency of IGCC.

FIGURE 2-1 Findings for DOE’s gasification technologies R&D
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Comments and observations. The panel made three primary observations about the program. First, the
panel believes DOE’s estimates of the impact and benefits of its program are overly optimistic in two ways:
in terms of the technical achievement of the program, and in terms of the time it will take from completion
of the R&D to realize the technical and projected financial improvements in the market. Second, the
benefits that are ultimately realized from DOE’s gasification R&D depend on many factors outside the
program’s control, including, potentially, the success of fuel cell and distributed generation research. And,
finally, the program is nevertheless expected to result in very significant benefits over the long run—in the
panel’s analysis the financial and technical improvements in IGCC technologies are not fully realized until
post-2020, but the expected economic benefits of the program are several billion dollars under every
different market condition considered.

Technical risks. Technical risks were identified for eight specific components of the program that were
evaluated and are described in more detail in the main text of the report. These risks generally relate to the
possibility the research may not reach its goals, that the results may not scale up to commercial application,
and that the capital costs and/or parasitic energy requirement will be excessive. To achieve DOE’s target
levels of performance for cost and efficiency improvements, or nearly those levels, almost all components
of the R&D program must succeed. However, it is not necessary for all components to succeed for the
program to yield technical and cost improvements—significant improvements in IGCC systems may result
from the program if a subset of technical activities is successful.

Market risks. Market factors that will affect the competitiveness of IGCC in the future include competing
fuels (natural gas), the regulatory environment (particularly with regard to carbon emissions), and
competing technologies (specifically, other advanced coal systems). The impact of natural gas prices and
carbon regulations is addressed by the three global scenarios. In examining DOE’s FY04 benefits analysis
report and the results of its NEMS analyses, it appears that the success of R&D in other areas (fuels cells
and distributed generation) affects what the next-best alternative to IGCC is in the future. Accordingly, the
panel developed two estimates of benefits, depending on what the next-best technology turns out to be. It
notes that the benefits of the program are significant regardless of the next-best technology.

Benefits. The economic, environmental, and security benefits are shown in the summary matrix.

FIGURE 2-1 Continued
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25%
Ninety %
0
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25%

40%
Eighty %

25%

Ninety %
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65%
Eighty-five %
20%
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45%
? Eighty %

15%
Ninety %
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$1400/kW; 39% eff Eighty-five %
15%

5% )
Eighty %

10%

Ninety %

30%

Eighty-five %
40%

Eighty %

Very high success:
$1040/kW; 48% eff

30%
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30%
Eighty-five %
40%

High success:
$1135/kW; 45% eff

10%
Eighty %

30%

Ninety %

55%
Eighty-five %
25%

Moderate success:
$1265/kW; 42% eff
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Low success: 65%
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20%
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Eighty %
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FIGURE 2-1 Continued

19


http://www.nap.edu/catalog/11806.html

PROSPECTIVE EVALUATION OF APPLIED ENERGY RESEARCH AND DEVELOPMENT AT DOE (PHASE TWO)

Program Name: Carbon sequestration

Program Goals: Achieve 90% CO, capture with 99% storage permanence at no more than 10% increase
in the cost of energy services by 2012

Year Goals Expected to Be Achieved: 2012

Program Costs:
Current (FY05) Funding: $44 million. Additional funding in the amount of $100 million over the
next 4 years will go to the regional partnerships
Proposed Year (FY06) Funding: $66 million
Expected cost to completion: Program costs through 2020 are expected to be $875 million

Key Complementary/Interdependent DOE Programs: IGCC

Global Scenario®
Carbon Constrained
$100/ton Carbon Tax | $300/ton Carbon Tax

Technical Risks | Estimated as the probability of achieving specified impacts on the cost of electricity for IGCC

plants with sequestration compared with those same plants without sequestration. Average of the
panel assessments for the increase in cost of electricity (COE) for sequestration at three different
times were as follows:

2012 2017 2022 2012 2017 2022

w /DOE w/ DOE

pro- 33% 24% 18%
gram
w/o
pro-

gram

35% 28% 20%

pro-
gram
w/o
pro-
gram

30% 20% 15%

32% 24% 16%

Market Risks

Program Risks

Estimated as the probability large-scale carbon sequestration would be allowed by both the
regulators and the public. Probabilities were assigned for the “with DOE program” case and the
“without program” case and were assumed to be the same in the two global scenarios considered:

with DOE program, 77%; without program, 66%.

Expected
Economic
Benefits”

$3.5 billion at 3%
Range: $0-$36 billion

$1.3 billion at 7%
Range: $0-$13 billion

$3.9 billion at 3%
Range: $0-$36 billion

$1.5 billion at 7%
Range: $0-$13 billion

The environmental benefit of carbon sequestration is reduced greenhouse gas emissions. The
environmental benefit of DOE’s carbon sequestration program depends on what technologies
would be implemented if IGCC with sequestration does not become cost-competitive. Given the
level of carbon tax in the scenarios evaluated, the least-cost alternatives to carbon sequestration are
other zero-emissions technologies. Thus there is no quantifiable environmental benefit of the
research program that is separate from the economic benefit of the reduced costs for very-low
emissions generation. Under other assumptions, emissions would be reduced.

The security benefit of carbon sequestration is the ability to continue to build electric generation
plants that use coal, a domestic resource, minimizing our dependence on imported fuel resources.
Given the level of carbon tax in the scenarios evaluated, however, the least-cost alternatives to
carbon sequestration are a combination of nuclear generation and renewables; thus there are no
quantifiable security benefits associated with the research program separate from the economic
benefits. It is possible, however, that absent carbon sequestration, natural gas will be used instead.
In such a case U.S. energy security would be decreased.

Environmental
Benefits

Security
Benefits

Program Benefits

“The panel judged that carbon sequestration technologies would not be implemented in global scenarios
without a carbon constraint. They did not evaluate the program under the Reference Case or the High Oil and Gas
Prices scenarios but evaluated it instead under the Carbon Constrained scenario and a fourth scenario defined by the
panel to have a higher carbon tax than the Carbon Constrained scenario.

Net economic benefits are calculated as the expected net present value (at 3% and 7% annual discount rates)
of the reduction in the cost of electricity for zero- or very-low emissions generation over a 20-year plant life for all
IGCC plants with carbon sequestration built between 2006 and 2025.

FIGURE 2-2 Findings for DOE’s carbon sequestration program
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Comments and observations. The DOE program has the goal of developing, by 2012, carbon capture and
storage technologies that will increase the cost of new energy services by no more than 10%.

Technical risks. The main technological uncertainty considered was the increase in the cost of electricity
(COE) associated with the capture and storage of carbon emissions from coal-fired power plants,
specifically from advanced IGCC plants.

Market risks. Consideration of uncertainty focused on whether the public (and regulators) would allow
large-scale underground storage of carbon. Without such acceptance, carbon capture and storage
technologies would not be deployed. The panel's assessments of this uncertainty are summarized in Figure
G-4. The average of the probabilities estimated by the panel that the large-scale sequestration would be
allowed is .66 without DOE's research support and .77 with DOE's support.

Benefits. The economic benefit of carbon sequestration improvements is the product of the amount of
electricity produced by IGCC with sequestration multiplied by the difference between the costs of the
IGCC with sequestration and the costs of the cheapest alternative technology. To estimate the quantity of
IGCC with carbon sequestration that would be built in each year, a simple cost comparison was made to
determine what technology would be least costly for a utility making a decision about what to build.
Whichever technology was least expensive was assumed to capture all of the possible low-emissions
capacity added in that year. Costs are the net present value of the expected total costs over a 20-year life,
discounted at 14%.” The panel considered COE in three time periods (2012, 2017, 2022) and for four
different levels of cost increases in each period. On a net basis, there is no increase in environmental
benefits (reduction in CO, emitted) since the alternative technologies that would supply the generating
capacity also capture and store carbon. As for security, the least-cost alternatives to the technology under
development in the DOE program would be a combination of nuclear generation and renewable electricity
that also would reduce natural gas consumption. Compared with these alternatives, the DOE-sponsored
technologies would offer no net reduction in consumption of that resource.

Program observations. While individual members had different judgments about the likelihood of
achieving the R&D goals and the extent of market penetration of the resulting technology, there was
general agreement on these conclusions:

1. Carbon sequestration technology will not be implemented commercially without carbon emissions
constraints.

2. A carbon tax of $100 per ton is sufficient to make carbon sequestration competitive with IGCC
plants that vent their carbon.

3. The panel judges that DOE’s R&D program will speed the attainment of the carbon sequestration
R&D goals by about 3 years because there is so much private sector interest and R&D in these
technologies.

4. DOE should encourage private sector R&D in conducting its program. The DOE R&D results
should be made available quickly to the private sector.

5. If the technology is demonstrated to be reliable and cost-effective, IGCC with carbon
sequestration could be widely deployed following the implementation of carbon emissions
constraints.

6. The expected benefit of the DOE program is large, roughly four times the R&D costs incurred by
the federal government.

7. DOE’s carbon sequestration R&D can make a great contribution to society even if it accelerates
attainment of the national goals by only a few years.

“This value was selected to represent what might be used by a utility or merchant generator.

FIGURE 2-2 Continued
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Program Name: Natural gas technologies program, exploration and production

Program Goals: Reduce the cost of drilling for unconventional and other gas by 5%,
resulting in a 13 Tcf increase in economically recoverable resources by 2015

Program Costs: Approximately $140 million through 2015

Current (FY05) Funding: existing fields program, $1.6 million; drilling, completion, and stimulation, $7.3
million; advanced diagnostics and imaging, $3.8 million; Deep Trek, $1.5 million

Proposed Year (FY06) Funding: Program closeout

Global Scenario

AEQ Reference Case High Oil and Gas Prices Carbon Constrained
Technical risks were evaluated at the subprogram level and were defined as the
likelihood of achieving specific increases in economically recoverable resources (ERR)
by 2015 as a result of DOE’s R&D program. Aggregated at the program level, the
expected increase in ERR made technically possible by the DOE program in each
scenario is shown below. Numbers in parentheses represent the 10th and the 90th
percentiles of the uncertainty and assume no market risks.

17 (9, 25) Tcf | 20 (11, 28) Tef | 20 (11, 29) Tef

Market risks were identified for two of the four subprograms evaluated and were
defined as the fraction of the total potential addition to ERR that would be realized. The
effect of including market risks is to decrease the estimated net increase in ERR in
2015. The expected value and the 10th and 90th percentiles of ERR increase given both
technical and market risks are shown.

Technical Risks

Market Risks

Program Risks

13 (6.8, 19) Tef

17 (9.5, 25) Tef

17 (9.5, 25) Tef

Expected
Economic
Benefits®

$220 million at 3%
($100-$280 million)

$145 million at 7%
($68-$180 million)

$590 million at 3%
($275-$675 million)

$380 million at 7%
($180-$440 million)

$300 million at 3%
($150-$370 million)

$200 million at 7%
($100-$250 million)

Environmental
Benefits

Several elements of the program have the potential to lead to generally smaller
footprints for natural gas production, although this benefit is at least partially offset by
the increase in producibility from previously marginal regions. The net impact on the
environment in terms of disturbed area has not been estimated. The other potential
environmental benefit would be a reduction in carbon emissions if natural gas
substitutes for other fossil fuels. At the relatively modest level of increased production
envisioned for this program alone, environmental benefits are expected to be modest.
Increased domestic natural gas production partially offsets gas imports. Based on
DOE’s estimates, about 50% of the increased production results directly in reductions
in imports under Reference Case prices (25% in a High Gas Prices scenario). Natural
gas imports avoided (2005 to 2025):
1.2 Tcf | 0.6 Tcf | 1.2 Tef

“Benefits are expected values, with 10th and 90th percentiles shown in parentheses. Economic benefits are
present values discounted at both 3% and 7% real. Environmental and security benefits are discounted at 3%. The net
economic benefits were calculated based on the assumption that the technology from the DOE program affects no
existing gas production and that there will be a decrease in the cost of of gas that would have been uneconomical to
produce without the DOE program. DOE (2004a) estimates the discounted , cumulative economic savings through
2025 to be $50 billion for the Reference Case, although the panel notes this includes consumer cost savings largely
offset by reduced revenue to producers and that, as such, is not indicative of the net economic benefit to the nation.

Security
Benefits

Program Benefits

FIGURE 2-3 Findings for DOE’s natural gas exploration and production program
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Technical risks. For incremental improvements in the life of existing wells, technical risks are small
compared to exploration and drilling programs. Novel drilling R&D aims at breakthrough improvements to
increase the depth that vertical and horizontal wells can be drilled and for ultra-deep-water drilling.
Technical risk of any one breakthrough drilling project is high, but probability of success on one or two of
such projects is high. Technical risk for improved stimulation and completions systems is relatively low.
Developing technology to drill and complete deep gas wells is high risk. Advanced diagnostics and
imaging development has been well focused and technically successful.

Market risk. Given that existing wells are operated by small independent operators, market penetration of
technology is high risk. In the case of novel drilling technologies, market risk is low because drilling
technology is quickly implemented throughout the industry. Improved drilling and stimulation for
unconventional gas reservoirs face low market risks because technology developments are used from other
industries. Since industry is involved in most diagnostics and imaging R&D projects, market risks should
be low.

Benefits. The panel estimates that increased annual production of natural gas will result from the DOE
R&D program and estimated benefits from 2006 to 2025. The net economic benefits to the nation are
judged by the panel to be significant, especially under the High Oil and Gas Prices scenario, which seems a
likely state of the world. Energy security benefits also accrue from reduced natural gas imports because of
enhanced domestic gas production. Although it was difficult to evaluate environmental benefits, they would
also likely accrue because the use of natural gas is relatively clean compared to other fossil fuels. Many of
the benefits would not be realized without federal involvement because the sector is composed of many
small independent operators without the resources to conduct long-range R&D; thus the federal investment
is critical for such a fragmented sector.

Notable accomplishments/gaps, opportunities, spin-offs. The existing fields program considering marginal
or stripper wells is mainly a technology transfer program to operators of marginal wells; program effective,
but may not be reaching a significant part of the large universe of marginal producers. The drilling,
completion, and stimulation program has the potential to make breakthrough improvements compared to
incremental improvements made by the service companies. But technical risk is high limiting likely success
to only one or two projects. The advanced diagnostics and imaging program potentially should be effective,
given past performance. This is an advanced field in the industry and specific balance in public and private
R&D in this area should always be sought. The ultradeep drilling envisioned in the Deep Trek program has
high technological dependence especially in the area of deep seismic imaging, and materials capability and
R&D are essential, both public and private.

FIGURE 2-3 Continued
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DOE Funding?

Yes

No

Technical Success:
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13%, 23%, 23%
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37%, 40%, 44%

2 Tcf

48%, 37%, 33%
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3%, 0%, 0%

No increase: outcomes are

25

Market Success:
Fraction of potential
market that adopts the
new technologies

Single estimate for each level of
technical success

50%, 65%, 67%

57%, 68%, 68%

56%, 63%, 67%

NA

defined as increases in ERR due

to DOE’s R&D program

Existing Fields

FIGURE 2-3 Continued
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Decrease in Drilling
Costs for Increase in ERR

. Unconventional Gas in  due to Decreased
DOE Funding? 2015 due to DOE R&D  Dirilling Costs

13 Tcf
12%, 20%, 18%
7 Tcf
37%, 41%, 39%
2 Tcf
45%, 35%, 38%
No increase
5%, 4%, 5%
13 Tcf
5%, 8%, 11%

5%
22%, 31%, 29%

7 Tcf

38%, 41%, 39%
2 Tcf

46%, 40%, 39%
No increase

11%, 1%, 11%
13 Tcf

1%, 3%, 2%
7 Tcf

3%, 33%, 33%
2 Tcf

52%, 47%, 47%
No increase

17%, 17%, 17%
13 Tcf

0%, 0%, 0%
7 Tcf

0%, 0%, 0%
2 Tcf

0%, 0%, 0%
No increase

100%, 100%, 100%

3%
37%, 50%, 50%

Yes

1%
38%, 19%, 20%

No decrease
3%, 0%, 0%

No No cost decrease or ERR increase:
outcomes are defined as changes
due to DOE’s R&D program

Drilling, Completion, Stimulation

FIGURE 2-3 Continued
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DOE
Funding?

Yes

Technical Success:

Increase in ERR in 2015 due to
advances in diagnostics and
imaging from DOE’s program

10 Tcf
4%, 9%, 8%

6 Tcf
30%, 39%, 39%

No

2Tcf
56%, 45%, 44%

No increase

9%, 8%, 9%

No increase: outcomes are

defined as increases in ERR due

to DOE’s R&D program

Advanced Diagnostics

FIGURE 2-3 Continued
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Technical Success: Market Success:
Increase in ERR made Fraction of
technically possible by technically
DOE DOE’s Deep Trek achievable ERR that
Funding? program in 2015 can be realized
15 Tcf

5% 10%. 8% 61%, 66%, 69%
o, 0, O /0

10 Tcf
Yes 30%, 34%, 43%

61%, 83%, 83%

5Tcf
44%, 45%, 43%

73%, 84%, 84%

No increase
20%, 11%, 13%

No No increase: outcomes are

defined as increases in ERR due
to DOE’s R&D program

Deep Trek

FIGURE 2-3 Continued
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Program Name: Distributed energy resources: End Use System Integration and Interface subprogram

Program Goals: Demonstrate four integrated CHP applications each having greater than 70% combined
electric and thermal efficiency, which could be manufactured and installed (assuming commercial-
scale production) cheaply enough to result in a 4-year payback to customers by 2008

Year Goals Expected to Be Achieved: 2008

Program Costs:
Current (FY05) Funding: $20.5 million
Expected Cost to Completion: $205 million through 2015

Industry and Foreign Government Funding: 30% to 50% cost share

Key Complementary/Interdependent DOE Programs: industrial gas turbines, microturbines, advanced
reciprocation engines, and related materials and sensors, all within the DER program

Global Scenario

AEO Reference High Oil and Gas Carbon Constrained Electricity
Case Prices Constrained”

Technical risks identified as uncertainty in the ability to reach the 4-year-or-less payback
target identified by DOE (for a 70+% efficient system). Panel specified two alternative
payback periods (5-7 years, 8 years or more) as other possible technical outcomes. Estimated
likelihood of achieving a 4-year payback ranged from a low of 20% (without the DOE
program under the Reference Case scenario) to a high of 60% (with the DOE program in the
Electricity Constrained scenario).

Technical Risks

Market risk characterized by the estimated fraction of the commercial buildings sector that
would adopt CHP technologies, given a 4-year or less payback. High market penetration was
defined as 50% of new construction and 5% of existing. Moderate market penetration was
defined as 25% of new and 5% of existing, and low market penetration was defined as 10% of
new and 1% of existing. Estimated likelihood of high market penetration ranged from a low
of 15% (without the DOE program in the High Oil and Gas Prices scenario) to a high of 55%
(with the DOE program in the Electricity Constrained scenario).

Market Risks

Program Risks

Expected net economic benefits are presented as the present value of the annual economic
benefit of incremental CHP capacity installed between 2006 and 2025 attributable directly to
the DOE program.

$57 million at 3% $46 million at 3% $64 million at 3% $83 million at 3%
$40 million at 7% $32 million at 7% $45 million at 7% $58 million at 7%

Expected
Economic Benefits
(see note)

The net environmental impact of CHP is not known. While CHP may result in lower
emissions at central generation facilities, the CHP systems themselves are natural gas
powered and result in local environmental emissions. At the relatively modest levels of
deployment anticipated, the environmental benefits associated with the program are
negligible.

Environmental
Benefits

Security Benefits Security benefits arise from the displacement of primary energy use by the incremental
installed CHP capacity. This benefit is due to dispersed generation being less vulnerable to
terrorist and natural disaster events. Reduction in total primary energy use from all
incremental CHP capacity installed between 2006 and 2025 attributable directly to the DOE
program is

Program Benefits

10 trillion Btu 8 trillion Btu 11 trillion Btu 15 trillion Btu

NOTE: Benefits are presented as the difference in the expected value with and without the DOE program. See Figure
K-9 for a discussion of the uncertainty surrounding benefits. Economic benefits are shown as present values discounted
at both 3% and 7% real; environmental and security benefits are discounted at 3%.

“Fourth scenario defined by the panel to represent a future state of the world where there are severe
constraints on the electricity system. The scenario assumes that the capacity of the electric distribution system is
seriously deficient with respect to meeting the electricity and peak demand needs of its customers in one or more high-
demand-load pockets.

FIGURE 2-4 Findings for DOE’s distributed energy resources program
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Comments and observations. Of the $56.6 million appropriated for the DER program in FY05, $20.5
million, or 36%, is directed at the activities called End-Use System Integration and Interface—mostly CHP
systems—which is the program area subject to this assessment. DOE partners with component equipment
and technology manufacturers to develop and demonstrate CHP systems, which provide both electrical
power and heating or cooling at customer sites with minimal site-specific engineering. The CHP
component of the DER program is designed to demonstrate four integrated CHP applications, each having
greater than 70% combined electric and thermal efficiency, which could be manufactured and installed
(assuming commercial-scale production) cheaply enough to result in a 4-year payback to customers by
2008.

Key findings of the panel assessment are (1) the 70% efficiency goal is achievable in the stated
time frame in the end-use applications targeted by the program, but the payback goal is not, except in areas
of the country where electricity is constrained or costs are high relative to natural gas; (2) the program
produces a positive net present value economic benefit under the four global scenarios assessed, ranging
from $46 million to $83 million; (3) the CHP program as a component of the larger DER program is too
small to be modeled accurately using conventional models, and any further application of the committee
methodology should focus on larger impact programs.

Technical risks. The panel estimated the highest likelihood of technical success in the Electricity
Constrained scenario and the lowest in the High Oil and Gas Prices scenario (as higher natural gas prices
will make it more difficult for CHP technologies to achieve a shorter payback). The panel estimated a
higher likelihood of achieving a shorter payback with the DOE program than without it and higher
likelihoods with locally high electricity prices than with locally low prices.

Market risks. The panel estimated a higher likelihood for strong market adoption with DOE funding than
without DOE funding. The panel estimated the highest likelihood of market adoption in the Electricity
Constrained scenario.

Benefits. The panel determined that CHP could easily provide a 10% net economic benefit over its costs
over the study period, leading to a benefit:cost of 1.1. This translates into a net economic benefit of
approximately $230 per kilowatt of installed CHP. This is calculated on an electricity system avoided cost
basis and accounts for the initial CHP investment and life-cycle operating costs. Clean and efficient CHP
has the potential to reduce overall emissions to the environment since it uses clean-burning natural gas as a
fuel and displaces central station generation power and local combustion boilers and furnaces used to
generate steam, heating, or hot water. Like all energy-efficiency measures, CHP reduces primary energy
use and helps improve the nation’s energy security by reducing the likelihood of energy disruptions due to
reductions in natural gas imports. Because the modeling work presented to the panel made it difficult to
identify specific fuels displace by CHP, the panel preferred to report energy security benefits in energy
units, namely, Btu’s. However, the unique benefit of CHP is to decentralize power production and locate it
at or close to loads, providing the security benefits of safety from terrorist attacks and customer protection
from the effects of disruptions to utility electric service.

Program observations. DOE should consider working more closely with utilities to encourage utility
ownership of CHP systems. DOE should support replicable pilot applications where there are offsetting
capital costs, such as standby generators in hospitals or standby generators and uninterruptible power
systems in data centers. DOE should address the problem of institutional barriers and work with regulatory
agencies and utilities to eliminate or reduce them.

FIGURE 2-4 Continued
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Program Name: Light-Duty Vehicle Hybrid Technology R&D Program

Program Goals:
Storage: By 2010, 300 W/hr storage device capable of 25 kW for 20 s, 15-yr life, and costing $20/kW
Lightweight materials: By 2012, reduce overall vehicle weight by 50% relative to 1997
Advanced combustion: By 2010, peak brake thermal efficiency of 45%

Current (FY06) Funding: $81 million

Completion Costs: $567 million through 2012

Global Scenario
AEO Reference Case | High Oil and Gas Prices | Carbon Constrained”

Evaluated for four subsets of projects in the program. Technical risks identified as
uncertainty in the level of technical advancement, uncertainty in the vehicle cost
impact of the new technologies, and, for batteries, uncertainty in the time that the new
technologies would be market-ready. See decision trees for the probabilities of
technical success in each area.

The panel addressed two types of market risks: market acceptance of more fuel-
efficient conventional vehicles and market acceptance of HEVs. The market
acceptance of more fuel-efficient conventional vehicles was assumed to be strictly a
function of the trade-off between increased capital costs and decreased lifetime fuel
costs. To address the market acceptance of HEVs, two HEV market conditions were
defined. In the Low HEV condition, HEV sales increase linearly from 2003 market
share to about 12% of new vehicle sales in 2050. In the High HEV condition, HEV
sales increase exponentially from 2003 and account for about 40% of new vehicle
sales in 2050.

Technical risks

Market risks

Program Risks

Economic benefits are calculated as the reduction in the expected consumer
expenditures for vehicles and fuel from 2006 to 2050 attributable to the DOE
program.

Expected economic
benefits

In the Low HEV market
condition:
$5.9 billion at 3%
$3.7 billion at 7%
In the High HEV market
condition:
$7.2 billion at 3%
$4.2 billion at 7%

In the Low HEV market
condition:
$27.5 billion at 3%
$15.7 billion at 7%
In the High HEV market
condition:
$28.2 billion at 3%
$15.9 billion at 7%

In the Low HEV market
condition:

$7.3 billion at 3%

$4.7 billion at 7%
In the High HEV market
condition:

$8.5 billion at 3%

$5 billion at 7%

Environmental benefits are calculated as the reduction in total carbon emissions from
vehicles from 2006 to 2050 that can be attributed to the DOE program. Difference
between Low HEV and High HEV market conditions is less than 2%; only one value
is shown. .

28 million metric tons | 51 million metric tons | 32 million metric tons
Security benefits arise from reduced gasoline consumption and associated reduction in
oil imports. The estimated reduction in gasoline use by vehicles from 2006 to 2050
that can be attributed to the program for Low HEV and High HEV market conditions
are shown:

9.2 to 9.4 billion gallons | 16.7 to 17 billion gallons | 10.4 to 10.6 billion gallons

Environmental
benefits

Security benefits

Program Benefits

NOTE: Benefits are presented as expected values. Economic benefits are shown as present values discounted at both 3% and 7%

real; environmental and security benefits are discounted at 3%.
“For the Carbon Constrained global scenario, the panel assumed Reference Case prices for oil and gas. The differences
in expected benefits come from differences in the probability of technical and market risks.

FIGURE 2-5 Findings for DOE’s light-duty vehicle hybrid technology R&D
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Comments and Observations. DOE’s R&D on technologies for light-duty hybrid vehicles with ICE power trains is
conducted under the auspices of the Fuel Cell and Vehicles Technology (FCVT) program. The panel evaluated a portion
of the FCVT budget for R&D related to passenger vehicles; specifically: (1) high power energy storage; (2) automotive
lightweight materials; and (3) advanced combustion and fuels. These three areas focus on critical technologies for more
fuel-efficient light-duty vehicles and have consistently received the highest percentages of the FCVT funding for
passenger vehicles.

Technical Risk

High power energy storage: In the panel’s judgment, DOE’s technical and cost targets are unlikely to be
achieved by 2010 because current proven hybrid battery technology (NiMH) is unlikely to achieve the cost targets and 15-
year life. Lithium ion batteries still have significant limitations, including safety and low temperature performance, that
require further development before volume commercialization.

Lightweight materials: Because of cost and manufacturing issues (such as joining), aluminum has been used
primarily for closures in high-volume applications. However, some lower volume vehicles have been aluminum
intensive, proving the viability of an all-aluminum body. Carbon-reinforced composites have not seen extensive
application in high-volume automotive products owing to high costs and the lack of high-volume fabrication and
assembly systems. The panel does not believe that the technical goal of 50 percent reduction in vehicle weight can be
achieved by 2012.

Advanced combustion: The goal of achieving 45 percent peak brake efficiency would require significant
advancements in many areas, including high-pressure direct-injection fuel injection systems; higher efficiency boosting
(turbocharging/supercharging) systems; reduced-friction components; reduction in parasitic and accessory loads; higher
strength/lighter weight powertrain materials to accommodate the combustion pressures, which could approach 220 bar or
more; advanced fuel injection and combustion process controls to support low-temperature combustion (LTC) processes;
and new methods for noise control.

Market Risk Assessment

High power energy storage. Under some driving conditions the limited battery energy storage may be
inadequate to maintain adequate performance (e.g., up long hills). Other market risks associated with hybrid vehicle drive
trains include unknown durability because of the greater complexity associated with the battery, electric motor, and power
electronics. Adequate battery durability (15-year calendar life) is essential.

Lightweight materials. For body and chassis applications of lightweight materials, the most important
impediment is the challenge posed by the introduction of new materials into the existing fabrication and assembly
processes. The manufacturing footprint is amenable to the introduction of high-strength steels and can accommodate
aluminum closures (doors, hoods, deck lids). However, to convert fabrication and assembly systems to accept carbon or
glass-reinforced composites would require a major development activity to prove the feasibility of manufacturing
composite intensive bodies in high volume.

Advanced combustion. The market risks associated with the combustion engine, emission control, and fuels
activity are primarily related to the cost uncertainty of achieving the target performance parameters and/or the ability of
the advanced concepts to achieve the durability and reliability requirements of high-volume automotive production.

Benefits estimation_The economic, environmental, and security benefits of DOE’s research in this area depend on the
degree to which the R&D programs will lead to more fuel-efficient vehicles in the market and on the road, which will
result in reduced gasoline consumption. The reduced gasoline consumption leads directly to benefits: economic benefits
from reduced consumer expenditures for gasoline, environmental benefits from reduced carbon dioxide and other
emissions, and security benefits from reduced demand for oil. To quantify benefits, the panel constructed 145 different
possible technical outcomes, each consisting of a unique combination of technical success levels of the three R&D areas it
evaluated. These in turn implied different fuel economy and incremental cost differences for conventional and HEVs. The
panel considered two different “market success” scenarios for HEVs: one in which the sales of HEVs were estimated to
grow relatively quickly (“High HEV”) and one where that market growth is significantly slower (“Low HEV”). For each
of these cases, the benefits model calculated the total fuel consumption, emissions, and consumer expenditures on
vehicles and gasoline by year for each year through 2050.

Program observations. Key findings of the panel assessment are (1) DOE’s light-duty hybrid vehicle R&D program is
likely to yield important technology advances that could result in fuel economy improvements for light-duty vehicles in
the United States; (2) The methods currently used by DOE to assess the potential fuel economy benefits of its light-duty
hybrid vehicles R&D tend to be overly optimistic in estimating the impact and timing of technology advances; (3)
Important fuel economy benefits could accrue even if DOE’s R&D programs on light-duty hybrid vehicles fail to achieve
their ambitious cost and performance goals; and (4) DOE’s R&D on light-duty hybrid vehicles has benefits over and
above the potential for improved fuel economy.

FIGURE 2-5 Continued
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Batteries
Technical Success:
Battery performance and cost
DOE Funding? 2010 2020
High

High success: at
DOE "goal" levels

100%, 100%, 100%

Moderate

11%, 10%, 9%

0%, 0%, 0%

Low
0%, 0%, 0%
Moderate success: High
Meet DOE perf goals, 57%, 64%, 63%
Yes cost of $28/kW Moderate
40%, 42%, 38% 43%, 36%, 37%
Low
0%, 0%, 0%
High
Low success: 32%, 34%, 32%
10% improvement Moderate
49%, 48%, 53% 43%, 47%, 49%
Low

High success

25%, 19%, 19%
High

100%, 100%, 100%

Moderate

10%, 10%, 9%
No Moderate success

0%, 0%, 0%
Low

0%, 0%, 0%
High

48%, 57%, 56%
Moderate

38%, 39%, 35%
Low success

52%, 43%, 44%
Low

0%, 0%, 0%
High

28%, 31%, 30%

Moderate

53%, 52%, 56%

o o o o O 0O

46%, 49%, 51%
Low

FIGURE 2-5 Continued
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Lightweighting
Technical Success:
Weight reduction Relative cost of
DOE achievable based on lighter-weight
Funding? R&D completed in 2012  vehicles

2% cost increase
21%, 22%, 22%
10% cost increase
36%, 35%, 35%
More than 10% increase
43%, 43%, 43%
2% cost increase
39%, 40%, 40%
10% cost increase
54%, 53%, 53%
More than 10% increase
7%, 7%, 7%
o .
70%, 72%, 71%
10% cost increase
30%, 28%, 29%
More than 10% increase
0%, 0%, 0%
2% cost increase
50% lighter than 19%, 20%, 20%
1997 vehicles 10% cost increase
0%, 3%, 1% 35%, 34%, 34%
More than 10% increase
A47%, 47%, 47%
o .
25% lighter than §3f:%‘f°§;0'2,°gi%fﬁ
No 1997 vehicles 10% cost increase
38%, 45%, 37% 52%, 51%, 51%
More than 10% increase
15%, 14%, 15%

50% lighter than
1997 vehicles
0%, 4%, 2%

25% lighter than
Yes 1997 vehicles
41%, 49%, 40%

10% lighter than
1997 vehicles
59%, 48%, 58%

o)
66%, 68%, 67%
10% cost increase

33%, 31%, 32%

More than 10% increase
1%, 1%, 1%

10% lighter than
1997 vehicles
63%, 52%, 62%

FIGURE 2-5 Continued
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Advanced Engines

Technical Success:

Peak thermal efficiency Fuel efficiency
DOE based on R&D penalty to achieve
Funding? completed in 2010 emission control

1% penalty

45% efficiency 40%, 44%, 43%
18%, 24%, 22% X 39 penalty
Yes 60%, 56%, 57%
1% penalty
42% efficiency ( 41%, 48%, 43%
82%, 76%, 78% X 39 penalty
59%, 52%, 57%
1% penalty
45% efficiency ( 34%, 38%, 37%
12%, 17%, 15% 3% penalty
No 66%, 62%, 63%
1% penalty
42% efficiency ( 35%, 44%, 39%
88%, 83%, 85% 3% penalty

65%, 56%, 61%

FIGURE 2-5 Continued
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Program Name: Industrial Technologies Program—Chemicals

Program Goals: Reduce chemical industry energy consumption by 20% by 2020
Program Costs: Approximately $75 million for complete funding of current portfolio
Proposed FY07 Funding: $6.8 million

Industry Funding: 30%-50% cost share

Global Scenario®
AEOQ Reference Case | High Oil and Gas Prices | Carbon Constrained

Technical Risks Evaluated for each project in the portfolio. Most projects had technical risks
associated with scale-up from laboratory-scale to commercial-scale applications.
Estimated probability of technical success for the projects ranges from 5% to 50%.
Market Risks Evaluated for each project in the portfolio. Estimated probability of market success
for projects ranges from 10% to 70%.

IProgram
IRisks

Expected Economic benefits are calculated as the expected value of energy savings benefits
Economic Benefits | from 2006 to 2030 resulting from the research portfolio, in 2003 dollars. Ranges
shown are for the 10th and 90th percentiles:

$534 million at 3% $950 million at 3% $550 million at 3%

(%0 to 1,550 million) (%0 to $3,000 million) (%0 to $1,600 million)
$215 million at 7% $390 million at 7% $223 million at 7%

(30 to $640 million) (30 to $1,250 million) ($0 to $700 million)

Environmental The same quantity of energy savings, and therefore the same environmental
Benefits benefits, will be achieved under all three scenarios. Anticipated environmental
benefits are estimated emission reductions from 2006 through 2030:

CO: 15,100 (0 to 11,800) metric tons®

CO,: 1.7 (0-5.4) MMTCE

SO,: 9,200 (—2,000 to 30,000) metric tons®

NO,: 14,000 (0 to 42,000) metric tons

Particulates: 180 (=50 to 600) metric tons

VOCs: 340 (0 to 1,000) metric tons

Security Benefits The same quantity of energy savings, and therefore the same security benefits, will
be achieved under all three scenarios. Anticipated security benefits are the
reduction in oil and natural gas consumption from 2006 through 2030:

Natural gas: 89 (0-330) billion cubic feet

IProgram Benefits

Petroleum: 1.3 (0-0.01) million barrels.”

NOTE: Benefits are presented as expected values, with 10th and 90th percentile benefits in brackets.
Economic benefits are shown as present values discounted at both 3% and 7% real; environmental and security benefits
are discounted at 3%.

“The panel concluded that the scenarios would produce insignificantly small changes in the volumes of oil
and gas saved; therefore, the physical quantities reported for environmental and security benefits are the same for all
scenarios. Economic benefits differ because prices differ among the scenarios.

5CO reduction benefit derives primarily from a single project. This skews the distribution of benefits such
that the expected value is higher than the 90th percentile.

“Several projects were estimated by DOE to result in increases of various types of emissions. For SO, and
particulates, there were a sufficient number of these projects that the 10th percentile of the range of impacts represents
an increase in emissions.

“Distribution on the reduction in petroleum usage is similarly skewed by a single project accounting for most
of the reduction.

FIGURE 2-6 Findings for DOE’s chemical industrial technologies program
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Comments and observations. The goal of Chemicals Industrial Technologies Program is to implement a
successful DOE research program that helps the chemical industry to use 20 percent less energy in 2020
than in 2001. This translates into a reduction in energy use of the chemical industry of 1.3 quads per year in
2020 and proportional reduction in emissions. To achieve its goal the program has a portfolio of relatively
small projects, all of which are competitively awarded and all of which involve 30%-50% cost sharing.
Twenty-two projects are currently being funded at a total of $7 million per year. If all projects were funded
to completion and all were successful, DOE estimates they would achieve a saving of 0.303 quads per year,
or 23 percent of the overall program goal for the Chemical Industrial Technologies Program.

The panel believes that the Chemical Industrial Technologies Program is seizing an important
opportunity to produce energy savings in a major industrial segment by supporting early-stage research that
industry is unlikely to support. However, to realize its potential benefits, the program must adapt to a
seriously constrained budget and a changing domestic industrial environment. Cutting-edge research that
can be funded with the restricted budget available will probably continue to produce valuable but relatively
small-scale advances. However, the program is also pursuing sweeping changes in process design in the
hope that they can yield big energy savings.

The current portfolio of projects has an expected net economic benefit between $215 million and
$534 million in the AEO Reference Case. Because the program is composed of early-stage research
projects, the range of benefits is from zero to $1.55 billion. Benefits in the High Oil and Gas Prices and
Carbon Constrained scenarios are somewhat higher.

Technical and market risk assessment. The panel assessed all of the projects in this program to be high risk
and thus consistent with DOE’s program strategy. Probability of technical success of individual projects
ranged from 5% to 50%, with market success from 10% to 70%. Combining these assessments, the range
for success for the entire portfolio is between 1% and 35%, with an average of 7.5%.

Benefits estimation. The economic, environmental, and security benefits of the Chemical Industrial
Technologies Program derive directly from the energy savings realizable from the projects. DOE estimates
that the research will accelerate the development and implementation of the identified technology by 3 to 5
years. The panel agrees that in almost all cases, DOE support would be a significant accelerating factor. It
calculated the expected total benefit of the portfolio by applying its probabilities of technical and market
success to DOE’s estimates of energy savings for each project in the portfolio and rolled up the individual
project estimates into an expected value of gross benefits for the overall program. Net benefits are
calculated by assuming that for any project that “succeeds,” investments on the order of the net present
value of the economic benefits for first 3 years will be required. This assumption reflects the panel’s view
that the private sector would require a 3-year payback of the investment costs.

Program observations. Based on the experience of its members in managing and conducting research in the
chemical industry, the panel wishes to underscore how essential it is for DOE management to focus its
limited resources on the most promising opportunities available to it. The danger is more than just the
wasting of funds on less promising projects. Equally significant if not more so is the possibility of losing
the benefits of high-priority projects because they were not pursued aggressively enough. The panel
suggests that DOE frequently review the projects in its existing portfolio to ensure that each project is
pursued for as little time and money as it takes to demonstrate feasibility or infeasibility.

FIGURE 2-6 Continued
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Technical and Market

Success Level of R&D Incremental Benefit of
DOE Funding? Portfolio DOE Funding
High
$1,905 million
.25
Yes Moderat Estimated reduction in
oderate - energy consumption
5 $240milion  and emissions
Low
$0 million
.25
High
$0
(Incremental benefit of DOE
No Moderate program is incorporated
directly in the calculation)
Low
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Methodology for Prospective Evaluation
of Department of Energy Programs

The Phase One study of prospective benefits of DOE’s ap-
plied R&D programs (NRC, 2005a) recommended a specific
methodology for benefits calculation based on experience
with applying a conceptual methodological approach to
DOE’s fuel cell, carbon sequestration, and advanced solid-
state lighting programs. The present study—the Phase Two
study—tests the recommended methodology (see Appen-
dix F for a summary description of the methodology from
Phase One) on six programs in a consistent manner. One of
its objectives is to refine the methodology and to assess its
broader applicability. In addition, the committee examines
procedures for estimating the monetary value of environ-
mental and security benefits, a topic that had been deferred
from the Phase One study. The results of the committee’s
analyses of these topics are summarized below, beginning
with the valuation of environmental and security benefits.

VALUATION OF ENVIRONMENTAL AND SECURITY
BENEFITS

Assessing the prospective benefits of DOE’s R&D pro-
grams involves challenges common to many public programs
but not usually present in private business assessments. Eco-
nomic benefits—the linchpin of private investments—may
be difficult to calculate, and for complex programs critical
data are frequently lacking and uncertainty prevails about
how successful a technology might turn out to be.! Never-

"Economic net benefits are based on changes in the total market value of
goods and services that can be produced in the U.S. economy under normal
conditions, where “normal” refers to conditions absent energy disruptions
or other energy shocks. Economic value can be increased either because a
new technology reduces the cost of producing a given output or because
the technology allows additional valuable outputs to be produced by the
economy. Economic benefits are characterized by changes in the valuations
based on market prices. This estimation must be computed on the basis of
comparison with the next-best alternative, not some standard or average
value (NRC, 2005a, p. 16).
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theless, there is general agreement among economists about
the principles for evaluating economic benefits. Markets that
measure the economic value of related technology and (in
some cases) futures markets that provide an evaluation of
risk can guide an evaluation of economic benefits.

In contrast, public programs often have social benefits
that are not valued by markets. Assessing the value of such
benefits is inherently difficult: It involves ambiguity and,
even as an academic matter, a range of possible answers. For
the DOE programs, two broad classes of benefits have this
characteristic: the environmental consequences of energy
technology and the security implications of energy savings or
energy alternatives. These program attributes are in general
critical components of the benefits package—indeed, if a
program can be justified simply on an economic basis, there
may be no rationale for government participation.

This section reviews current practice in evaluating envi-
ronmental and security benefits and considers ways in which
it can be adapted to assessing DOE benefits.

Valuing Air and Water Pollution Emissions

For goods and services purchased in a competitive market
(a market in which both buyers and sellers are “price takers”
that have no long-term influence on price), the market price
represents the economy’s best valuation of an additional unit
of that good or service. Determining a social value for a good
or service is difficult in the absence of a competitive market.
Economists have developed a number of approaches to help
estimate the social values of goods and services not valued
in the market. The advantages and disadvantages of the most
relevant approaches for valuing environmental benefits are
explored in the following sections. This discussion focuses
on the benefit of reducing air pollution, which is both the
primary environmental benefit identified in the Phase Two
study and the type of benefit for which, as explained below,
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value estimates are most advanced.? The committee advo-
cates applying valuations to emissions of air pollutants but
not to other types of pollutant emissions.

Damage Function Models

The Phase Two methodology results in an estimate of the
quantitative change in the level of air pollutants resulting
from the technology being studied. Turning this change in
emission levels into an economic value requires two ad-
ditional steps. The first step in evaluating the benefits of
pollution abatement is to estimate the impact of pollutants
on things society values, e.g., health, visibility, outdoor
recreation, quality and availability of raw materials, ecosys-
tem services, and other measures of environmental quality.
Damage functions must be estimated for the most important
effects of environmental pollution. In particular, the impact
on human health of air pollution includes days lost due to
restricted activity, increases in the incidence of asthma and
bronchitis, and even premature deaths. The second step is
to place a monetary value on the damages (or reductions in
damage) to health, visibility, outdoor recreation, materials
deterioration, and the natural environment. Both steps
present significant problems.

In published studies, the various physical effects are
modeled to determine the quantitative effects of changes
in ambient levels of pollution. For example, how does the
incidence of asthma or bronchitis change as air pollution lev-
els change? Despite decades of damage research, however,
both the qualitative and quantitative effects of such pollu-
tion are uncertain. One reason for this uncertainty is that our
understanding of how the damage is incurred improves over
time. For example, the Environmental Protection Agency’s
(EPA’s) benefit-cost analysis of the fine particulate matter
(PM, ) and ozone standards for 1970-1990 ascribed all
premature mortality associated with air pollution to PM, .,
assuming that the contribution of other pollutants was neg-
ligible (EPA, 1997a). A further uncertainty surrounds the
extent of life shortening associated with a premature death
due to PM, .. In addition, estimating damage functions is
complicated by interactions with other factors and the chang-
ing nature of air pollution across areas and over time. The
spatial and temporal variations greatly complicate the task
of predicting environmental impacts in a generic manner
suitable for application in a prospective planning study. Most
of the existing damage functions for water pollution apply
to specific sites; there is only a limited ability to produce
reliable generic damage functions for waterborne pollutants.
Hence, where generic regional or national damage functions

The valuation of pollutants in environmental media other than air is not
discussed here. Conceptually, such valuations would be similar to that of
air pollutants. In practice, the damage functions apply to specific sites, and
data are difficult to elicit.

41

have been developed, these have typically been for air rather
than water pollution.®> In addition, water availability is a
growing issue in many parts of the country. This can often be
linked to energy resource recovery, production, and use or to
the production of hazardous wastes as part of energy systems’
life cycles. Other impacts are more difficult to quantify and
include those related to land use, ecosystem impacts, and
aesthetics. This complexity and regional specificity hamper
efforts to monetize environmental benefits related to water.

Willingness-to-Pay Studies

Once the type and the extent of physical damage due to
increased air pollution are known, the next step is to place a
monetary value on this damage. However, there is no direct
market valuation of a reduced incidence of asthma attacks or
of being able to see a landmark from 30 miles away rather
than only 10 miles away, because there are no markets for
asthma attacks or visibility.

To appraise things like this, economists employ techniques
from the field known as nonmarket valuation. Nonmarket
valuation seeks to measure in monetary terms the value that
people place on items they care about, regardless of whether
the item is a conventional marketed commodity (e.g., a loaf
of bread, a new car) or something that the person cares about
but that cannot be purchased in a market (e.g., a beautiful
view at sunset, a pristine wilderness, a historic monument,
an excellent public school system, or a healthy body). Con-
ceptually, these nonmarket items are measured in monetary
terms by considering the change in income that is equivalent
to them, in terms of its impact on the individual’s well-being.
Thus, while the items themselves are not monetary in nature
and they cannot be obtained by the individual through the

3There are two major contexts in which generic damage functions have
been developed, oriented mainly to airborne emissions. One is “environmen-
tal costing” by public utility commissions (PUCs). The other is the EPA’s
retrospective assessment of the effects of the Clean Air Act on the “public
health, economy and environment of the United States,” mandated by Sec-
tion 812 of the Clean Air Act Amendments of 1990. EPA’s assessment, The
Benefits and Costs of the Clean Air Act, 1970 to 1990, was published in
October 1997. In addition, prior to the adoption of deregulation in the late
1990s, the PUCs in 29 states had adopted or were considering adopting some
form of environmental costing for the purpose of comparing electricity gen-
eration alternatives in the context of utility planning and regulation. In most
cases, this took the form of an approved schedule (or spreadsheet model)
of “adders” designed to keep score of the environmental costs associated
with different methods of electricity generation under the specific conditions
applicable to that state. These adders were not actually used in setting prices
nor were they charged to electricity users, but they were used in identifying
the least-cost source of electricity generation, based on a consideration of
the total social cost, including environmental externalities, rather than just
the private cost to the particular utility. The model used by New York State
and the issues generally involved in environmental costing are described and
discussed in papers presented to a symposium on environmental costing,
edited by Shogren and Smulders and published in Resource and Energy
Economics 18(4) (December 1996).
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expenditure of his own funds, their monetary value to the
individual is represented by the amount of money that could
be exchanged for them while leaving the individual equally
well off before and after the exchange. In other words, the
economic value of an item can be expressed as the amount
of money that an individual would be willing to exchange
for that item if an exchange were possible.

Accordingly, economists need to find a trade-off to mea-
sure economic value. Either they find a relevant trade-off
that occurs naturally (revealed preference) or they create one
through a survey or an experiment (stated preference). As an
example of the former, economists might examine people’s
decisions to spend money on various items to protect them-
selves against the risk of some particular illness: These
people are presumably making a trade-off between spend-
ing the money and avoiding the illness. Another example of
revealed preference is the statistical analysis of how wages
vary among occupations and, in particular, of the extent to
which higher wages are offered for more risky occupations.
The estimated risk differential in wages is used as a measure
of how willing people are to trade off more money for a
greater risk of death. As an example of stated preference a
government that is thinking of introducing a new program
(one that will save people’s lives, say, or reduce air pollution)
surveys people to learn how much they would be willing to
pay for the program. Respondents might be told that, if the
program is introduced, a household like theirs would have to
pay x dollars per year in additional taxes and might then be
asked if they would vote for or against it. The tax is varied
across different respondents, and the responses are used to
trace out a demand curve showing the percent of people who
would vote for the program at each different dollar amount.
The median of the curve (i.e., the dollar amount that 50 per-
cent of the population would be willing to pay) can be used as
a measure of the value placed on the item by the population
surveyed.

Both approaches—stated and revealed preference—to the
estimation of economic value can have problems in practice.
The specific choice being used to exemplify the trade-off in a
revealed preference study might not adequately discern what
the researcher has in mind, or it might be difficult in practice
to disentangle the trade-off of interest from other factors
involved in the subjects’ decision making. Or, respondents
might not find the trade-off credible, or they might think they
will not actually have to pay the higher taxes.* All of these
are challenges that researchers have to deal with.

While uncertainties surround both the damage functions
and the economic valuations used to monetize the conse-
quences of energy technologies, the general experience has
been that the uncertainties associated with the damage func-

4Whether or not people respond truthfully to the hypothetical trade-off
in a stated preference survey is a matter of controversy. It depends in part
on the skill with which the survey has been constructed.

tions are even larger than those associated with the economic
valuations.

Just as the physical damage caused by a particular
discharge can vary greatly depending on the location and
timing of the discharge, with the variability being much
greater for waterborne than airborne emissions, so, too,
can the economic value that people assign to that particular
physical consequence vary greatly depending on the location
and timing of the damage. In part, this is due to the spatial
(and sometimes temporal) variation in the availability of
substitutes for the good or service suffering damage: Other
things being equal, the more substitutes that are available,
the smaller the associated economic impact. In addition,
people’s preferences may vary spatially or temporally as a
function of differences in norms and expectations. There also
tends to be a difference on the economic valuation side of
impact assessment with respect to air pollution versus water
pollution. Typically, the main impacts of air pollution are on
human health, whether morbidity or mortality; impacts on
amenities and recreation, materials, and ecosystems tend to
play a smaller role.> With water pollution, by contrast, the
major consequences tend to be recreation and ecosystem im-
pacts, with human health playing a lesser role. The economic
values associated with recreation and ecosystem impacts
tend to vary spatially and temporally and generally do not
lend themselves well to generic assessment. By contrast, the
economic values associated with human health impacts lend
themselves better to generic assessment. Moreover, for its
assessments of the human health consequences of pollution,
EPA has developed over the years generalized or consensus
economic valuation of a “statistical life,” and of morbidity
impacts.® Such estimates are routinely used by the EPA in a
generic manner.’

Because of the relative paucity of generic damage func-
tions and generic economic valuations associated with
water pollution, as compared to air pollution, the committee
recommends that the assessment of environmental impacts

SFor example, in the retrospective assessment of the Clean Air Act, the
EPA determined that human health impacts (specifically, the avoidance of
premature mortality) accounted for more than 90 percent of the calculated
economic benefit (EPA, 1997a and 1997b).

The value of a statistical life is the value associated with a change of
one in the expected total number of annual deaths from some cause; it is
a statistical probability—the particular person whose life is affected is not
known and will never be individually identified. For example, a statistical
life could be the one more random traffic death in addition to the 42,000
killed on the highways each year.

"The EPA’s Retrospective Analysis of the Clean Air Act used 26 indi-
vidual willingness-to-pay studies as the basis of its distribution on health
effects from premature mortality (EPA, 1997b). Of these 26 studies, five
were based on contingent valuation methods that sought the willingness-
to-pay of individuals to avoid the risk of premature death. The remaining
studies were economic analyses that estimated the additional wages paid to
workers for accepting increases in risk of premature death. The EPA used
the median estimate of these studies, $4.8 million per life, in its benefits
calculations.
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associated with DOE’s applied R&D programs focus on air
pollution consequences and human health impacts.

A Statistical Look at Existing Damage Valuation Studies

To illustrate the effects of the foregoing uncertainties,
Table 3-1 provides a sample of the existing economic valu-
ation literature on the damage associated with air pollution.
It shows estimates of the damage cost for conventional
pollutant and greenhouse gas emissions in constant 1992
dollars per ton ($1992/t) for these releases. Note that the
existing body of literature presents a wide range of estimates
of the damage resulting from an additional ton of pollution.
Uncertainty is evident: The maximum estimates are 6 to
1,000 times greater than the minimum estimates. (The above
paragraph is adapted from Matthews and Lave (2000).)

It is important to note that these estimates of the damage
costs are not the same thing as the cost of reducing emissions
of the pollutant in question—that is, the abatement cost. The
marginal abatement cost of an emission reduction can be
estimated with much greater confidence than damage costs,
especially for pollutants for which a market in abatement
allowances exists.

TABLE 3-1 Estimates of the Social Damage Costs of Air
Emissions

Cost of Environmental Externality
(1992 $/t of air emissions)

No. of

Species Studies Minimum Median Mean Maximum

Carbon monoxide 2 1 520 520 1,050
(CO)

Nitrogen oxides 9 220 1,060 2,800 9,500
(NO,)

Sulfur dioxide 10 770 1,800 2,000 4,700
(S0,)

Particulate matter 12 950 2,800 4,300 16,200
(PM,)

Volatile organic 5 160 1,400 1,600 4,400
compounds
(VOCs)

Global warming 4 2 14 13 23

potential (in CO,
equivalents)

NOTE: CO, equivalent is the amount of CO, that would cause the same
amount of radiative forcing as a given amount of another greenhouse gas.
‘When used with concentrations, it refers to the instantaneous radiative forc-
ing caused by the greenhouse gas or the equivalent amount of CO,. When
used with emissions, it refers to the time-integrated radiative forcing over
a specified time horizon caused by the change in concentration produced
by the emissions.

SOURCE: Cifuentes and Lave (1993), CEC (1993), Desvousges et al.
(1994), Fankhauser (1994), Koomey (1990), Ottinger (1992), OTA (1994),
and Zuckerman et al. (1995).

43

For example, the 1990 Clean Air Act Amendments sets
up a plan for buying and selling SO, and NO, allowances.
Each allowance allows the owner to put one ton of that pol-
lutant into the air. The Act sharply reduced the allowable
emissions of these two pollutants over time. Plants that are
able to reduce more than the required amount are allowed
to sell their excess allowances. Plants that are not able to
meet the required reductions are forced to buy allowances.
The prices of these allowances reflect the marginal cost of
abatement rather than the social value put on the pollution
abated. Such prices depend on the stringency of abatement,
the current technology for abatement, and the ability to shift
the allowance to the future.

The price of an SO, allowance has been as low as $70 per
ton (/t) in 1996 and is currently around $850/t (EPA, 2006).
EPA projects that allowance prices will rise to $1,200/t by
2020. The NO, abatement cost is somewhat more complex
because it depends on location—areas like Los Angeles have
stringent NO, curtailment, for example, and other areas have
much less stringent abatement. Los Angeles NO  allowance
prices have been as low as $200/t in 1998 and are currently
selling at a high of around $7,700/t.

Ideally, public policy would constrain the emissions of
pollutants until the marginal cost of abatement was equal to
the marginal benefit (i.e., the decrease in total damage cost).
If so, the allowance price, an estimate of the marginal cost
of abatement, should approximate the social value of abating
these pollutants. To test this ideal against the real world, Ta-
ble 3-2 compares data on damage costs and abatement costs.
It includes the median damage costs from Table 3-1 and an
additional damage cost estimate from a study of European
markets (Banzhaf et al., 2002). Although the damage costs
differ considerably across studies, all are within the range
that Matthews and Lave (2000) identified from previous
studies. Of interest is the disparity between allowance prices
and damage costs. The allowance price for both NO_ and
CO, seems, respectively, to be near or above the maximum

TABLE 3-2 Estimates of Pollution Abatement Costs

Median Social Estimated
Damage Cost, Price of an Abatement

Taken from Allowance Cost from

Species Table 3-1 in 2006 Banzhaf et al.
Carbon monoxide (CO) 520

Nitrogen oxides (NO,) 1,060 7,700 1,160

Sulfur dioxide (SO,) 1,800 850 3,850
Particulate matter (PM, ) 2,800 2,060
Volatile organic 1,400

compounds (VOCs)
Global warming potential 14 30 8

(in CO, equivalents)
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social cost estimates. In contrast, the allowance price for SO,
is closer to the minimum abatement cost.

Finding: Although there are a host of land, water, and
perhaps public health impacts to consider, the benefits, in
monetary units, of reducing criteria air pollutants is both
the primary environmental benefit considered in the present
study and the type of benefit for which valuation methods
are most advanced.

Recommendation 1: Panels should apply valuations in
monetary units to criteria air pollutant emissions in the re-
sults matrix, but not to other types of pollutant emissions.
The valuations used should be the allowance price forecasts
for the future period.

Valuing Energy Security Benefits

Security Benefits Related to Electricity Supply

Security considerations affect the electricity supply in
two ways. One security concern relates to the type of fuel
used to produce the electricity. The United States relied on
imported petroleum for much of its electricity generation in
1973 at the time of the boycott by the Organization of Petro-
leum Exporting Countries (OPEC), but less than 2 percent
of electricity is generated from petroleum at present. Now,
almost 20 percent of electricity is generated with natural
gas. Increasing the importation of natural gas in the form of
liquefied natural gas (LNG) from nations in the Middle East
can lead to a concomitant increase in the risk of terrorists
or nations trying to influence our policies. The next section
includes a discussion of the valuation issues related to oil
and gas dependence.

The second security concern is that the electricity genera-
tion system at present provides a tempting target for terror-
ists. The resulting blackout could affect tens of millions of
people and lead to billions of dollars of costs. For example,
on August 14, 2003, 50 million people, from Cleveland
to Toronto to New York City, lost their electrical service
(U.S.-Canada Power Systems Outage Task Force, 2004). The
immediate effect was gridlock in the cities, since the traffic
signals stopped working, and danger and inconvenience as
elevators and trains (including subways) stopped operating.
The disruptions are estimated to have cost $4 billion to $10
billion (U.S.-Canada Power Systems Outage Task Force,
2004) and would have been much more expensive except that
many of the customers who would have suffered the highest
cost from the power failure had backup generators.®

8Rose et al. (2005) investigated the extent to which the initial losses can
be made up later, such as by rescheduling production. They estimate that
close to 80 percent of the initial losses could be recovered by rescheduling
production, shopping another time, or other substitute actions. Thus, the true
economic cost of a disruption is likely to be different from the cost estimated
without considering these mitigating factors.

One way to reduce blackouts is by having distributed
generation, particularly where the generators are small and
located at the customer’s site. Distributed generators can
be internal combustion engines (diesel- or natural-gas-fu-
eled), microturbines run on natural gas, or renewable energy
systems using biomass, wind, or solar energy. Zerriffi et al.
(2002) estimate that having distributed generation (DG) in
the system could improve reliability 10-fold, at little addi-
tional cost. In some applications, distributed generators can
also have economic advantages. They can provide power for
peak demand, saving considerable costs. Alternatively, they
can be used for combined heat and power (CHP). If rejected
heat from the power cycle is utilized as process heat, the
energy utilization factor of the CHP system could be close
to 100 percent, compared with 30 to 50 percent for a central
station generator. In some cases, however, these generators
would replace large central station generators powered prin-
cipally by coal or nuclear fuel. If so, increased reliability
and one type of security would be gained by use of imported
fuels for DG machines, but another type of security would
be decreased.

Thus, there is a complicated relationship between secu-
rity and the electricity supply system. Large blackouts are
relatively frequent and costly.? The system is an easy target
for terrorists. If terrorists could mount a compound attack,
they could paralyze a city by taking out the electricity supply
and then attack high-value targets knowing that police, fire,
medical services, and security services would find it hard to
respond. Adding DG to the current electricity system could
increase reliability and security, removing the electricity sys-
tem as a terrorist target, and could also increase the efficiency
with which fuels are used. However, an increase in oil- or
natural-gas-powered DG would require more imports of oil
and natural gas, increasing the other kind of energy security
threat.

Finding: While the complex relationship between the elec-
tricity supply and security is becoming clearer, analysts are
a long way from having methods for valuing reductions in
security threats contributed by technologies such as distrib-
uted generation.

Recommendation 2: Panels conducting prospective ben-
efits assessments should describe reductions in threats to
energy security related to electricity supply as physical
quantities of oil and gas.

Security Benefits Related to Oil and Gas Consumption

In addition to environmental externalities, increases in

9Analysis of North American Electric Reliability (NERC) Distribution
Analysis Working Group (DAWG) database indicates an average of three
blackouts per year that were greater than 1,000 MW and one or two black-
outs per year that affected 1 million or more people. See Hines et al. (2006)
for an analysis of large blackouts in the United States.
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U.S. oil and gas consumption and imports may impose
incremental costs on the United States that are not reflected
fully in the market price. Therefore, individual households
and businesses may choose to consume more oil or gas than
is optimal from the U.S. perspective, and reductions in con-
sumption could increase national welfare. Such incremental
costs might include (1) increases in the price of imported oil;
(2) macroeconomic disruption externalities associated with
price volatility; (3) adverse consequences for U.S. foreign
relations; and (4) increased military expenditures to secure
energy supplies. These costs have been estimated for oil
consumption and are reported below. In principle, similar
estimates can be made for natural gas, but the committee is
unaware of such research having been done.

Collectively, these cost components are sometimes called
the “oil premium.” A comprehensive review by Leiby et al.
(1997) suggested a preferred range for the oil premium at
$0-$5/bbl; however, under broader assumptions their range
extends to $10/bbl. Another recent NRC committee assumed
an oil premium of $5/bbl in its examples, with a range of
$1-$10/bbl (NRC, 2002a). This somewhat broader range
mainly reflects the updating of Leiby et al. (1997) for higher
baseline oil prices. Parry and Darmstadter (2003) put their
best assessment of the oil premium at about $5 per barrel and
cite a range in the literature of $0-$14/bbl. However, those
studies focused on the first two cost components listed above.
And, they were completed when there was significantly more
excess capacity and lower prices in the oil markets than is the
case now. But these two components of the oil premium can
be expected to depend heavily on world oil market conditions
and to vary sharply over time as these conditions change.

Each of the factors has been discussed qualitatively by
the recent report of an independent task force sponsored
by the Council on Foreign Relations, National Security
Consequences of United States Oil Dependency (2006).The
following paragraphs discuss each of these components of
the oil premium in turn.!°

Impacts of U.S. Demand on World Petroleum Prices. Re-
ductions in U.S. petroleum consumption may have the effect
of lowering world prices, with U.S. consumers paying less
to oil producers, and increases in U.S. consumption may in-
crease world prices. From the point of view of U.S. economic
welfare, any reduction in payments to foreign oil producers
can be considered a terms-of-trade benefit.!! Previous stud-
ies have valued this benefit at $1-$5/bbl (Leiby et al., 1997,

10Greene and Ahmad (2005) treat the economic costs “as arising from
the use of monopoly power in the world oil market,” and distinguish their
approach from those treating the oil premium as an externality, such as the
approach of Parry and Darmstadter (2003).

HTerms-of-trade issues exist in markets other than the oil market.
However, for most nonagricultural goods, nations have agreed through the
World Trade Organization (WTO) and previous trade agreements to operate
competitively. But in oil markets, the OPEC has exercised its ability to keep
prices higher than competitive levels and such agreements do not operate.
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Parry and Darmstadter, 2003), with the range depending
primarily on assumptions about the import supply elastic-
ity and the price of oil. Such estimates depend crucially on
the elasticity of supply and demand in the world oil market.
When there is very little extra capacity, as can be expected
over the foreseeable future, shifts in the worldwide supply
and demand for oil can have significant impacts on the world
oil price. Because world oil markets clear, supply changes
and demand changes must be equal, with prices adjusting to
preserve the equality.

Assume that in the short run, the elasticity of demand!?
for oil on the world market is between —0.1 and —0.2. Thus,
when supply cannot adjust—that is, the elasticity of sup-
ply is zero—a 1 percent increase in world oil consumption
(0.86 million barrels per day (mmbpd)) can be expected to
increase world oil price by between 5 percent and 10 percent
($3.50-$7.00/bbl, at current prices.) A decrease in world oil
consumption can be expected to decrease world oil price
correspondingly. Assume that the United States is import-
ing 11 mmbpd, or 4.015 billion barrels per year, and paying
$70/bbl, the annual cost would be $281 billion per year.
If the United States increased its imports to 11.86 mmbpd
(annual imports of 4.329 billion barrels) and the oil price
increased to $73.50/bbl, the annual cost would increase to
$318 billion, up by $37 billion. The total annual cost to the
United States would increase by $118 per additional barrel
of oil imported during the year, an amount far higher than the
market price of $70. The difference between the additional
cost to the United States and the market price—3$48/bbl—is
a term-of-trade cost to the United States and thus, from its
perspective, a financial externality. If the oil price were to
increase by $7/bbl, the annual cost would increase to $333
billion, up by $52 billion. The total annual cost to the United
States would increase by $167 per additional barrel of oil
imported during the year; the financial externality would be
$97/bbl.

When there is much unused oil production capacity and
the OPEC nations are operating so as to keep oil price at a
target level, increases in oil demand will have virtually no
effect on world oil price; equivalently, the elasticity of supply
of oil is very high. In that case this financial externality is
near zero. To illustrate, assume that in a time of significant
unused oil production capacity, the elasticity of oil supply
is 10—that is, an increase in oil consumption of 1 percent
(0.86 mmbpd) increases oil price by 0.1 percent. Then such
an increase in oil consumption would increase price to
$70.07/bbl and import costs would increase to $303 billion,
a total increase of $22 billion. The total annual cost to the
United States would increase by $71 per additional barrel of

12The elasticity of demand measures the ratio of percentage change in
demand to percentage change in price, all else equal. Thus for a 10 percent
increase in price, an elasticity of demand of —0.1 implies that demand
would decrease by 1 percent and an elasticity of demand of —0.2 implies
that demand would decrease by 2 percent.
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oil imported during the year; the financial externality would
be only $1/bbl.

Thus, for those times during which the elasticity of sup-
ply of oil is zero, the financial externality could be between
$48/bbl and $97/bbl, while for those times during which
the elasticity of supply of oil is as high as 10, the financial
externality would be as low as $1/bbl.

Oil Supply Disruptions.'> Wages and prices for many goods
are “sticky”” and do not adjust seamlessly to changes in input
prices or macroeconomic variables. In particular, spikes
in oil prices increase input costs and reduce the marginal
productivity of labor. In a labor market with sticky wages,
such price increases could lead to increased unemployment
and reductions in gross domestic product (GDP). Oil price
volatility also adversely affects owners of vehicles and other
fixed capital that operates on oil, who are limited in their abil-
ity to adjust oil consumption when prices rise or fall. Volatil-
ity imposes an extra cost on these consumers. These costs are
reduced if the economy is less dependent on oil. Estimates of
the value of these disruption externalities range from $0 to $8
per barrel (Leiby et al., 1997; Parry and Darmstadter, 2003).
As a point estimate, the National Highway Traffic Safety
Administration (NHTSA) (2006) uses $2/bbl. See Jones and
Leiby (1996) and Jones et al. (2004) for reviews of the impact
of oil price volatility on the macroeconomy.

These estimates can be expected to be considerably higher
when there is very little unused capacity in world oil markets.
When there is a large amount of unused capacity, disruptions
in oil supply from one part of the world can be met be com-
pensating increases in supply from other regions—that is,
the short-run elasticity of supply can be expected to be very
high. In those circumstances disruptions in supply from one
region lead to relatively small increases in world oil price
and few macroeconomic dislocations. However, when there
is very little unused capacity, disruptions in oil supply can-
not be met by compensatory increases in supply from other
regions; the short-run elasticity of supply can be expected
to be very small. In those circumstances disruptions in sup-
ply lead to large increases in world oil price and very costly
macroeconomic dislocations.

Increased Oil Imports and U.S. Foreign Relations. In the
current tight world oil market situation, increases in oil
consumption and thus of oil imports limit foreign policy
options (for example, in our relationships with Saudi Ara-
bia) and may be putting the United States in a position of

13Macroeconomic externalities cannot be measured by simply looking at
the change in prices, costs, or quantities of energy. The committee includes
them in a separate category from the economic benefits in part to reflect
the difficulty of measurement and the substantial uncertainty that surrounds
their occurence, severity, and assessment. Of course the macroeconomic
externalities—Ilike the other security and environmental benefits—have real
implications for the economic health of the country.

competing with China and other oil-importing countries.
Additional imports increase the revenues flowing to oil-ex-
porting nations whose political agendas conflict with those
of the United States (for example, Venezuela) and give those
nations increased ability to use their oil revenues to press
their strategic advantage over the United States. Additional
U.S. imports tighten the world oil market; a tight world oil
market discourages other importing nations from taking
strong stands against the actions of major oil exporters (for
example, Iran’s nuclear program).

Although this factor has been discussed qualitatively in
the Council on Foreign Relations’ independent task force
report National Security Consequences of United States Oil
Dependency (2006), the report did not provide quantitative
estimates of these externalities. The committee is not aware
of any study that attempts to quantify the impact of increased
oil imports on U.S. foreign relations.

Military Expenditures Related to Securing Energy Supplies.
These costs of U.S. oil consumption are not reflected in the
price of oil. However, it is not clear that these costs would
vary significantly with changes in U.S. oil consumption. For
example, military activities in world regions that are vital
suppliers of oil undoubtedly serve a wide range of security
and foreign policy objectives so that most analysts estimat-
ing the benefits of marginal changes in oil consumption and
imports have not included these costs in their estimates,
either because they believe that the military expenditures
would not change significantly with changes in oil imports
or because they have no method of rationally quantifying
the externality.

Summary. Reasonable estimates of some of the externalities
related to oil consumption exist and could be used to assign
an economic value to reducing oil consumption. However,
the estimates will be highly dependent on time and on expect-
ed future oil market conditions. Moreover, the committee is
at this time not aware of any good quantification of some of
the externalities, so they must be discussed qualitatively un-
less and until reasonable quantifications are developed.

Finding: Increases in U.S. oil and gas consumption and
imports may impose incremental costs that are not fully
reflected in the market price. Some of the cost components
of this oil premium have been estimated in various studies.
In principle, similar estimates could be made for natural
gas, but the committee is unaware of such research having
been done.

Recommendation 3: Panels should describe energy securi-
ty benefits related to reduced oil and natural gas consumption
quantitatively in the benefits matrix as physical quantities of
oil and gas. The time pattern of the oil consumption impacts
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should be made explicit, along with an assessment of the
probable state of the oil market during those future times.

METHODOLOGICAL CONSIDERATIONS IN
MEASURING BENEFITS

The Phase One prospective benefits study discussed and
demonstrated principles for calculating the economic benefits
of DOE programs and proposed a decision tree methodology
for benefits estimation based on these principles. (At the start
of their work, the six panels all received the methodology
as it stood at the conclusion of Phase One. See Appendix F.)
As noted at the outset of this chapter, one objective of this
Phase Two study was to refine the methodology and assess
its utility.

As detailed in Appendix F, the general structure of pro-
spective benefit assessment methodology involves (1) char-
acterizing relevant states of the world according to prices,
regulations, and other constraints that influence the benefits
of the technology (i.e., the scenarios); (2) considering plau-
sible technological outcomes of the program and assigning
probabilities to each outcome; and (3) evaluating the extent
to which the technology is deployed under a given scenario
as well as probable competition from alternative technolo-
gies that may have also been developed over the project
period. Each plausible technological outcome, together with
market and policy conditions, yields economic savings and
environmental and security benefits. Estimating the net bene-
fit of DOE’s programs requires two additional steps. The first
is to work out the difference due to the DOE program—that
is, to compare the outcome with the DOE program with the
outcome had there been no such program The second step is
to estimate the likelihood of each potential technological and
market outcome and then weight the benefit of each outcome
by this likelihood. This process is summarized in the decision
tree analysis associated with each of the panel studies.

In the following sections the committee draws conclu-
sions about the methodology based on the experience of
applying it to six DOE applied research programs. Where
appropriate, it recommends refinements to the methodology
and offers guidance for its implementation in the future. The
committee’s conclusions and recommendations are based
on its review of the experiences of the six panels, which
are summarized in the panel reports. The conclusions and
recommendations of the committee fall in five areas:

* Decision tree analysis. The committee endorses the
decision tree framework for use in estimating the benefits
of DOE’s applied research programs. However, panels must
take care, and they will require guidance from a decision
analyst (the consultant) to understand how to assign prob-
abilities and isolate the government impact.

* Global scenarios. The scenarios developed by the
committee for all panels proved to be a valuable tool for
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characterizing and quantifying the benefits of the DOE R&D
programs. However, the Phase Two experience shows that
panels sometimes needed to have the scenarios clarified for
them to be able to address issues that were important to the
specific R&D program.

* The National Energy Modeling System (NEMS). This
model is important for providing baseline energy prices and
demands, but using it to estimate the prices of and demands
of all different program outcomes is unlikely to yield refine-
ments to the estimated benefits.

* Modeling alternative technologies. The success or
failure of competing or complementary technologies can sig-
nificantly affect the value of a DOE applied research project.
Although Phase Two clarified this issue and provided some
methodological guidance for dealing with it, more work is
required to describe a method for estimating the benefits in
DOE’s overall portfolio.

» Implementation issues. The panels were generally suc-
cessful in implementing the committee’s methodology, but
the Phase Two experience turned up three process issues that
should be considered in future studies.

Decision Tree Analysis

The primary aims of DOE’s programs are these: (1) to
reduce technical risk, (2) to reduce market risk, and (3) to
accelerate the introduction of the technology into the market-
place. To understand how a government program can yield
net benefits and to estimate benefits under different sce-
narios, the committee involved in Phase One of this project
developed a decision tree methodology that integrates the
assessments of experts and yields estimates of market risks,
technical risks, and project outcomes under the three global
scenarios.

Constructing a decision tree that captures a minimal yet
representative set of outcomes for a DOE research program
is the most important part of the assessment exercise, as well
as a very challenging task. It requires knowledge of markets,
the technology status, and program alternatives. The benefits
estimated using the recommended methodology thus depend
crucially on a panel’s ability to (1) construct a decision tree
that captures the key technical and market risks of an applied
research program, (2) make reasonable estimates of those
risks, (3) assess the timing of technology development,'# and
(4) assess the differential success of the government research
program relative to that of non-DOE efforts in achieving
the stated goals of the program. The panels all succeeded
in developing an appropriate decision tree for their DOE

14The 5-year rule had been recommended by the NRC Committee on
Benefits of DOE R&D on Energy Efficiency and Fossil Energy R&D
(see NRC, 2001) for use in the absence of better information. Because the
experience with the panels convinced the committee that the 5-year rule is
often inadequate for prospective evaluation, it recommends a more elaborate
methodology in this report.
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programs. For this reason, the committee continues to recom-
mend the use of the decision tree framework. However, the
construction of the tree is a difficult process, so the commit-
tee also continues to recommend, as detailed in Chapter 4,
the use of a trained decision analysis consultant to facilitate
this process.

The panels were also able to specify the probabilities
required to complete the tree, but again the task was chal-
lenging. The committee is particularly concerned about
the experts’ ability to estimate very low probabilities. For
example, experts may not be able to distinguish between .1
and .01 when assigning probabilities to technical and market
success, even though a tenfold difference can greatly influ-
ence the calculated values. Alternatively, it is possible that
a very small probability—say .1 or .05—overestimate the
still lower probability an expert believes in but finds difficult
to justify or defend. These issues also point to the need for
a skilled facilitator who can help panelists appreciate the
impact of these differences and/or perhaps decompose the
overall assessment into a series of smaller and easier assess-
ments. For example, rather than directly assessing a very
small probability of success, the assessment can perhaps be
decomposed into assessments of success for several technical
hurdles required for success; none of these hurdles may on its
own have a very low probability, yet the overall probability
of success (given by the product of these probabilities) may
be quite low. In cases with very low probabilities of very
large benefits, it is important for the discussion of the risks
in the matrix to make this clear.

Another challenge that arose in some panels with respect
to decision trees was isolating the effect of government-
funded research, particularly when the government program
is small in relation to private sector activity aimed at the same
goal. The decision tree methodology proposed in Phase One
and Phase Two by the committee calls for estimating this
benefit as the difference between benefit of the R&D with
government support and the benefit without public support.
In this case, both benefits estimates are very large and un-
certain numbers, and the difference is relatively small and
difficult to estimate with much confidence. Consideration
should therefore be given to modifying the methodology or
to using alternative approaches. In addition, the committee
encourages panels to describe explicitly the role of the gov-
ernment effort and its expected benefits when there is already
a relatively large amount of non-DOE research.

Global Scenarios and Their Implementation

As did its predecessor, the Phase Two committee defined
three global scenarios for each panel to use: a Reference Case
scenario, a High Oil and Gas Prices scenario, and a Carbon
Constrained scenario:

* Reference Case. The Reference Case is consistent
with the Energy Information Administration’s (EIA’s) refer-

ence case in its Annual Energy Outlook 2005 (EIA, 2005b).
World oil prices increase from $24.10/bbl in 2003 to about
$30/bbl in 2025. Natural gas consumption increases signifi-
cantly—i.e., from 22 trillion cubic feet (Tcf) in 2003 to 31
Tecf in 2025—with wellhead prices decreasing from $4.98 in
2003 to $3.64 per thousand cubic feet (Mcf) in 2010, then
increasing to $4.79 per Mcf in 2025.15 There is assumed to
be an increase in primary energy consumption from 98.22
quadrillion British thermal units (quads) in 2003 to 133.8
quads in 2025. GDP is expected to grow 3.1 percent per year
through 2025. U.S. carbon dioxide emissions from energy
consumption are assumed to grow, from 5,788 million metric
tons in 2003 to 8,062 million metric tons in 2025.

* High Oil and Gas Prices. The High Oil and Gas
Prices scenario assumes that oil prices will remain very high
throughout the period and that constraints on natural gas
supply lead to higher natural gas prices and higher electric-
ity prices. The committee doubled the prices forecast in the
EIA (2005b) High Price A scenario to arrive at its own set
of prices it felt to be more likely given the recent upsurge
in prices. For example, the oil price in 2010 in this scenario
is $67.98 (including the committee’s doubling) versus $25
in the Reference Case, and the natural gas price in 2010 is
$7.34 per Mcf versus $3.64 per Mcf in the Reference Case.
In the period after 2025, the real price remains constant.

e Carbon Constrained. The Carbon Constrained sce-
nario is consistent with that developed by DOE and assumes
that U.S. emissions of carbon are constrained in response to
environmental concerns. Specifically, this scenario assumes
that the Global Climate Change Initiative goal of an 18 per-
cent reduction in national greenhouse gas intensity (below
the 2002 level) is achieved by 2012 (White House, 2002).
This effort is implemented as a tax of $100 per ton of carbon
(/t C) emissions beginning in 2012, increasing at 3 percent
in real terms thereafter, and assumes that annual emissions
are held constant at that level thereafter.

Each panel was encouraged to define additional scenarios
if it thought that such scenarios would more accurately por-
tray the program’s benefits. Only one panel needed an en-
tirely new scenario. The Panel on DOE’s Distributed Energy
Resources Program found that DG technologies, and CHP in
particular, are of much greater value to host facilities located
in large urban areas of the country. As defined by the panel,
the scenario assumes that sufficient power is not available
for some extended time (weeks or months) in one or more
high-demand load pockets in the affected regions of the
country. The critical power shortage can be ameliorated by
taking several actions, including reducing voltage, imposing
selected rolling blackouts; terminating supply to selected
high demand customers with interruptible electricity service
contracts; increasing real time electricity prices; implement-
ing special energy efficiency programs; and installing CHP

SAll prices are stated in 2003 dollars and thus do not reflect inflation.
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systems in load-constrained areas. This energy-constrained
scenario recognizes the value of bringing new electricity to
an urban area and increases the expected net benefits of CHP
by over 40 percent.

Two other panels found that one or more of the global
scenarios required some clarification to address issues en-
countered by the DOE program in question:

* The Panel on DOE’s Carbon Sequestration Program
found that a good deal of private sector R&D was taking
place and thought that even more R&D would take place if
it were widely known that carbon taxes or constraints were
imminent. To address the timing of new carbon taxes or
constraints, the panel assumed that the carbon-constrained
scenario would include an announcement of the carbon tax
5 years before the tax is levied. The announcement would
expedite private sector R&D and reduce the impact of DOE
funding. This assumption about the timing of the announce-
ment of constraints had a significant effect on the estimated
benefit.

* The Panel on DOE’s Integrated Gasification Combined
Cycle (IGCC) Technology Program found the scenario ap-
proach to be valuable but adjusted the scenarios to account
for the dependence of outcomes on the success of other R&D
programs and the dissemination of competing technologies.
Thus, the panel estimated one benefit level if IGCC displaces
pulverized coal and a higher level if it displaces natural
gas combined cycle (NGCC) power plants. This difference
is particularly noticeable for the High Oil and Gas Prices
scenario.

* Finally, the Panel on DOE’s Light-Duty Hybrid Vehicle
Technology Program found the scenarios useful but found it
difficult to translate DOE’s program goals into expected ben-
efits in the three global scenarios because different elements
of the program reacted differently to different scenarios. For
example, with the R&D on improved battery performance,
the Reference Case led to moderate benefits for the program;
the High Oil and Gas Prices led to higher probabilities of
achieving the goal and higher benefits; and the Carbon Con-
strained scenario led to an intermediate result. The benefits
and probabilities for the vehicle light-weighting R&D varied
by scenario in a different way, and the advanced combustion
engine R&D was not sensitive to the choice of scenario.

The National Energy Modeling System

NEMS is the basic tool used by DOE to estimate energy
prices and consumption. The committee’s recommended
methodology proposes to use NEMS to develop prices and
quantities for the global scenarios, but also suggested that in
most cases a simpler spreadsheet analysis would be sufficient
to account for the changes in outcomes caused by introduc-
ing a new technology in a given scenario. This approach was
taken by the panels in the Phase Two study.

NEMS is a critical tool for deriving price and quantity
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projections of programs that could have the potential for
economy-wide consequences. Its value lies in identifying
and characterizing equilibrium and feedback effects. For
example, carbon constraints will dramatically increase the
cost of electricity generated from coal in the absence of se-
questration technology. This will have a number of economic
consequences, each of which is relevant to evaluating the
economic benefits of the DOE sequestration program. Absent
the technology, demand will rise for natural gas (as will its
price) as an alternative to coal for generating electricity.
The cost increase is large enough to affect both demand and
supply: Given the increased costs, electricity demand itself
will diminish without sequestration technology. Estimates
depend on assumptions and projections about economic
growth, industrial use, base load versus peak load deploy-
ment opportunities, and other technological developments
and cannot be easily calculated without NEMS.

NEMS also yields costs of alternative technologies,
thereby providing additional guidelines for the choice of
scenarios. Gasification, like sequestration, has the potential
to bring about major shifts in the electricity generation mix,
electricity prices, and fuel input prices. The cost projections
for alternative technologies indicate the range of IGCC cost
and performance characteristics over which IGCC will sat-
isfy a large share of baseload power needs, only a moderate
share, or no share at all (if it is unable to compete with other
technologies).

Although NEMS is invaluable for these purposes, a
key consideration in using it is whether small changes in
parameters—for example, a 10 percent increase or decrease
in the price of the technology—are likely to yield estimates
significantly different from, or, possibly, even more accurate
than estimates yielded by modifying or interpolating from a
few NEMS runs. The model itself, as well as cost estimates
for the technologies and the assigned probabilities, is subject
to uncertainty. Furthermore, considerable time and resources
are needed to use the NEMS model.

The work of the panels in Phase Two suggests that the
committee’s recommended approach of using simple spread-
sheet models calibrated to NEMS results is feasible and
workable. In particular, each panel was able to estimate the
change in benefits associated with reasonably small varia-
tions in cost by interpolating from several NEMS runs rather
than requiring separate estimates for each of the alternatives
considered in the analysis. In some panels, NEMS was not
needed at all. For example, the chemical plant energy effi-
ciency projects considered by the Panel on DOE’s Chemical
Industrial Technologies Program involved niche markets, so
that market prices for energy inputs and overall demand for
other goods are unlikely to be significantly affected by the
outcome of the program.

Although the spreadsheet approach to calculating ben-
efits was successfully applied in each case, some committee
members felt that the panels did not devote enough time and
attention to the benefits calculation model. The benefit mod-
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eling process, like decision tree modeling and probability
assessment, is challenging. It requires considerable expertise
and judgment and should not be considered a cleanup task to
be taken care of by the consultant and one or two panelists.
Rather, the approach and logic underlying these calculations
should be presented to all the panel members so they can
understand and debate its key assumptions.

Modeling Alternative Technologies

The success or failure of alternative technologies can
significantly affect the value of a DOE applied research pro-
gram. These other technologies may be competing programs,
each of which is directed to the same goal, or complementary
programs that must also be successful if the program being
analyzed is to produce a benefit. Technologies that have a
major impact on project benefits should be included in the
analysis, but this is methodologically challenging. The Phase
Two experience helped to define the problem but did not fully
resolve it.

When dealing with competing technologies, the benefits
analysis must consider the entire set of competing projects,
so benefits will not be double counted. In these cases, invest-
ing in competing technologies increases the probability of
success but not the benefits associated with success.

A similar situation exists, but with different net program
benefits, when two distinct competing technologies are
invested in by different parties (e.g., IGCC at DOE and pul-
verized coal technology by private companies). While the
likelihood of a technology’s success and its associated ben-
efit increases in this situations, the net benefit of the govern-
ment program decreases with the likelihood that the private
technology will succeed. When the alternative technology
programs are conducted outside DOE, the committee’s meth-
odology can estimate the benefits satisfactorily by including
outcomes for these competing technologies in the decision
tree. For example, the success of pulverized coal technology
with carbon capture affects the likely market penetration
of IGCC technology. That relationship can be reflected in
the decision tree directly by assigning probabilities to the
relevant outcomes.

Benefits can be more difficult to assess with complemen-
tary programs, although the principles remain the same. For
example, the main components of the DOE R&D electricity
programs in fossil energy and energy efficiency are comple-
mentary, most obviously, coal gasification and sequestration.
Perhaps less obvious are the complementarities of electric-
ity programs generally with the fuel cell and DG programs.
These last two technologies use natural gas and reduce the
share of peak power plants in the generation mix. Overall,
according to the NEMS results, the program increases both
demand for IGCC and its attractiveness relative to NGCC.

While more work is required to define the portfolio analy-
sis in the presence of complementarities, the committee notes
that it will be important to consider the connections among

DOE programs when grouping programs for a benefits as-
sessment. For example, a review of the full DER effort may
be more desirable than a review of the CHP element alone.
Aggregating along these lines can reduce the complications
of complementarities by subsuming them in a more general
decision tree analysis.

The Phase Two studies provide relatively little experience
in modeling dependence between DOE projects and tech-
nologies. The Panel on DOE’s Chemical Industrial Technolo-
gies Program examined a portfolio of small research projects
but treated them as mutually independent; that is, all could
succeed or fail without significantly affecting the benefits of
any of the others. The panel showed that in this limited case,
it is possible to assign overall success probabilities to each
project and to create a cumulative probability distribution of
expected benefits using a Monte Carlo simulation. However,
further work would be required to analyze jointly a portfolio
of projects where the success of one could affect the benefits
of others.

In a full implementation of this program assessment
process, the committee recommends that in selecting activi-
ties for review the interdependencies of program elements
be considered. For example, the IGCC, gas turbine, carbon
sequestration, and stationary fuel cell activities are all
programs within the Office of Fossil Energy that address a
carbon-constrained scenario. In addition to these activities
is the FutureGen coal demonstration project. If the review
of these components is carefully coordinated, decision mak-
ers would gain a more integrated view of the benefits of the
overall program.

Implementation Issues

The panels were generally successful in implementing
the committee’s methodology, but the Phase Two experience
uncovered three issues that should be considered in future
studies:

1. The natural gas and hybrid vehicles panels were not
able to calculate benefits for certain scenarios. To a large
extent this was due to the inadequate support provided by
DOE program staff. To a lesser extent, the strong techni-
cal competency of the panel members led them to focus
more on technical risks than market risks. The committee
recommends that the next assessment engage an additional
consultant with benefits modeling expertise to ensure that
the benefits are calculated in a consistent manner. The com-
mittee determined that it would be helpful as well to have
these calculations performed between the first and second
panel meetings and made available to the panelists, on a
preliminary basis, at the start of the second panel meeting.

2. If the DOE programs account for only a small share
of the overall international and/or industrial effort in the
area, it is very important for the panel to be knowledgeable
about that overall effort so that it is able to reliably assess
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the potential impact of the DOE program. Both the Natural
Gas Exploration and Production Program and the Chemical
Industrial Technologies Program are in this category, and it
is these panels that had difficulty assessing the benefits of
the two DOE programs.

3. Applying the prospective benefits methodology to
DOE’s light-duty vehicle hybrid technology R&D program
required the panel to specify key items that were not always
apparent from the documents and information provided by
DOE. In particular, some of the program goals were not
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described explicitly and completely. For example, setting a
cost target of $28/kW for a battery by the year 2010 does not
describe the objective adequately for assessment purposes.
Does the cost target mean a customer could actually buy a
battery at that cost? Does it mean that the technology exists
that in principle would allow a commercial firm to make such
a product? Does it mean the 500,000th production unit or the
first? All these conditions must be specified for the assess-
ment method to succeed, and both reviewers and proponents
must state their goals quite explicitly.
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Expert Panel Process

INTRODUCTION

The program assessment process centers on establish-
ing an expert panel to review selected DOE research and
development (R&D) programs or projects. The expert panel
conducts a technical assessment based on a brief description
by DOE of the program under review and its component
projects. The panel assesses the conditional benefits of the
program, assuming the program meets its stated goals. The
panel also considers other perhaps more appropriate or
more likely to be attained goals of the program. The panel
estimates benefits using simplified models whenever pos-
sible, following the methodology described in Appendix F,
“Guidance on Evaluation of Program Benefits,” but it can
also obtain benefit information from a general equilibrium
model like the National Energy Modeling System (NEMS) to
provide internally consistent information on price and quan-
tity and their impacts. In this instance, benefits estimates are
provided by DOE to the panel as illustrated in Appendix G,
“Information to be Requested of the Department of Energy.”
The panel members’ expertise and the decision trees assess-
ment tool described in Appendix F are used to develop the
probabilities for technical and market risk for the program
as a whole. The results of the probability analysis are used
to estimate the expected program benefits. The panel is sup-
ported by two consultants: one, perhaps in decision analysis,
who has a working knowledge of the benefits assessment
methodology being proposed by the committee and the
other in modeling, to calculate the benefits of the program
using inputs from DOE and the probabilities arrived at by
the panel. The panel reports its results, including its decision
trees and its comments on the program risks, in the format
defined in Appendix F, Figure F-4. In addition, the panels
must consider a number of issues and adhere to the quality
assurance guidelines described in the last two sections of
the present chapter. The committee supports the panels by
overseeing and reviewing their work to ensure consistency
in the way the panels apply the methodology.
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This chapter describes a specific process for the work of
the expert panels. It also contains suggestions for establish-
ing an overall quality assurance function.

EXPERT PANEL COMPOSITION

Six to eight experts are empanelled to evaluate a given
DOE program and to apply the process, including the risk
and benefits assessment methodologies. The size of the panel
is dependent on the breadth of the program to be reviewed.
Each panel will require a balance of skills and a wide range of
expertise and experience to ensure that all relevant issues are
identified, fully discussed, and factored into the assessment.
The membership of the panel might include the following:

* A manufacturer knowledgeable about both the conven-
tional technology and the new technology being advanced by
the program, market issues associated with its commercial
adoption, and research, development, and commercial appli-
cation of the technology domestically and internationally;

* An end user of the technology, possibly a builder or
utility representative who can provide a user’s perspective;

* A chief technology officer or an R&D manager (or
equivalent) from industry familiar with how to take a tech-
nology from the laboratory to the market;

* A public policy analyst or decision maker with expertise
in energy, environmental, and economic analysis;

* An expert in the technology being reviewed, who could
come from industry, academia, or a national laboratory;

* An economist who can review and provide insights on
the economic information provided by DOE and who will
assure that the evaluation methodology is properly used by
the panel; and

* Other related expertise as deemed necessary.

The panel is led by a chair with broad expertise and ex-
perience in analyzing energy and environmental issues and
technologies. The panel chair should have considerable skills
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in managing and facilitating meetings and be familiar with
benefit assessment of R&D programs. The panel chair should
be recognized as having technical and/or assessment knowl-
edge in the program area that the panel will be evaluating. It
would also be helpful if the chair is familiar with how DOE
conducts R&D activities and with DOE’s operating proce-
dures. The chair is identified before the panel is nominated.

To keep the size of the panel to six to eight people, some of
the members might possess more than one kind of expertise.
Members may come from institutions currently engaged in
activities with DOE, but they should not be directly involved
with DOE in the program being reviewed. The panels will
be chosen by an entity independent of the programs being
reviewed.

To assure independence, freedom from conflict of interest,
and balanced composition, a process similar to that used by
the National Research Council (NRC) to form committees
is adopted, whether the review is being performed under the
auspices of the NRC, of a DOE-appointed Federal Advisory
Committee Act (FACA) committee, or of another organi-
zation. While the panel is clearly not being charged with
performing a traditional program review or evaluation, it
must understand the programmatic issues in order to inde-
pendently establish probabilities and expected benefits using
the committee’s methodology.

Panel members are chosen based on their expertise in the
specific technology being reviewed, in business develop-
ment, or in related policy areas. They are not necessarily
expert in or even familiar with the methods used by DOE
to administer, implement, analyze, or evaluate programs,
including the Energy Information Administration’s (EIA’s)
NEMS, decision-tree analysis, or the benefits methodology
proposed by this committee. Accordingly, the committee
recommends that one or two consultants (depending on the
number of programs that are being reviewed) provide sup-
port to the panels. The consultant(s) should have expertise in
(1) decision analysis and methodology and (2) modeling and
economics. They work with the panel members and, if it is
an NRC review, with NRC staff. The one or two consultants
each work with all the panels and assure consistency among
the panels in their use of the methodology and calculation
of benefits.

ROLE OF THE PANEL CHAIR, THE CONSULTANT(S),
AND THE OVERSIGHT COMMITTEE

Chair

The panel chair schedules, organizes, and facilitates meet-
ings of the panel and is responsible for report completion. In
addition, the panel chair

* Recommends potential panel members.
* Meets with other panel chairs before the first meeting of
the panel to coordinate and ensure consistency of activities.
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* Meets with the consultant and DOE program staff to
review the panel’s need for data, as illustrated in the program
assessment summary (PAS) forms (Appendix G).

* In preparation for the first meeting, draws up, with the
consultant(s), an initial request to DOE for information, con-
sistent with the discussion in the section “Interactions with
DOE and Information Request” in this report which calls for
the chair and consultant(s) to meet with the DOE program
management prior to the first panel meeting.

* Discusses with the consultant(s) any questions about
the use of the methodology as well as any emphasis (or
deemphasis) to be applied to portions of the methodol-
ogy to make it relevant to the needs of the program being
reviewed.

» At the completion of each panel meeting, meets with
the oversight committee chair to assess crosscutting and
portfolio issues as well as lessons learned.

The panel chair needs to spend a fair amount of time
outside the actual panel meetings working with DOE pro-
gram managers, DOE management—perhaps at the level of
assistant secretary—and the independent consultant(s). If the
study is conducted by the NRC, the panel chair’s primary
point of contact is NRC staff.

At the first panel meeting, the chair ensures that all
panelists are familiar with the procedures outlined in this
chapter and that they know what is expected of them in the
study. With support from the consultants, the chair opens
the first meeting with a briefing to panelists on the following
topics:

» History of the prospective benefits study being under-
taken by the panel, brief review of past studies, and review
of other panel studies under this phase of work.

* Description of the methodology to be used.

* Emphasis that this is not a review of a past program but
is instead an assessment of the current program.

e Role of the consultant(s).

In addition, at the outset of the first panel meeting, the
chair outlines the schedule for the study and the tasks that
will be undertaken each day, the use of the study results, and
panel study focus. The discussion of these topics by the chair,
who will impart a firm understanding of the approach to be
taken, focuses the panel on the task being undertaken.

Independent Consultant(s)

The primary responsibility of the consultant(s) is to main-
tain consistency across the panels in applying the commit-
tee’s methodology. The consultant(s) might also suggest and
implement modifications to the process to address the needs
of any specific program being evaluated while maintaining
consistency with the committee’s approach across other
panels. Responsibilities of the independent consultant(s) are
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summarized below, with additional description provided in
the next section, “Panel Activities and Process.”

* Work closely with the panel chair to plan activities and
clarify roles, responsibilities, and expectations for the panels’
work.

 Participate in initial meeting(s) with DOE program
management, the panel chairs, and NRC staff to review the
information needs of each expert panel.

* Review the committee’s methodology and recommend
modifications for the panel’s consideration, as necessary.

» Attend all expert panel meetings. Work with panel
members, individually and collectively, to structure and work
through the necessary analyses. This will include structur-
ing the decision tree or trees, facilitating the assignment of
probabilities to technical and market risk outcomes, and
guiding and assisting in the modeling of benefits. Review
each report’s output to ensure that its analyses and recom-
mendations are consistent with internal panel discussions and
modeling and with reports of the other panels, explaining any
needed modifications.

Depending on the number of programs being evaluated
and the panel’s schedule, it may be necessary to use more
than one consultant. In that case, it is recommended that one
consultant should focus on the decision-tree development
and probability assessments and the second should focus on
the benefits modeling. Because the technical and market risk
assessment and the benefits calculations are tightly linked, if
there are two consultants, they would work closely together.
To help ensure panel-to-panel consistency, the consultant(s)
work with all panels assessing the programs.

Oversight Committee

An oversight committee, similar in responsibilities to the
current Committee on Prospective Benefits of DOE’s Energy
Efficiency and Fossil Energy R&D Programs (Phase Two),
will ensure consistency across the various programs being
addressed by the expert panels. There are several options
for the form of such an oversight committee: (1) a standing
committee of the National Research Council; (2) a DOE-ap-
pointed FACA committee; (3) a committee of panel chairs;
(4) an independent contractor; and (5) an internal DOE
committee. The committee concluded that either an NRC
committee or a DOE-appointed FACA committee would be
most appropriate because, independently, both organizations
have institutionalized mechanisms for preventing bias, and
both have access to a broad, high-quality pool of potential
committee members.

A key role of the oversight committee is to ensure that
the panels are performing their assessments in a consistent
manner that allows their results to inform decision making.

Several specific functions of the committee are as
follows:

1. Review the composition of the panels to determine
where additions to the panels and/or information presented
to the panels could aid in the evaluation.

2. Evaluate the consultant(s) and ensure that they are
knowledgeable about the process/methodology and can work
with the panels to develop the decision trees and benefits
calculations in a consistent and timely manner.

3. Meet with the panel chairs prior to the first panel meet-
ing and instruct the chairs on the process and the role the
consultant(s) will play in the evaluation.

4. Evaluate the panels’ progress, working with informa-
tion from the panel chairs and the consultant(s) between
panel meetings. The oversight committee might at this point
recommend modification to the panels to ensure consistent
assessment. It will evaluate the information being provided
to the panels by the DOE program under review. If the DOE
information is not sufficient for the panels to perform their
assessment, the committee will take action to ensure that
DOE is being responsive.

5. Hold a debriefing meeting with the panel chairs to
review the process used and to determine if there were in-
consistencies in the evaluations.

6. Review the panel reports. If it is necessary to modify
the panel assessment, the committee will provide comments
to the panel chair and offer suggestions for addressing the
suggested modifications.

7. Beresponsible for briefing the funding agency and oth-
er stakeholders on the results of the benefits assessments.

PANEL ACTIVITIES AND PROCESS

The panel convenes at least two meetings lasting 2 full
days each, with the possibility of a third meeting or confer-
ence calls, as necessary.

Premeeting Work

The panel chair and the panel consultant(s) can expect to
expend a significant effort prior to the first panel meeting.
Together they determine the specifics of the information to
be requested from the DOE following the general guidelines
in the section “DOE Interactions and Information Request.”
They then meet with DOE staff to review the request and
identify any DOE concerns with the information request or
the methodology and review the methods by which DOE
calculates program benefits. The consultant reviews and
develops proposed modifications to the methods appropriate
to the program under review, including any modifications to
the decision tree implementation and suggestions for how
the economic and other benefits should be calculated.
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Panel members receive a package of information from
the staff supporting the panel at least 2 weeks before the first
meeting. This package includes the statement of task and the
process/methodology description. The panel members also
receive the program and project summaries described in the
section “DOE Interactions and Information Request” and
a list of panel members and short biographies. Prior to the
first panel meeting, panel chairs meet with the consultant(s)
to coordinate activities and ensure consistency among panel
approaches. The results of this meeting are communicated
to the panels by the panel chair on the first day of the panel
meeting. It would also be helpful to the work of the panel if
a teleconference could be held among panel members before
the first meeting to determine whether any additional exper-
tise or members should be added to the panel. This telecon-
ference should be held well in advance of the first meeting
to give time for additional appointments to the panel. If this
turns out not to be possible, consideration of such matters
will be deferred to first meeting.

First Meeting, First Day

In closed session, the panel members are introduced to
one another and they assess panel balance and ask for any
additional expertise they require. The panel also discusses
the process/methodology, schedule, role of the consultant(s),
and deliverables. The panel members are advised about their
roles and responsibilities for the effort. It is important for
this initial discussion and introduction to the process/meth-
odology to take place before the full panel meets with DOE.
This focuses the panel on carrying out the specific form of
probability analysis and benefits assessment exactly as the
committee recommends. This activity is expected to take up
the first morning. If time permits, the panel chair develops a
list of panel member questions to be shared with DOE prior
to DOE’s program presentations.

In the afternoon open session, the panel hears presenta-
tions by the DOE program manager, who elaborates on
information provided to the panel and answers questions
from the panel. The panel also hears a presentation on the
models, scenarios, assumptions, and other techniques DOE
uses to calculate benefits. It emphasizes to DOE that it is not
conducting a traditional program review but is assessing the
prospective benefits of the program.

Throughout these presentations, in an end-of-day review
and during the second day, the panel identifies additional
information that it requires from DOE. The panel might
choose to meet in closed session at the end of the day.

First Meeting, Second Day

The second day continues in closed session. The panel
will have read the project descriptions before the meeting.
It will have heard the DOE presentations and had a chance
to raise questions. Members are ready to begin discussion of
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the program goals, timing, budget, and benefits estimates.
They decide whether to carry out the review at the program
level or the project level.! Beginning the review at the
project level forces the panel to look at the details system-
atically and makes for a more informed panel. Eventually,
however, the probability of a successful outcome has to be
assessed at the program level, and it is unlikely that this
assessment can be done by mathematically combining the
probabilities assigned to the individual projects. Rather, it
would be based on the panel’s judgment using knowledge
gleaned from the project assessments.

Once the panel finishes this work, the members familiar-
ize themselves with the committee’s results matrix (see Ap-
pendix F) and discuss what work they need to do to provide
inputs to the matrix.

With the help of the consultant(s), a decision tree is con-
structed and a benefits modeling approach specified. The
panel identifies the technical and market risks that need to
be looked at in the decision tree and, if time permits, begins
discussion of the probabilities of reaching the specified levels
of technical and market success. If the panel believes the pro-
gram goals cannot be completed in the time allotted, it uses
a different time frame for assigning probabilities. Similarly,
the panel identifies other parameters to consider in the deci-
sion tree analysis, such as dependencies with other programs,
milestones to be met in order to meet program goals, and
reasonableness of the program’s budget to meet its goals.

By the end of the second day, the panel agrees to a deci-
sion-tree framework, including branches to account for both
with and without DOE funding. The panel should also have
a good understanding of the manner in which probabilities
are to be assigned for each branch of the tree.

Between the First and Second Meetings

The consultant(s) prepares and distributes a questionnaire
soliciting probability estimates from each panel member for
each major variable in the decision tree. The questionnaire is
sent to panel members and, when completed, returned to the
consultant(s) before the second meeting. The consultant(s)
compiles the data for the panel’s review. The questionnaire
can be at the project level or at the program level.

The panel also reviews the chair’s draft outline for the
panel report and receives writing assignments for initial re-
port drafting, to be completed prior to the second meeting.

During this time the consultant(s) uses the panel members’
first-cut probability assessments using the decision tree as the
basis for an initial estimate of the program benefits. The con-

'In this chapter, the term “program” refers to the highest level of organi-
zation associated with the collection of R&D activities under review. Thus,
the panel should consider such terms as technical objective and mission to
be synonymous with “program objective.” Likewise, the term “project” can
refer to a single R&D activity such as a grant or contract or to a collection
of activities addressing a single technical task, or to a quantitative technical
target that must be met at the system level.
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sultant, working with the panel chair and/or individual panel
members, develops a prototype benefits model that can be used
in conjunction with the decision tree and preliminary prob-
abilities to quantify the estimated benefits of the program.

Second Meeting, First Day

The panel members’ compiled responses to the question-
naire are discussed. The panel reviews the decision tree and
the preliminary probabilities assigned by individual panel-
ists, identifies and discusses any areas where significant
difference of opinion on technical and market risks exists
among panel members, and determines whether additional
information is necessary to resolve those disagreements or
refine individual inputs. Using the decision-tree process,
each member of the panel reassesses the probabilities for
each node and each relevant outcome in the decision tree.
The panel decides to estimate probabilities individually or
to develop consensus estimates. DOE is invited back to
answer the questions generated at the first meeting and ad-
ditional questions from the panelists. Using the decision-tree
process, each member of the panel once again reassesses the
probabilities for each node and each relevant outcome in the
decision tree. The panel discusses more fully the next-best
alternative (competing technology) to the DOE program,
non-DOE technology funding, and other issues related to the
decision tree, assignment of probabilities by panel members,
and the consultants’ estimation of benefits.

Second Meeting, Second Day

Several tasks will be completed on this day:

* Finalize the decision tree by agreeing to the probabili-
ties for each branch of the tree.

* Complete a review of the benefits calculations con-
ducted by the consultant(s) and provide guidance to the
consultant(s) to enable them to finalize the calculations and
the decision matrix.

* Review the report drafts of panel members and make
writing assignments for the final report.

If possible, the panel develops the full matrix for the pro-
gram, including the explanatory material that accompanies
the matrix, consistent with the template provided at the end
of Appendix F, “Expected Benefits Results and Report Guid-
ance.” This is the critical deliverable of the panel. The panel
may also choose to provide expanded commentary on its ap-
proach to the evaluation and its use of the methodology. The
complete panel report, including the completed version of the
two-page template, should be as brief as possible. The panel
also determines if it needs any more information from DOE
and if a third meeting is necessary. The panel has the option
of holding discussions with DOE to clarify any aspects of
the program in order to complete these tasks.

Third Meeting or Teleconference Sessions

The panel probably needs follow-up discussions to review
new DOE information and to review its draft report. After
the report has been completed and reviewed and is ready for
publication, the panel chair prepares a summary briefing for
DOE management, the Office of Management and Budget,
and Congress. These briefings are coordinated and managed
by the oversight committee.

Meeting to Ensure Consistency Among Panels

Following the panel meetings, and before finalizing their
reports, the panel chairs and consultant(s) meet again with
the chair of the oversight committee to discuss panel activi-
ties, analyses conducted, issues raised and addressed or left
outstanding, and critical assumptions upon which the analy-
sis rests. The group then assesses the consistency of panel
approaches and use of the process/methodology, and deter-
mines whether any panel report should be modified to ensure
consistency with the process/methodology. Any changes to
the panel reports are the responsibility of the panel chair.
Issues that cannot be resolved by the panels will be brought
to the oversight committee for resolution. (See discussion in
other sections of Chapter 4 for more details.)

INTERACTIONS WITH DOE AND INFORMATION
REQUEST

Information required for the panel’s deliberation is
provided by DOE at least two weeks prior to the panel’s
first meeting to give panel members sufficient time to get
acquainted with the materials. To help ensure that the in-
formation provided is most relevant to the panel and least
burdensome for DOE, the panel chair and NRC staff meet
with the DOE program manager to discuss the panel’s needs
and the form in which the information is to be provided. The
chair also discusses with DOE the expectations for DOE’s
presentation of the information to the panel, including pre-
sentation template, program information, and data content,
results of modeling analysis, and program and project high-
lights. The request to DOE includes all information and data
that the panel believes it needs to complete its task. To the
extent possible, but with exceptions as defined by the chair
owing to the unique nature of the DOE program, information
and data are standardized across programs and projects.

DOE provides the panel with the program’s goals, bud-
get, and schedule for achieving its goals as well as program
plans and roadmaps. It also provides the panel with indi-
vidual project goals if such projects are a significant part
of the larger program and if the goals represent milestones
that need to be met if the larger program is to succeed. The
conditional relationship is such that the goals of the larger
program depend on the individual projects succeeding in
their own right. The panel also needs DOE’s estimates of the
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expected net economic, environmental, and security benefits
of the program once goals are met. In addition, the primary
assumptions associated with DOE’s benefits analyses should
be provided. The net benefits analysis requires that benefits
are reported as being over and above those of the next-best
alternative to the R&D technology or program under review.
Information provided by DOE should comply with the fol-
lowing requirements:

» Data should be consistent with DOE’s reporting under
the Program Assessment Review Tool (PART) and/or the
Government Performance Review Act (GPRA) and be the
most current available.

» Data should be reported consistently across individual
projects in the program to support project data aggregation
at the program level.

» Net economic benefits data should be reported in nomi-
nal as well as real dollars using the same discount rate across
projects and programs and should reasonably account for
known life-cycle benefits and costs.

* Net environmental and security benefits should be
quantified to the extent possible and qualified as necessary.

* NEMS and MARKAL modeling results and key as-
sumptions should be consistently reported over a like time
period for benefits calculations and simply reported numeri-
cally and graphically for ease of understanding. DOE should
also explain the specific commercialization process and as-
sumptions used in the benefits calculations.

» Technology goals must be clearly stated, and the extent
of market adoption of the technology once relevant goals are
met and the technology is commercially available must be
reported along with the underlying assumptions reflected in
the arithmetic market adoption function.

* Information should be provided on external (to DOE)
RD&D funding and activities by governments, institutions,
and industry to develop and deploy the technologies being
evaluated.

The information request and supporting documentation
take the form of a brief program assessment summary (PAS),
discussed in Appendix G. Individual assessment summaries
are prepared for each program under review and each project
in the program if projects are also going to be subject to the
panel review.

DURATION AND FREQUENCY OF THE EXPERT PANEL
REVIEWS

Expert panel assessments of the benefits of each major
DOE program occur at least once every 3 years. Programs
in which significant changes have taken place are assessed
by the expert panels soon after the changes. Between expert
panel reviews, DOE comments on and updates the program
status annually. Individual expert panels, once convened, aim
to finish their work within 3 months of the first meeting, be-

57

cause the reviews and recommendations should tie into and
be relevant to the administration and congressional budget
processes.

ASSESSMENT OF ACTIVITIES BY NON-DOE ENTITIES

DOE’s expenditure of public funds should be employed
to “make the difference” in areas where other public enti-
ties, other national governments, and the private sector are
not succeeding at spurring innovation and advancing critical
technology. Therefore, an assessment of DOE’s R&D invest-
ment needs to also examine the effectiveness and potential
for success of the non-DOE programs.

To establish the character of the non-DOE R&D activities
the review panel must, the goals, objectives, funding, and
milestones of those activities that are relevant to the particu-
lar DOE R&D program that is being assessed. Details such
as technical and marketing risks of the research sponsored
by entities other than DOE must be ascertained.

DOE staff should have some, and in some cases consid-
erable, information on RD&D activities taking place at the
state level, or being carried out by foreign governments or by
industry. This information is shared with the panels early in
the review. In addition, the panel selection process will en-
sure the selection of knowledgeable professionals involved
in other related R&D activities. This should add considerable
value to the assessment. There may, however, be occasions
where NRC and DOE conflict-of-interest requirements make
it impossible to have external experts on the panel who are
involved in all of these related activities. On these occasions
the panel chair, in consultation with DOE managers and NRC
staff, selects external experts to brief the panel during the first
2 days of its deliberation so that members better understand
the status of related non-DOE R&D activities.

GENERAL ISSUES

As it assesses a program and reviews DOE activities, a
review panel needs to take into account several issues (if the
members need additional expertise or information, they may
ask for it):

* Showstoppers

—Identify projects whose success is absolutely critical
for program success and determine whether they are receiv-
ing sufficient attention and resources from DOE.

—Identify other projects and programs that are en-
abling for or complementary to the program under review.
If attainment of the program goal is dependent on parallel
DOE programs, the panel requires sufficient information to
assess this interdependence.

—Determine if DOE has a termination strategy in the
event that a project is not successful and determine the likely
effect of that termination on the program under review.
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* Program disconnects

—Determine if success of the projects that constitute
the program will translate easily into achievement of the
program goal. Identify gaps in the program that would keep
that goal from being achieved.

—Determine, based on the technical and economic
expertise of its members, if the program goal is realistic in
light of current and/or expected future funding levels.

—Evaluate a project’s funding and determine if it is suf-
ficient to permit the project to proceed to a go/no go decision.
Determine if this decision point is clearly defined by DOE.

* Assessment of non-DOE activities

—Assess industry programs—to the extent they are
known to DOE or to the panel itself—that may reach the
DOE program goal or its equivalent before or at the same
time as the DOE-funded activities.

—Assess international R&D activities that might sup-
port or compete with the DOE program and evaluate their
impact on expected benefits.

— Assess industry projects that DOE is supporting or
working on jointly with private industry. If the panel needs
proprietary information to do this, it will need to enter into
a nondisclosure agreement to access the information.

* Next-best technology

—Review the next-best technology that would be
competing with the new concepts being developed under the
DOE program and track the status of competing concepts
throughout the conduct of the DOE program.

QUALITY ASSURANCE

Oversight Committee

An oversight committee, which would be similar to the
Committee on Prospective Benefits of DOE’s Energy Effi-
ciency and Fossil Energy R&D Programs (Phase Two), will
have as its primary role assuring consistency over time across
the various assessments of DOE programs being conducted
by the expert panels. This and other roles of the oversight
committee were discussed earlier in this chapter.

Assurance of Panel-to-Panel Consistency

To be of value to the decision makers at DOE, OMB, and
the Congress, there must be consistency among the panels
in the conduct of their activities, the use of the methodol-
ogy, and the products that are delivered. Examples of panel
activities that are needed to ensure a consistent approach and
quality assurance are the following:

* Panel selection. The panel members are selected us-
ing a procedure similar to NRC’s composition and balance
procedure. An effort will be made to balance the different
biases of the panel and to ensure that no one panel member

has a strong positive or negative bias toward the program and
technology under consideration.

* Decision tree and benefit assessment. A consultant
and/or consultants are employed to work with each panel to
apply the process/methodology and to work with the panels
in their assessments. The consultant(s) perform this function
for each panel and assure that the assumptions and data for
the assessments are consistent for each panel.

* Information from DOE. The information flow to the
panels from DOE follows a template developed by the com-
mittee (and described in Appendix G). Alternatively, DOE
provides all the information requested in the template at a
level that is consistent from program to program. DOE is
asked to run its own benefit calculation using an internal
computer program, NEMS. The consultant(s) assess the
results of DOE benefits analyses to ensure that the inputs to
the panels are as consistent as possible.

* Role of the panel chairs. Before the first panel meeting,
the panel chair meets with the oversight committee chair and
is instructed on the application of the process/methodology
in program assessment. The chair is instructed to guide its
panel’s assessment following the process outlined by the
committee. After the first meeting of the panel, its chair com-
municates with the oversight committee chair and describes
how the process is working for his or her panel and any
lessons learned that will assist the other panels in applying
the process/methodology. After the panel has completed its
evaluation, the chair will again meet with the oversight com-
mittee chair, discuss the panel’s results, and ensure that the
process was applied by each panel in a consistent manner.

Periodically—approximately every 4 months—the entire
oversight committee should review for consistency all the
panel assessments that were conducted during that time. The
consultants and the panel chair should prepare briefings for
the committee, highlighting any inconsistencies.

FULL-SCALE IMPLEMENTATION OF THE
METHODOLOGY

Atthe conclusion of the Phase Two assessment, the process/
methodology will be ready for full-scale implementation.

The annual R&D budget for all applied energy programs
(energy efficiency, renewable energy, fossil energy, nuclear
energy, and electricity delivery and reliability) is about
$2 billion. Because this assessment approach is most appro-
priate for efforts that spend at least $10 million per year,
efforts would be reviewed at the program level or the major
activity level. The estimation of benefits for programs funded
at less than $10 million per year is difficult, particularly
when using the NEMS or MARKAL models to calculate
benefits. In some cases, however, efforts funded at less than
$10 million might warrant assessments, particularly energy
efficiency R&D, where specific and narrow expertise might
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be needed to flesh out the program and its expected benefits.
The Industries of the Future Program might be an example
where separate panels for chemicals, glass, steel, and so on
might have budgets less than $10 million each.

About 40 panels would be needed. Since the assessment
should occur every 3 years, there would be 12 or 13 assess-
ments and panels each year. It is suggested that three be
initiated every quarter. The oversight committee would meet
three times a year to review panel reports as they are com-
pleted for consistency and provide feedback to the panels.
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There are several options for full-scale implementation.
First, the DOE needs to decide whether or not it wants to
(1) conduct these reviews in-house using an internal com-
mittee or DOE-appointed committee, or (2) use an external
third-party institution such as the NRC, which does these
types of reviews for the National Institute of Standards and
Technology and the Army Research Laboratories, or a con-
tractor in the model of JASON.?

2JASON is a third-party review of the DOD weapons program, estab-
lished in the 1950s, managed by MITRE Corporation and funded by the
Department of Defense Research and Engineering. JASON was formed
by academic scientists to give advice to the U.S. government. A recently
published book gives a very good description of the origin of JASON and
how it has evolved during the past 50 years (Finkbeiner, 2006).
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Conclusions and Recommendations

INTRODUCTION

The Phase Two study continued the work of the Phase
One study by refining the methodology and applying it on
a consistent basis to the energy efficiency (EE) and fossil
energy (FE) programs. The methodology is meant to provide
consistent information that will enable decision makers to
better allocate the funds available for R&D and to identify
programs where funding should be continued, expanded,
scaled back, or eliminated. However, the methodology is
only one piece of what is needed for an allocation deci-
sion, so it would not be appropriate to force-fit it to yield
a particular decision, e.g., to increase or decrease marginal
funds. The key to the methodology is the use of a panel of
experts with a balance of skills and a wide range of expertise
and experience to ensure that all relevant issues are identi-
fied, fully discussed, and factored into the assessment. The
panel was charged not with performing a traditional program
review or evaluation but with understanding programmatic
issues to independently establish probabilities and expected
benefits using the committee’s methodology.

Applying the methodology to the six case studies,! the
committee and expert panels developed recommendations
on obtaining the results, using the results, methodological
issues, and the continuity of the evaluation activity.?

I'The activities selected for review included three within EE—the Chemi-
cals subprogram of the Industrial Technologies Program, the Distributed
Energy Resources (DER) program, and Light-Duty Vehicle Hybrid Technol-
ogy activities within the Vehicle Technologies Program—and three within
FE—the Integrated Gasification Combined Cycle (IGCC) subprogram,
the Carbon Sequestration program, and the Natural Gas Exploration and
Production R&D program.

2This chapter contains 14 recommendations, 11 of which have been given
numbers and carried forward to the summary (the numbering reflects the
order there). Three recommendations are not numbered.
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PRIORITIES IDENTIFIED FOR PHASE THREE OF THIS
PROJECT

The scope of programs subject to the NRC studies in this
series has been limited to fossil energy R&D and the energy
conservation portion of the R&D efforts by the Office of
Energy Efficiency and Renewable Energy (EERE) R&D.
Prior to FY06, funding for this group of programs fell under
the jurisdiction of the Interior and Related Agencies ap-
propriation subcommittees owing to the programs’ origins
in the Department of Interior; the balance of EERE’s R&D
funding, on energy efficiency, was included on a separate
appropriations bill. However, in FY06, the House Committee
on Appropriations restructured its subcommittees’ jurisdic-
tions and reduced them in number from 13 to 10. Funding for
all FE and EERE R&D programs was consolidated into one
account subject to the jurisdiction of the House Appropria-
tions Subcommittee on Energy and Water Development and
Related Agencies (CRS, 2005).? Four of the program funding
line items that made up the pre-FY06 accounts were merged
into two. In another instance—that of distributed energy—a
program was moved out of EERE and into the appropriation
account corresponding to the DOE Office of Electric Trans-
mission and Distribution.

Finding: Phase Two showed that the basic structure of
the methodology—scenarios, decision trees, technical and
market risk assessments, and economic, environment, and
security benefits—could be implemented by six panels of
experts on a consistent basis. The panels were able to obtain
the quantitative and qualitative information they needed

3The name of the combined account is Energy Supply and Conservation.
Page 97 of House Report 109-275 explains it thus: “Energy Conservation
programs previously funded by the Interior and Related Agencies Appro-
priations Act are now funded by the Energy Supply and Conservation ap-
propriation, and are combined with energy efficiency activities in the Energy
Efficiency and Renewable Energy account.” See also OMB, 2005, p. 391.
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to assess individual programs in fossil energy and energy
efficiency.

Recommendation: The committee should undertake the
following activities in Phase Three to further demonstrate
the robustness of the methodology and maximize its value
for decision makers:

» Expand the case studies to include at least one program
in renewable energy and one in nuclear energy.

* Determine how the benefits methodology can be ap-
plied for portfolio analysis and evaluate a portfolio. Portfo-
lios were not evaluated in Phase Two, but the review of the
light-duty vehicle hybrid technologies encompasses three
separate program elements and provides an opportunity to
aggregate several activities. IGCC and sequestration repre-
sent two major components of the FutureGen program.

* Continue to evaluate and refine the quality control
process.

 Continue to communicate and have informal conversa-
tions with stakeholders throughout the process. These would
include discussions with the committee and panel chairs and
with some members of the committee about the case studies
and process enhancements or modifications.

* Make recommendations and provide for transition to
full-scale implementation by either DOE or the NRC.

THE PROCESS FOR OBTAINING RESULTS

The components necessary for completing the assessment
include the methodology, the panel of experts, input from
DOE, and a quality control process.

Panel of Experts

Panel Composition

Finding: The commitment and the technology background
of the panel members determine the quality of the assessment
of the program.

Recommendation 4: Panel composition and level of exper-
tise must be critically considered during the selection pro-
cess. If a panel concludes that certain skills are not possessed
by its members, it should consider expanding its membership
or using an outside expert to brief it.

Panel Chair

Finding: The leadership role of the panel chair cannot be
overemphasized. For the panel to succeed, the chair has to
take a lead role in interacting with DOE to ensure that the
best possible information is available to the panel before
it meets for the first time. Panels where the chair devoted
significant time to ensuring that all panel members were
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fully familiar with the process and methodology produced
the best assessments.

Recommendation 5: The panel chair should spend a fair
amount of time outside the actual panel meetings working
with DOE program managers, DOE management, and the
independent consultant(s).

Independent Consultant(s)

Finding: The main responsibility of a consultant is to main-
tain consistency across the panels in applying the methodol-
ogy and to facilitate the analysis. This includes structuring
the decision trees, facilitating the assignment of probabilities
to technical and market outcomes, and assisting in the model-
ing of benefits. Phase Two made use of a consultant for all
the panels, which worked very well.

Recommendation 6: Depending on the number of pro-
grams being evaluated and the panels’ schedules, it might
be necessary to have more than one consultant. One con-
sultant should focus on the decision tree development and
probability assessment and the other on the modeling of
benefits.

Input from DOE

Finding: The level and timeliness of information provided
by DOE to the various panels play a critical role in facilitat-
ing the deliberations and conclusions on the panel. Comple-
tion of panel evaluations is contingent on the panel’s receiv-
ing synoptic information and inputs for benefits calculations.
The timeliness and quality of this information impacts the
quality and utility of the panel evaluation.

Recommendation 7: Since the usefulness of the benefits
estimates depends on the quality and timeliness of informa-
tion available to the panels, DOE management should give
its full support for providing the necessary information. DOE
at all levels should buy into this process because it is useful
for managing and assessing its programs. If this commitment
is not clear, the committee should explore all avenues for
gaining DOE support.

Quality Control

Finding: Quality control continues to be important in
ensuring the consistency, and therefore the utility, of panel
evaluations.

Recommendation 8: An oversight committee should apply
the quality control process to several elements of the study
process, including ensuring appropriate panel membership
and composition, orienting the panel chair and consultant,
monitoring the panel’s progress, monitoring information
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received from DOE for adequacy and consistency, and re-
viewing and revising the process itself.

USING THE RESULTS

Impact of Policy Measures Unrelated to Research on
Realization of Program Benefits

Finding: Policy measures unrelated to research have an ef-
fect on when and whether the benefits of some programs will
be realized. For example, the benefits of carbon capture and
storage depend on the size and timing of a carbon tax (or an
equivalent policy intervention in the market). The scenarios,
which should include some of these factors, are a valuable
tool for characterizing and quantifying the benefits of the
DOE R&D program.

Recommendation 9: Decision makers should consider the
impact of other policy measures—that is, policies not related
to research—in all domains of action (federal, state, and
international, say) when considering the results of prospec-
tive benefits evaluations. Having a common set of scenarios
is useful in general, although additional scenarios may be
called for in some cases. While defining the scenarios more
completely would be helpful for interpreting the outcomes
of the analysis, at the same time it is essential to preserve
flexibility by keeping the scenarios as broad as possible.

Guidance for Budget Formulation

Finding: Phase Two showed that the basic structure, us-
ing decision trees, worked well and could be implemented
with the panels. The panel evaluations permit calculation
of a benefit-to-cost ratio, which is not, however, the correct
metric to use when allocating resources among the programs
in a portfolio.

Recommendation 10: To allocate resources, DOE should
know the marginal benefit of a budget increase on a program-
by-program basis. To calculate the marginal benefit, the deci-
sion tree should be examined to identify the outcomes that
would be most sensitive to changes in budget levels. In the
Phase One study, for example, the lighting program proved
to be highly budget-dependent. When such sensitivities exist,
the decision tree can be re-estimated for a different budget
level, using the committee’s methodology. The marginal
benefit associated with the change in budget level is the dif-
ference between the net benefits of the two calculations.

Consideration of Alternative Futures

Finding: The methodology presents benefits for each of
three scenarios that describe future states of the world, but
does not attempt to combine the three sets of benefits into
a single set.

Recommendation: DOE should weigh the alternative
scenarios in arriving at judgments about the benefits of the
overall research portfolio. The portfolio should contain a bal-
ance of projects that will produce acceptable results across
the range of scenarios.

Benefits Not Captured by the Methodology

Finding: The methodology estimates public benefits in three
areas—economic, environmental, and energy security. While
these three types of benefits reflect DOE’s strategic goals
(DOE, 2005a), the committee recognizes that other kinds
of benefits may be important in evaluating some projects.
For example, market forces demand that automobile manu-
facturers produce cars that not only meet the fuel economy
standard criterion of importance to DOE but that also have
several other attributes. A technology that achieves DOE’s
objectives must also provide these additional attributes. As
another example, DOE’s research might have employment
impacts.

Recommendation 11: If benefits in areas other than eco-
nomic, environmental, or energy security are found to occur,
they should be noted in the text accompanying the results
matrix. However, the matrix should stay focused on the
three main types of benefits to facilitate comparisons across
programs.

ESTIMATING NATIONAL SECURITY AND
ENVIRONMENTAL BENEFITS

Environmental Benefits

Finding: Valuation of benefits in monetary units related
to reducing air pollution is both the primary environmental
benefit identified in the present study and the class of benefits
for which valuation methods are most advanced.

Recommendation 1: Panels should apply valuations in
monetary units to criteria air pollutant emissions in the re-
sults matrix, but not to other types of pollutant emissions.
The valuations used should be the allowance price forecasts
for the future period.

Energy Security Benefits: Electricity

Finding: While the complex relationship between electric-
ity supply and security is becoming clearer, analysts are a
long way off from having methods for valuing reductions in
security threats contributed by technologies such as distrib-
uted generation.

Recommendation 2: Panels conducting prospective ben-
efits assessments should describe reductions in threats to
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energy security related to electricity supply as physical
quantities of oil and gas.

Energy Security Benefits: Oil and Gas

Finding: Increases in U.S. oil and gas consumption and
imports may impose incremental costs that are not fully re-
flected in the market price. The cost components of this oil
premium have been estimated in various studies. In principle,
similar estimates could be made for natural gas, but the com-
mittee is unaware of such research having been done.

Recommendation 3: Panels should describe energy securi-
ty benefits related to reduced oil and natural gas consumption
quantitatively in the benefits matrix as physical quantities of
oil and gas. The time pattern of the oil consumption impacts
should be made explicit, along with an assessment of the
probable state of the oil market during those future times.
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CONTINUITY: INSTITUTIONALIZING THE EVALUATION
PROCESS

Finding: Prospective benefits evaluations would be most
useful if DOE would adopt them. This would allow inte-
gration with GPRA, the President’s Management Agenda,
and other tools and systems related to performance and
budgeting.

Recommendation: DOE should create a triennial program
evaluation cycle using the methodology of this Phase Two
study for all the applied energy programs. If DOE chooses
to undertake this internally, it would need to create a set of
FACA committees managed by the DOE and reporting to
the under secretary or higher. If DOE chooses to use the
NRC, the NRC would independently appoint the oversight
committee and panels to undertake the prospective benefits
evaluations. A third possibility would be for a contractor
working in the model of DOD’s JASON* to perform the
assessment.

4JASON is a third-party review of the DOD weapons program, estab-
lished in the 1950s, managed by MITRE Corporation and funded by the
Department of Defense Research and Engineering (Finkbeiner, 2006).
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PART Assessment Questions

1. PROGRAM PURPOSE AND DESIGN

1.1 Is the program purpose clear?

1.2 Does the program address a specific and existing prob-
lem, interest or need?

1.3 Is the program designed so that it is not redundant
or duplicative of any other Federal, state, local or private
effort?

1.4 Is the program design free of major flaws that would
limit the program’s effectiveness or efficiency?

1.5 Is the program effectively targeted, so that resources
will reach intended beneficiaries and/or otherwise address
the program’s purpose directly?

2. STRATEGIC PLANNING

2.1 Does the program have a limited number of specific
long-term performance measures that focus on outcomes and
meaningfully reflect the purpose of the program?

2.2 Does the program have ambitious targets and time-
frames for its long-term measures?

2.3 Does the program have a limited number of specific
annual performance measures that can demonstrate progress
toward achieving the program’s long-term goals?

2.4 Does the program have baselines and ambitious targets
for its annual measures?

2.5 Do all partners (including grantees, subgrantees,
contractors, cost-sharing partners, and other government

NOTE: This appendix is based on Department of Energy PART Assess-
ments, found at <http://www.whitehouse.gov/omb/budget/fy2006/pma/en-
ergy.pdf>.
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partners) commit to and work toward the annual and/or long-
term goals of the program?

2.6 Are independent evaluations of sufficient scope and
quality conducted on a regular basis or as needed to sup-
port program improvements and evaluate effectiveness and
relevance to the problem, interest, or need?

2.7 Are budget requests explicitly tied to accomplishment
of the annual and long-term performance goals, and are the
resource needs presented in a complete and transparent man-
ner in the program’s budget?

2.8 Has the program taken meaningful steps to correct its
strategic planning deficiencies?

2RD1 If applicable, does the program assess and compare
the potential benefits of efforts within the program and (if
relevant) to other efforts that have similar goals?

2RD2 Does the program use a prioritization process to guide
budget requests and funding decisions?

3. PROGRAM MANAGEMENT

3.1 Does the agency regularly collect timely and credible
performance information, including information from key
program partners, and use it to manage the program and
improve performance?

3.2 Are federal managers and program partners (including
grantees, subgrantees, contractors, cost-sharing partners,
and other government partners) held accountable for cost,
schedule and performance results?

3.3 Are funds (federal and partners’) obligated in a timely
manner and spent for the intended purpose?
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3.4 Does the program have procedures (e.g., competitive
sourcing/cost comparisons, IT improvements, appropriate
incentives) to measure and achieve efficiencies and cost ef-
fectiveness in program execution?

3.5 Does the program collaborate and coordinate effec-
tively with related programs?

3.6 Does the program use strong financial management
practices?

3.7 Has the program taken meaningful steps to address its
management deficiencies?

3RD1 For R&D programs other than competitive grants
programs, does the program allocate funds and use manage-
ment processes that maintain program quality?

4. PROGRAM RESULTS/ACCOUNTABILITY

4.1 Has the program demonstrated adequate progress in
achieving its long-term performance goals?

4.2 Does the program (including program partners) achieve
its annual performance goals?

4.3 Does the program demonstrate improved efficiencies or
cost effectiveness in achieving program goals each year?

4.4 Does the performance of this program compare favor-
ably to other programs, including government, private, etc.,
with similar purpose and goals?

4.5 Do independent evaluations of sufficient scope and
quality indicate that the program is effective and achieving
results?
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serving at DOE, he was at the U.S. Environmental Protection
Agency and led efforts to regulate and enforce the Clean Air
Act of 1970. Mr. Siegel has broad and extensive experience
on energy and environmental issues and has recently been
involved in studies on markets for and barriers to clean coal
technologies, conventional and advanced turbines, renewable
energy systems, distributed power systems, the impact of
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electric power restructuring on fuel and technology choices
in the energy sector, options for reductions of greenhouse
gases, and energy and environmental analysis in support
of a number of foreign countries, the World Bank, and the
Global Environment Facility. He served as a member of the
NRC’s Committee on Challenges, Opportunities, and Pos-
sibilities for Cooperation in the Energy Futures of China
and the United States and was a member of the previous
Committee on Benefits of DOE R&D on Energy Efficiency
and Fossil Energy. He received the Presidential Award for
Superior Achievement (1992) and the Secretary of Energy’s
Gold Medal for Outstanding Performance (1994). He has a
B.S. in chemical engineering from Worcester Polytechnic
Institute.

James E. Smith is an associate professor of decision sci-
ences at Duke University. He teaches courses in probability
and statistics and decision modeling. Professor Smith’s re-
search interests lie primarily in the areas of decision analysis
and real options. More specifically, his research focuses on
developing methods for formulating and solving dynamic
decision problems and valuing risky investments, taking
account of the information provided in futures and options
markets. His research has been supported by grants from
the National Science Foundation and Chevron Corporation.
Professor Smith received B.S. and M.S. degrees in electrical
engineering from Stanford University (in 1984 and 1986,
respectively) and worked as a management consultant prior
to earning his Ph.D. in engineering-economic systems at
Stanford in 1990. He has been at the Fuqua School of Busi-
ness since the fall of 1990, and he received the Outstanding
Faculty Award from the daytime M.B.A. students in 1993
and 2000; he has been nominated for teaching awards on
several other occasions. He spent the 1998-1999 academic
year on sabbatical at Stanford and served as associate dean
for the daytime M.B.A. program at the Fuqua School of
Business from 2000 to 2003.

Terry Surles is program manager for technology integration
and policy analysis in the Hawaii Natural Energy Institute at
the University of Hawaii at Manoa. Previously, he was direc-

tor for the Pacific International Center for High Technology
Research. Before joining PICHTR, Dr. Surles was vice
president at the Electric Power Research Institute (EPRI)
and its subsidiary, the Electricity Innovations Institute. He
has also served as program manager of the Public Interest
Energy Research (PIER) and assistant director for science
and technology of the California Energy Commission. Dr.
Surles was the associate laboratory director for energy
programs at Lawrence Livermore National Laboratory, fol-
lowing his time at the California Environmental Protection
Agency as deputy secretary for science and technology. Dr.
Surles was at Argonne National Laboratory for a number of
years, holding a number of positions in the energy and envi-
ronmental systems area, with his last position being general
manager for Environmental Programs. Dr. Surles holds a
B.S. in chemistry from St. Lawrence University and a Ph.D.
in chemistry from Michigan State University.

James L. Sweeney is professor and former chair, Depart-
ment of Engineering-Economic Systems and Operations
Research, Stanford University. He has been a consultant,
director of the Office of Energy Systems, director of the Of-
fice of Quantitative Methods, and director of the Office of
Energy Systems Modeling and Forecasting, Federal Energy
Administration. At Stanford University, he has been chair,
Institute of Energy Studies; director, Center for Economic
Policy Research; and director, Energy Modeling Forum. He
has served on several NRC committees, including the Com-
mittee on the National Energy Modeling System and the
Committee on the Human Dimensions of Global Change.
He served on the previous Committee on Benefits of DOE’s
R&D on Energy Efficiency and Fossil Energy, helping to
develop the framework and methodology that the commit-
tee applied to evaluating benefits. His research and writings
address economic and policy issues important for natural
resource production and use; energy markets, including oil,
natural gas, and electricity; environmental protection; and
the use of mathematical models to analyze energy markets.
He has a B.S. degree from MIT and a Ph.D. in engineering-
economic systems from Stanford University.
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Statement of Task

Two general activities will be the focus of Phase 2: refin-
ing the methodology developed in Phase 1, and applying it to
additional R&D projects. The specific activities that the com-
mittee will undertake in Phase 2 depend to some extent on
the progress that the Committee on Prospective Benefits of
DOE’s Energy Efficiency and Fossil Energy R&D Programs-
Phase 1 makes on a prospective benefits methodology and
its application to different programs in the energy efficiency
(EE) and fossil energy (FE) programs. It is proposed that the
Phase 2 will include the following.

1. Based on its experience with applying the methodol-
ogy developed in Phase 1, the committee appointed in Phase
2 may modify the methodology, as appropriate, before it
applies it to evaluating the prospective benefits of additional
individual programs/projects in EE and FE. It is expected
that more attention will be devoted to improving the meth-
odology for estimating environmental benefits (e.g., from re-
duced emissions), estimating national security benefits (e.g.,
from reduced oil imports), and consider the extent to which
an options evaluation can be used to represent prospective
benefits under a variety of representative scenarios. In ad-
dition, the committee may examine how project-by-project
benefit evaluations can be used for budget decisions. Other
issues may be defined during Phase 1 that should be ad-
dressed in Phase 2, resources permitting.

2. After the Phase 1 report is available, the Phase 2
committee will review comments from DOE and others on
the methodology developed and its application. Based on

75

these inputs, the committee will consider any changes to its
methodology, as necessary, for the Phase 2 effort. The com-
mittee may prepare a letter report detailing changes to the
methodology as a result of these reviews and possible work
completed under task 1 above.

3. As in Phase 1, the work of the Phase 2 committee will
be supported by several panels that will be separately ap-
pointed by the NRC to apply the methodology developed in
Phase 1 and evaluate the prospective benefits of individual
EE and FE programs/projects. Since a methodology will
have been developed in Phase 1, it is expected that a greater
number of panels can be formed in Phase 2 and more time
and resources can be devoted to evaluating prospective
benefits. It is proposed that approximately 6 panels will be
appointed by the NRC.

4. The panels and committee will act as a quality control
function to review how DOE is evaluating prospective ben-
efits in the various EE and FE programs/projects to ensure
that a credible, consistent and transparent approach is being
undertaken.

5. The panels will write reports on the benefit evaluations
of the programs/projects examined and deliver these reports
to the committee. The committee will write a final report that
incorporates the panel reports.

It is the intent of the Congress that the NRC will conduct
a number of evaluations of prospective benefits on an annual
basis with different programs evaluated each year.
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THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

Board on Energy and Environmental Systems 500 Fifth Street, NW
Washington, DC 20001
Phone: 202 334 3344
Fax: 2023342019

December 14, 2005

Mr. David Garman

Undersecretary for Energy, Science, and Environment
U.S. Department of Energy

1000 Independence Avenue, S.W.

Washington, DC 20585

Dear Mr. Garman:

The National Research Council (NRC) has established the Committee on Prospective
Benefits of DOE’s Energy Efficiency and Fossil Energy R&D Programs, Phase Two, and the
committee has begun work. The committee’s purpose is to continue to develop methodology for
estimating the economic, environmental, and energy security benefits associated with DOE’s
Energy Efficiency and Fossil Energy R&D Programs and to apply its proposed methodology to
several DOE programs. The committee’s statement of task is provided in Attachment A and its
members are listed in Attachment B.

To obtain feedback on its proposed methodology and its then-pending selection of DOE
programs for further case study, the committee held a workshop on July 14, 2005, in
Washington, D.C., attended by stakeholders. In this letter,' the committee discusses the principal
comments made during the workshop, the case studies it intends to perform in phase two, and the
changes to the process and methodology that have occurred since phase one.

1This report has been reviewed in draft form by individuals chosen for their diverse perspectives and
technical expertise, in accordance with procedures approved by the NRC’s Report Review Committee. The purpose
of this independent review is to provide candid and critical comments that will assist the institution in making its
published report as sound as possible and to ensure that the report meets institutional standards for objectivity,
evidence, and responsiveness to the study charge. The review comments and draft manuscript remain confidential to
protect the integrity of the deliberative process. We wish to thank the following individuals for their review of this
report: William Agnew, NAE, General Motors (retired); David Bodde, Clemson University; Charles Lave,
University of California, Irvine; John J. Wise, NAE, Mobil Research and Development Corporation (retired); and
James Wolf, independent consultant.

Although the reviewers listed above have provided many constructive comments and suggestions, they
were not asked to endorse the conclusions or recommendations, nor did they see the final draft of the report before
its release. The review of this report was overseen by John Ahearne, NAE, Sigma Xi. Appointed by the NRC, he
was responsible for making sure that an independent examination of this report was carried out in accordance with
institutional procedures and that all review comments were carefully considered. Responsibility for the final content
of this report rests entirely with the authoring committee and the institution.

NATIONAL ACADEMY OF SCIENCES * NATIONAL ACADEMY OF ENGINEERING e INSTITUTE OF MEDICINE ¢ NATIONAL RESEARCH COUNCIL
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EVALUATING THE FEDERAL INVESTMENT IN
APPLIED ENERGY R&D

From the time the Department of Energy was formed in 1977, successive
administrations in Washington, D.C., have looked to technological innovation as a critical
tool for ensuring that the nation has a reliable supply of affordable, clean energy.
Recognizing the importance of technological innovation, DOE, the Office of Management
and Budget (OMB), and congressional committees have given increasing attention to
understanding the effectiveness of federal funding for applied energy research and
development (R&D).” Evaluating government investment in applied energy R&D programs
requires assessing their costs and benefits. Doing so is not a trivial matter. First, the analysis
of costs and benefits must reflect the full range of public benefits—environmental and energy
security impacts as well as economic effects. Second, the analysis must consider how likely
the research is to succeed and how valuable the research will be if it is successful. Finally,
the analysis must consider what might happen if the government did not support the project:
Would some private entity undertake it or an equivalent activity that would produce some or
all of the benefits of government involvement?

Congress provided funds for “a continuing annual review by the [National] Academy
[of Sciences] of programs . . . to measure the relative benefits expected to be achieved and
to inform decision making on what programs should be continued, expanded, scaled-back, or
eliminated.” The NRC has completed two studies to date. The first study committee, whose
report was published in 2001,* conducted a retrospective examination of the first 22 years of
DOE-funded R&D on energy conservation.” A second NRC committee adapted the
methodology developed by its predecessor committee for use in prospectively assessing the
benefits of the portfolio of ongoing R&D directed at energy conservation. Its report,’
published in April 2005, culminated phase one of the prospective study.

The methodology suggested by the phase one committee uses expert panels to review
the DOE R&D program and estimate the expected economic, environmental, and energy
security benefits of the program in three different global economic scenarios, with the results
summarized in the matrix shown in Attachment C. The expert panel evaluation process is
facilitated by a decision analysis consultant, and the panels construct simple decision trees to
describe the main technical and market uncertainties associated with the program and the
impact of DOE support on the probability of various technical and market outcomes. The

*An applied energy R&D program addresses a specific technology with defined performance and cost
targets and milestones, whereas a research program has as its objective increased understanding and knowledge.

*House Report 107-564, p. 125. July 11, 2002. U.S. Government Printing Office: Washington D.C.

*National Research Council. 2001. Energy Research at DOE: Was It Worth It? Washington D.C.:
National Academy Press. This report was requested by Congress in the conference report of the Consolidated
Appropriations Act for fiscal year (FY) 2000 (House Report 106-479, p. 493. November 18, 1999. U.S.
Government Printing Office: Washington, D.C.).

>These programs include only those that were at the time under the jurisdiction of the U.S. House
Appropriations Subcommittee on the Interior and Related Agencies.

SNational Research Council. 2005. Prospective Evaluation of Energy Research and Development at
DOE (Phase One): A First Look Forward. Washington, D.C.: The National Academies Press. Interested
readers are referred to this report for a complete description of the methodology for prospective evaluation of
R&D benefits, subject to the modifications discussed herein.
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benefits of each R&D project are then estimated in each of these technical and market
scenarios; the phase one report emphasized the potential need to use simple spreadsheet
models in conjunction with more sophisticated models (such as the Energy Information
Administration’s National Energy Modeling System;’ NEMS) to estimate these benefits. The
overall benefit of the DOE R&D program is given as the difference between the expected
benefits with DOE support and the expected benefits without DOE support. To ensure
consistency across the panels, the process calls for the use of common scenarios and
assumptions across evaluations and an oversight committee that provides guidance to the
panels reviewing individual activities.

Phase two of the NRC’s prospective study calls for testing, refining, and extending
the proposed methodology. The committee intends to apply the phase one methodology for
prospective evaluation of six applied energy R&D activities residing within DOE’s Office of
Energy Efficiency and Renewable Energy (EE) and Office of Fossil Energy (FE). In
addition, the committee will continue to revise the methodology as further experience with
the panels warrants. The goal of this evaluation process is to enhance the value of DOE’s
R&D programs by helping to establish a basis for increasing the funding of socially valuable
programs and for transferring resources from programs that are less socially valuable, as well
as justifying total funding.

PRINCIPAL COMMENTS FROM THE WORKSHOP

At the July 14, 2005, workshop, the committee heard presentations from
representatives of OMB, Congress, the Office of Science and Technology Policy (OSTP),
and DOE. It reviews each of their comments in turn.

e OMB. OMB representatives at the July 2005 workshop were quite supportive of
the committee’s proposed approach, both the analytic methodology and the proposed
process. Specifically, OMB supported the use of simple spreadsheet models in conjunction
with NEMS, noting that the approach has the “potential to improve resolution, transparency,
[and] ease of sensitivity analysis.”® It also endorsed the committee’s decision tree framework
as an “appropriate way to model risk for technical outcome, [and] market acceptance.” On
the process side, OMB supported the use of balanced external review panels and stressed the
importance of the oversight committee in ensuring the consistency of assumptions (about
macroeconomic factors, next-best technologies, program funding, and so on) across panels.

OMB’s representatives indicated that OMB was quite comfortable with the level of
complexity of the proposed analysis and emphasized the need to summarize results in a
single page for high-level policy analysis, as proposed in the committee’s matrix (see
Attachment C). Although pointing out that the quantitative benefit estimates provided were

'NEMS is a computer-based, energy-economy system for modeling U.S. energy markets that projects
the production, imports, conversion, consumption, and prices of energy, subject to assumptions about
macroeconomic and financial factors, world energy markets, resource availability and costs, behavioral and
technological choice criteria, cost and performance characteristics of energy technologies, and demographics.

*Leo Sommaripa, “Prospective Benefits Estimation for DOE’s Applied R&D—NRC Phase II; OMB
Perspective and Interest,” presentation to the Committee on Prospective Benefits of DOE’s Energy Efficiency
and Fossil Energy R&D Programs, Phase Two, July 14, 2005. OMB was also represented at the workshop by
Rob Sandoli, program examiner, Energy Branch.
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certainly helpful, OMB staff noted that the qualitative issues identified by the review panels
in their reports were also very helpful in OMB’s reviews of DOE programs. While the
NRC’s current process for evaluating DOE R&D programs focuses on measuring net benefits
for the U.S. economy, OMB indicated that it would be helpful if the NRC’s benefits
evaluations also distinguished between producer and consumer surpluses so that beneficiaries
of DOE’s R&D programs could be more readily identified. OMB’s representatives also made
some suggestions regarding programs to review in phase two that are discussed below.

e (Congress. A congressional view presented at the July 2005 workshop was also
quite positive about the NRC’s proposed approach to prospective evaluation of DOE R&D
programs.’ It echoed many of OMB’s comments, citing the benefits of the independent
external reviews, the more transparent modeling, and the accessible short summaries. It noted
that different users in Congress may have different preferences for the quantitative and/or
qualitative information provided by panel reports and emphasized the need for both kinds of
information. Also expressed was the desire that the panels’ analyses more explicitly identify
likely beneficiaries of DOE applied energy R&D programs, as well as a reservation regarding
whether this kind of analysis was appropriate for the NRC panels.

e OSTP. OSTP’s representative at the July 2005 workshop gave an overview of the
OSTP mission and its role in setting energy R&D policy and talked about the value of a
rigorous approach to estimating benefits, such as that proposed by the NRC phase one study,
and the potential use of such an approach in portfolio allocation and program management.

e DOE. DOE was represented primarily by two staff members—one from the Office
of Fossil Energy and one from the DOE Office of Energy Efficiency and Renewable Energy
and the Office of Fossil Energy. ' A number of other DOE representatives and contractors
attended the workshop and participated in the discussions throughout the day.

DOE’s FE representative emphasized two issues. First, he considered the use of
expert panels, questioning whether a single panel can effectively evaluate the broad range of
technologies involved in a major system, such as a zero-emission coal plant or the hydrogen
fuel program. The second issue was the use of NEMS. The phase one committee report
criticized NEMS as being opaque and cumbersome to run and noted that DOE analyses
frequently considered consumer savings while neglecting impacts on producers. As indicated
above, the phase one committee report proposed the use of simple models in conjunction
with NEMS to estimate net benefits in a given scenario. Expressing concerns that these
simple models “may take too many shortcuts,” he invited Kevin Forbes of Catholic
University to describe an approach for calculating net benefits using multiple NEMS runs.
DOE’s FE representative concluded by calling for more interaction between the DOE and
NRC panels during the evaluation process and for better documentation of the evaluation
panels’ discussions and the logic underlying their risk assessments.

Kevin Carroll, House Committee on Science, Subcommittee on Energy, July 14, 2005.

' Sam Baldwin, DOE Office of Energy Efficiency and Renewable Energy, and Jay Braitsch, DOE
Office of Fossil Energy, “EERE-FE Observations on the NRC Report: Prospective Evaluation of Applied
Energy Research and Development at DOE (Phase One): A First Look Forward,” presentation to the Committee
on Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy R&D Programs, Phase Two, July 14,
2005.
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DOE’s EE representative offered a number of observations on the phase one report
that were further documented in an accompanying memorandum.'' He echoed his
colleague’s concerns about the use of a single panel of experts for each program and about
the use of simplified models in conjunction with NEMS; he also called for more interaction
between DOE and the NRC panels during the evaluation process and better documentation.
He expressed concerns about the consistency of the process, the lack of clear metrics, the use
of single-point estimates, and decision trees not fully capturing the “flexibilities of actual
management practices.”'* He went on to describe the activities of a risk team within DOE
whose goal is to develop “scaleable risk analysis methods” that can be used by
project/program managers, portfolio managers, and political leaders. He described a
prototype Monte Carlo simulation-based tool for analyzing wind turbine systems but noted
that “many challenges remain to develop/implement these tools.”

The committee was pleased to hear about DOE’s efforts to improve its ability to
calculate the benefits of R&D, both through properly calculating net benefits in NEMS and
through developing sophisticated risk analysis models that can be used for program
management and evaluation. Whenever available, the results of these analyses should inform
panel evaluations of program benefits. The committee agrees that the individual program
evaluations would benefit from improved interactions between DOE and the NRC panels and
also agrees that DOE and DOE laboratories can contribute meaningfully to the ongoing
development of the proposed methodology. Indeed, the modifications to the methodology
(described in the final section of this letter) are focused primarily on improving these
interactions. The committee also agrees that review panels should discuss the logic
underlying their risk assessments.

Although it is sympathetic to DOE’s concerns about the use of expert panels and
overreliance on simple models, the committee remains optimistic that the proposed process
can lead to evaluations that are useful to decision makers. The committee emphasizes that the
proposed process is quite similar to processes used routinely to evaluate applied R&D
projects in industry. For example, Sharpe and Keelin'® describe a process used for evaluating
R&D projects at SmithKline Beecham that uses simple decision tree models for projects and
uses independent review panels to review these assessments. Like applied energy R&D
projects, modern pharmaceutical R&D projects are also quite complex and require
consideration of both scientific and market issues. Sharpe and Keelin’s discussion of the
SmithKline Beecham experience emphasizes how the independence and consistency of the
evaluation process led to improved communication and credibility: “by tackling the soft
issues—such as information quality and trust—SB improved its ability to address the hard

""“EERE and FE Observations on the NRC Report: Prospective Evaluation of Applied Energy
Research and Development at DOE (Phase One): A First Look Forward,” background paper delivered to the
Committee on Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy R&D Programs, Phase Two,
July 14, 2005.

12Sam Baldwin, DOE Office of Energy Efficiency and Renewable Energy, and Jay Braitsch, DOE
Office of Fossil Energy, “EERE-FE Observations on the NRC Report: Prospective Evaluation of Applied
Energy Research and Development at DOE (Phase One): A First Look Forward,” presentation to the Committee
on Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy R&D Programs, Phase Two, July 14,
2005.

BP. Sharpe and T. Keelin. 1998. “How SmithKline Beecham Makes Better Resource-Allocation
Decisions.” Harvard Business Review. Cambridge, Mass.: Harvard Business School Publishing. March-April.
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ones: how much and where to invest.”'* In that case, senior management ultimately

concluded that increased R&D funding would be a worthwhile investment. The committee
believes that with the cooperation and support of DOE, the proposed process developed in
phase one can be similarly successful and can improve communication with stakeholder
groups and the credibility of program evaluations.

CASE STUDIES SELECTED FOR PHASE TWO

For phase two, the committee has selected six DOE applied energy R&D activities to
be the subject of a prospective assessment of benefits. The selected activities are from the
FE and EE programs and are as follows (where applicable the specific subprogram that will
be the focus of the assessment is noted in parentheses):

e FE

— Integrated gasification combined cycle,

—  Sequestration, and

— Natural gas technologies (exploration and production).
e EE

— Distributed energy program (end-use system integration and interface),

—  Vehicle technologies program (hybrid and electric propulsion, advanced
combustion R&D, and materials technology—excluding projects related to
heavy duty vehicles), and

—  Industrial technologies program (chemicals).

Prior to its selection of these six activities for case studies, the committee held discussions
with major stakeholders, including congressional committee staff, DOE, and OMB. The
discussions with congressional appropriations staff occurred before the July 14, 2005,
workshop. At these meetings, congressional and agency staff recommended that since the
funds for the prospective benefits studies (phases one, two, and three; phase three will apply
the benefits methodology to a new set of case studies) had been appropriated by the
Appropriations Subcommittee on the Interior and Related Agencies, the case studies in phase
two should be drawn from the energy conservation programs within FE and EE, even though
all funds for DOE now fall under the jurisdiction of the newly reorganized Appropriations
Subcommittee on Energy and Water Development. At the July 14 workshop, OMB'" and
DOE'® offered suggestions for the case studies. Letters (see Attachment D) were sent by the

P Sharpe and T. Keelin. 1998. “How SmithKline Beecham Makes Better Resource-Allocation
Decisions.” Harvard Business Review. Cambridge, Mass.: Harvard Business School Publishing. March-April.
Page 45.

PLeo Sommaripa, “Prospective Benefits Estimation for DOE’s Applied R&D—NRC Phase II; OMB
Perspective and Interest,” presentation to the Committee on Prospective Benefits of DOE’s Energy Efficiency
and Fossil Energy R&D Programs, Phase Two, July 14, 2005.

'*Sam Baldwin, DOE Office of Energy Efficiency and Renewable Energy, and Jay Braitsch, DOE
Office of Fossil Energy, “EERE-FE Observations on the NRC Report: Prospective Evaluation of Applied
Energy Research and Development at DOE (Phase One): A First Look Forward,” presentation to the Committee
on Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy R&D Programs, Phase Two, July 14,
2005.
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committee to DOE on July 22, 2005, indicating which activities had been selected for case
studies and identifying information the review panels would need for their deliberations.
There was final agreement on the case studies after an August 4, 2005, meeting with the
undersecretary for energy, science, and environment and DOE staff.

The sequestration R&D program was selected as a case study for phase one and again
for phase two. Although the phase one study was not intended to produce accurate
quantitative results, the committee thought it would be useful to test in phase two the
currently proposed methodology and compare the results with those from phase one.
Environmental and energy security benefits are being further defined during phase two.
Evaluation of energy security benefits will be relevant for the chemicals subprogram of the
industrial technologies program (ITP), distributed energy resources R&D, hybrid vehicle
technology R&D, and natural gas technologies R&D. Evaluation of environmental benefits
will be relevant for integrated gasification combined cycle R&D and sequestration R&D.

The chemicals subprogram of ITP and the hybrid vehicle technologies program
include many separate program elements and provide the opportunity to aggregate several
activities. Thus the committee should have an opportunity to comment on how to aggregate
programs, the usefulness of spreadsheet models, and methods to account for competing and
complementary benefits.

MODIFICATIONS TO METHODOLOGY

The methodology proposed by the phase one committee was developed after its review
of the results of three pilot case studies. In phase two, the committee will test the
methodology in the new case studies and work to make it extensible to consideration of
environmental and energy security benefits. The feedback on methodology received in the
July 2005 workshop and other venues has raised many issues that the committee and the
review panels will have to bear in mind in conducting the case studies and in further
developing the methodology. However, this feedback has not led the committee to propose
fundamental changes to the methodology before applying it to these new case studies. The
primary change to the proposed process and plan is the decision to work to improve
communications and interactions with DOE, to the extent permissible under the Federal
Advisory Committee Act, Section 15, and the rules of the National Research Council. Some
examples of opportunities for improved communication and interaction are as follows:

1. Selection of case studies. Prior to selecting the case studies, the committee obtained
input from DOE, which was also asked to suggest experts for the various panel chairs. Per
the recommendations in the phase one report (pp. 33-34),"” the panel chairs are meeting in
person or via telephone with DOE program managers to discuss the methodology and the
information being requested. DOE was asked to make presentations at the first panel meeting
following the template'® that was developed by the NRC committee in order to ensure that

"National Research Council. 2005. Prospective Evaluation of Energy Research and Development at
DOE (Phase One): A First Look Forward. Washington, D.C.: The National Academies Press.

"The template is given in Appendix K of National Research Council. 2005. Prospective Evaluation of
Energy Research and Development at DOE (Phase One): A First Look Forward. Washington, D.C.: The
National Academies Press.
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the information is provided to all panels in a consistent and complete manner. At the end of
the first panel meeting, a decision tree will be constructed that will be sent to DOE to obtain
its probability estimates and any suggested modifications of the decision tree. The second
panel meeting will include open sessions with DOE participants at which DOE’s probability
estimates and any suggested modifications will be discussed. The primary change in the
process is that DOE has the opportunity to comment on and share its views on each panel’s
proposed process, before the end of the panel study.

2. Development and refinement of methodology. The further development of the
evaluation methodology will also involve DOE as well as experts within DOE’s laboratories.
The July 14, 2005, workshop provided a forum for offering feedback on the phase one
methodology and for supplying initial input regarding energy security and environmental
benefits. At the September 13, 2005, meeting, FE and EE described their activities related to
estimating environmental and energy security benefits. As refinement of the methodology
continues, there will be informal conversations with the committee chair, some committee
members, and DOE and other stakeholders about the proposed process and enhancements or
modifications to it. It is in the interest of the NRC, DOE, and other participants, sponsors,
and stakeholders to develop a methodology for evaluating prospective benefits of DOE R&D
that is both rigorous and transparent.

The committee looks forward to its work with DOE in the months ahead and
welcomes your feedback on its proposed processes.

Sincerely,

Maxine Savitz, Chair
Committee on Prospective Benefits of DOE’s Energy Efficiency and
Fossil Energy R&D Programs, Phase Two
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Attachment A

Statement of Task

PROSPECTIVE BENEFITS OF DOE’S ENERGY EFFICIENCY AND FOSSIL ENERGY
R&D PROGRAMS—PHASE 2

Project Scope:

The Phase 2 activity follows the completion of Phase 1, which resulted in the issuance of two reports on
methodology for estimating prospective benefits and evaluating energy R&D programs at DOE. These
reports [Energy Research at DOE: Was It Worth 1t?, and Prospective Evaluation of Applied Energy
Research and Development at DOE: A First Look Forward] are posted in the project record with
project identification number BEES-J-03-01-A in the Current Projects System.

At least three issues will require attention as part of the Phase 2 Task. These issues include: (a) further
improving the estimation of the value of environmental benefits (e.g., reduced emissions), (b) further
improving the estimation of the value of security benefits (e.g., reducing oil imports or ensuring more
reliable electricity supplies), and (c) determining how to estimate the overall benefits of the options
under a variety of scenarios. The first two issues involve the public good rather than direct economic
benefits. The committee will build on the foundation of work from Phase 1 and the body of literature
that exists to determine appropriate values for these factors. The committee might commission white
papers defining the state of knowledge and suggesting how the methodology could incorporate these
estimates. For (c), options evaluation, the committee will consider the extent to which an analytical
foundation is appropriate, building on the Phase 1 work and incorporating the full range of benefits for
representative scenarios. In addition, the committee will consider mechanisms for quantifying
knowledge benefits and include them as appropriate in the overall evaluation. The committee will also
provide a peer review of how DOE is evaluating prospective benefits of various Energy Efficiency (EE)
and Fossil Energy (FE) programs/projects. As in Phase 1, several panels will be separately appointed to
assist the committee in Phase 2.

A workshop will be held early in Phase 2 to discuss the Phase 1 reports and methodology, following
which the committee will write a letter report that will set the stage for the work to be accomplished in
Phase 2. A final report will be issued at the conclusion of Phase 2, about the end of April 2006. The
panels will write panel reports documenting the results of the analyses of the prospective benefits of the
various programs/projects in EE and FE chosen by the committee to evaluate. These panel reports may
be issued separately or incorporated into the Phase 2 final report.

The project is sponsored by the U.S. Department of Energy.
The approximate starting date for this project is March 15, 2005.

Project Duration: 14 months
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Attachment C

Committee’s Template for Presenting Panel Results

PANEL NAME:

Program Name:
Program Goals:
Year Goals Expected to be Achieved:
Program Costs:
Funding to Date: $
Current Funding: $
Proposed Year Funding: $
Expected Cost to Completion: $
Industry and Foreign Government Funding: $

Key Complementary/Interdependent DOE Programs:

All benefits are cumulative through 2050 and are reported in 20XX year dollars.

Global Scenarios

Reference High Oil and Carbon
Case Gas Prices Sensitive

1. Technical Risks

See decision tree for discussion of
probabilities

Program
Risks

2. Market Risks

1. Economic
Benefits

2. Environmental
Benefits

Benefits

3. Security
Benefits

Expected Program
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Comments and Observations: One to two paragraphs

e.g., provide a summary of the panel’s completed assessment and estimate of expected
benefits of the DOE program.

Technical Risks: 5 to10 lines

e.g., describe the program’s risks in sufficient detail and clarity, noting program
interdependencies, technical and infrastructure innovations and breakthroughs needed, and
competitive alternatives, and so on.

Market Risk: 5 to 10 lines

e.g., note factors that might affect market acceptance, including customer preferences, pricing,
competitive domestic and foreign activities; next -best technolo gies issues, regulatory
concerns, and so on.

Benefits: 5 to 10 lines

e.g., discuss specifically the estimation of benefits, uses and interpretations, caveats,
outstanding issues, and so on.

Program Observations: 5 to 10 lines

e.g., notable accomplishments/gaps, opportunities, spin-offs, and so on.
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Attachment D
Letters Sent to DOE by the Committee

Board on Energy and Environmental Systems 500 Fifth Street, NW
Washington, DC 20001
Phone:202 334 3344
Fax: 202 334 2019

July 22,2005

Allan Hoffman

EE-3B Forrestal Building
U.S. Department of Energy
1000 Independence Avenue
Washington D.C. 20585

Dear Dr. Hoffman:

At last week’s meeting, there was discussion as to which DOE activities would be the subject of benefits assessments
during phase two. Accordingly, the committee has selected three EE activities for benefits assessment. The selected
activities are included in the following list, with the area that will be the focus of the assessment noted in parentheses:

— Distributed energy program (end-use system integration and interface);

— Vehicle technologies program (hybrid and electric propulsion—excluding projects related to heavy vehicles;
advanced combustion R&D—limited to the combustion and emission control R&D activity, only; and
materials technology—excluding projects related to heavy vehicles and excluding the high temperature
materials laboratory activity); and

— Industrial technologies program (chemicals).

The committee requests that, for the above activities, DOE provide the necessary program description and model runs
(using NEMS, for example) as set forth in Figure K-1 of Prospective Evaluation of Applied Energy Research and
Development at DOE (Phase One): A First Look Forward. In addition, a brief history of the activity is requested.

It is suggested that EE designate a point of contact for each activity listed above to facilitate requests for information.
Please contact Martin Offutt of the NRC at 202-334-2904 or moffutt@nas.edu with the names of these contacts. In
addition, it is requested that a meeting take place in the near future between the program managers from DOE and the NRC
panel chairs to discuss the information request.

Thank you for your assistance with this request.

Sincerely,

Maxine Savitz
Chair, Committee on Prospective Benefits of DOE’s Energy Efficiency
and Fossil Energy R&D Programs (Phase Two)

Enclosure:
Appendix K, Prospective Evaluation of Applied Energy Research
and Development at DOE (Phase One): A First Look Forward

ce:
David Garman, Undersecretary for Energy, Science, and Environment
Rob Sandoli, Office of Management and Budget
Terry Tyborowski, Committee on Appropriations, U.S. House of Representatives
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Board on Energy and Environmental Systems 500 Fifth Street, NW
Washington, DC 20001
Phone: 202 334 3344
Fax: 2023342019

July 22,2005

Jay Braitsch

FE-24 Forrestal Building
U.S. Department of Energy
1000 Independence Avenue
Washington D.C. 20585

Dear Mr. Braitsch:

At last week’s meeting, there was discussion as to which DOE activities would be the subject of benefits assessments
during phase two. Accordingly, the committee has selected three FE activities for benefits assessment. The selected
activities are as follows, and where applicable the specific subprogram that will be the focus of the assessment has been
noted in parentheses:

— Integrated Gasification Combined Cycle;
— Sequestration; and
— Natural gas technologies (exploration and production).

The committee requests that, for the above activities, DOE provide the necessary program description and model runs
(using NEMS, for example) as set forth in Figure K-1 of Prospective Evaluation of Applied Energy Research and
Development at DOE (Phase One): A First Look Forward. In addition, a brief history of the activity is requested.

It is suggested that FE designate a point of contact for each activity listed above to facilitate requests for information.
Please contact Martin Offutt of the NRC at 202-334-2904 or moffutt@nas.edu with the names of these contacts. In
addition, it is requested that a meeting take place in the near future between the program managers from DOE and the NRC
panel chairs to discuss the information request.

Thank you for your assistance with this request.

Sincerely,

Maxine Savitz
Chair, Committee on Prospective Benefits of DOE’s Energy Efficiency
and Fossil Energy R&D Programs (Phase Two)

Enclosure:
Appendix K, Prospective Evaluation of Applied Energy Research
and Development at DOE (Phase One): A First Look Forward

ce:
David Garman, Undersecretary for Energy, Science, and Environment
Leo Sommaripa, Office of Management and Budget
Terry Tyborowski, Committee on Appropriations, U.S. House of Representatives
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Committee and Panel Activities

COMMITTEE MEETING Environmental Benefits of Oil and Gas R&D

WASHINGTON, D.C. Bill Hochheiser, DOE Office of Fossil Energy

JULY 13-15, 2005

Summary of Phase One Report MEETING OF PANEL ON DOE’S CARBON

Robert Fri, Phase One Chair SEQUESTRATION PROGRAM MEETING

Identification of User Needs PITTSBURGH, PENNSYLVANIA
SEPTEMBER 29-30, 2005

Kevin Carroll, House Committee on Science, Subcommit-
tee on Energy; Rob Sandoli and Leo Sommaripa, Office of Program Elements and Objectives Most Closely Related to
Management and Budget; Kevin Hurst, Office of Science Quantitative Estimates of Prospective Program Benefits
and Technology Policy; Sam Baldwin, DOE Office of Energy Sean Plasynski, DOE

Efficiency and Renewable Energy; and Jay Braitsch, DOE

Office of Fossil Energy Relationship of Sequestration Projects to Program Objec-

tives: CO, Capture Projects
Assessing the Benefits of R&D: A Framework of Analysis Jose Figueroa, DOE
and an Application Using NEMS

Relationship of S tration Projects to P Objec-
Kevin Forbes, Catholic University of America cralonsip ot Yeduestration Hrojects to Hrogram bjec

tives: CO, Storage Projects
Karen Cohen, DOE
COMMITTEE MEETING
WASHINGTON, D.C.
SEPTEMBER 15-16, 2005

Metrics for Energy Security Benefits
Russell Lee, Oak Ridge National Laboratory (ORNL)

Relationship of Sequestration Projects to Program Objec-
tives: Monitoring, Mitigation, and Verification
Karen Cohen, DOE

Relationship of Sequestration Projects to Program Objec-
tives: Regional Partnerships

Measuring Oil Security Benefits John Litynski, DOE

Dave Greene, ORNL NEMS-Based Approaches
Energy Security Benefits of Coal R&D Juli Klara, DOE

Darren Mollot, DOE Office of Fossil Energy CarBen Spreadsheet Model
Energy Security Benefits of Oil and Gas R&D Sarah Forbes, DOE
Rodney Geisbrecht, DOE National Energy Technology

Lab Economics—Impact of Technology Advances on COE
aboratory Jared Ciferno, DOE
Estimating Environmental Benefits

Russell Lee, ORNL DOE Progress to Date on Sequestration Decision Tree and

Probability Analysis
Environmental Benefits of Coal R&D Jay Braitsch, DOE
Darren Mollot, DOE Office of Fossil Energy
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MEETING OF PANEL ON DOE’S LIGHT-DUTY
VEHICLE HYBRID TECHNOLOGY R&D PROGRAM
WASHINGTON, D.C.

OCTOBER 3-4, 2005

Prospective Benefits of DOE’s Energy Efficiency and Fossil
Energy R&D Programs (Phase Two)
Ed Wall, DOE

Estimating Benefits of EERE Light Duty Vehicle R&D
Philip Patterson, DOE/EERE; Frances Wood, OnLocation,
Inc.; and Chip Friley, Brookhaven National Laboratory

MEETING OF PANEL ON DOE’S

INTEGRATED GASIFICATION COMBINED CYCLE
TECHNOLOGY R&D PROGRAM

WASHINGTON, D.C.

OCTOBER 5-6, 2005

Overview of DOE Benefits Analysis
Darren Mollot, DOE Office of Fossil Energy

DOE IGCC Program
Gary Stiegel, Richard Dennis; DOE Office of Fossil
Energy

DOE Methodologies for Estimating IGCC Benefits
Julianne Klara, DOE National Energy Technology
Laboratory

DOE Progress to Date on Decision Tree Analysis
Jay Braitsch, DOE Office of Fossil Energy

MEETING OF PANEL ON DOE’S CHEMICAL
INDUSTRIAL TECHNOLOGIES PROGRAM
WASHINGTON, D.C.

OCTOBER 10-11, 2005

Overview of the Chemicals Subprogram
Dickson Ozokwelu, DOE Lead Technology Manager

Estimating Benefits of EERE Chemical Industrial Technolo-
gies R&D
Joan Pellegrino, Energetics

MEETING OF PANEL ON DOE’S NATURAL GAS
EXPLORATION AND PRODUCTION PROGRAM
WASHINGTON, D.C.

OCTOBER 12-13, 2005

FE Methodologies for Estimation of Oil and Gas Program
Benefits
Rodney Geisbrecht, DOE

Natural Gas Research and Development
Bob Silva, DOE
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Assessing the Benefits of R&D: A Framework of Analysis
and an Application Using NEMS
John Pyrdol, DOE

MEETING OF PANEL ON DOE’S DISTRIBUTED
ENERGY RESOURCES PROGRAM
WASHINGTON, D.C.

OCTOBER 24-25, 2005

DOE Program
Pat Hoffman, DOE Office of Energy Efficiency and Renew-
able Energy

Estimating Benefits of EERE Combined Heat and Power
R&D

Frances Wood, OnLocation, Inc.; Chip Friley, Brookhaven
National Laboratory, Chris Marnay and Kristina Hamachi
LaCommare, Lawrence Berkeley National Laboratory

COMMITTEE MEETING
WASHINGTON, D.C.
OCTOBER 26-29, 2005

DOE Experience with Decision Trees
Darren Mollot, Office of Fossil Energy

DOE Energy Working Group
John R. Sullivan, Associate Under Secretary for Energy,
Science and Environment

MEETING OF PANEL ON DOE’S

CHEMICAL INDUSTRIAL TECHNOLOGIES PROGRAM
WASHINGTON, D.C.

NOVEMBER 3-4, 2005

Discussion of DOE’s ITP Chemicals Subprogram
Dickson Ozokwelu, DOE

MEETING OF PANEL ON DOE’S LIGHT-DUTY
VEHICLE HYBRID TECHNOLOGY R&D PROGRAM
WASHINGTON, D.C.

NOVEMBER 7-8, 2005

Discussions of DOE’s Vehicle Technologies Program
Ed Wall, DOE

MEETING OF PANEL ON DOE’S NATURAL GAS
EXPLORATION AND PRODUCTION PROGRAM
WASHINGTON, D.C.

NOVEMBER 9-10, 2005

Discussion of DOE’s Natural Gas E&P Program
Bob Silva, U.S. Department of Energy
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MEETING OF PANEL ON DOE’S MEETING OF PANEL ON DOE’S CARBON
INTEGRATED GASIFICATION COMBINED CYCLE SEQUESTRATION PROGRAM
TECHNOLOGY R&D PROGRAM WASHINGTON, D.C.
WASHINGTON, D.C. DECEMBER 15-16, 2005
NOVEMBER 29-30, 2005 CO, Capture R&D Pathways for IGCC
Q&A and Discussion of DOE’s IGCC Program Jared Ciferno, DOE
Jay Braitsch, DOE

COMMITTEE MEETING
MEETING OF PANEL ON DOE’S DISTRIBUTED IRVINE, CALIFORNIA
ENERGY RESOURCES PROGRAM FEBRUARY 10-11, 2006
WASHINGTON, D.C. Closed :
DECEMBER 13-14, 2005 osec meeting

Q&A and Discussion of DOE’s Program
Pat Hoffman, DOE
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Guidance on Prospective Benefits Evaluation

OVERVIEW

A methodology is presented for prospectively evaluating
the benefits of applied energy research and development
(R&D) programs. The types of benefits to be evaluated are
based on three fundamental objectives that have guided en-
ergy policy since the energy crisis of 1973-1974: economic
improvement, environmental protection, and energy security.
Two principal sources of uncertainty in the benefits calcula-
tion are considered: (1) the risk associated with the technical
success of an R&D program and (2) the risk associated with
market acceptance of a technology. The methodology calls
for the use of a decision tree as a framework for organizing
the benefits calculation, which is then presented in a results
matrix that uniformly summarizes important data and esti-
mated benefits for all technology programs.

THE RESULTS MATRIX

Prospective evaluation is complicated by uncertainty
about how the future will unfold. A standard way to take un-
certainties into account in cost-benefit analysis is to consider
the “expected benefit,” which is the probability-weighted
average of the benefits associated with all the possible out-
comes of a program.

The benefits framework proposed for prospective evalu-
ation incorporates these characteristics of the possible
outcomes and attendant investment risk. This framework is
summarized in matrix form in Figure F-1. The bottom three
rows represent the same three kinds of benefits—economic,
environmental, or security benefits—considered in the ret-
rospective analysis, Energy Research at DOE: Was It Worth
It? (NRC, 2001).

Economic net benefits are based on changes in the total
market value of goods and services that can be produced in
the U.S. economy under normal conditions, where “normal”
refers to conditions absent energy disruptions or other energy
shocks. Economic value can be increased either because a

95

new technology reduces the cost of producing a given output
or because the technology allows additional valuable out-
puts to be produced by the economy. Economic benefits are
characterized by changes in the valuations based on market
prices. This estimation must be computed on the basis of
comparison with the next-best alternative, not some standard
or average value.

Environmental net benefits are based on changes in the
quality of the environment that have occurred, will occur, or
may occur as a result of the technology. These changes could
occur because the technology directly reduces the adverse
impact on the environment of providing a given amount of
energy service, for example by reducing the sulfur dioxide
emissions per kilowatt-hour of electric energy generated by
a fossil fuel fired power plant, or because the technology
indirectly enables the achievement of enhanced environ-
mental standards, for example by introducing the choice of
a high-efficiency refrigerator. Environmental net benefits are
typically not directly measurable by market prices. They can
often be quantified in terms of reductions in net emissions or
other physical impacts. In some cases market values can be
assigned to the impacts based on emissions trading or other
indicators.

Security net benefits are based on changes in the prob-
ability or severity of abnormal energy-related events that
would adversely impact the overall economy, public health
and safety, or the environment. Historically, these benefits
arose in terms of “national security” issues, initially the as-
surance of energy resources required for a military operation
or a war effort. Subsequently they focused on dependence
on imported oil and vulnerability to interdiction of supply
or cartel pricing as a political weapon. More recently, the
economic disruptions of rapid international price fluctuations
from any cause have come to the fore.

These three classes of benefits have been chosen to reflect
the programmatic goals of the U.S. Department of Energy
(DOE) offices for which the study was conducted. The three
classes are not meant to be comprehensive. For example,
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Program Name:
Program Goals:

Year Goals Achieved:
Costs:

Current Funding Cycle:

Expected Cost to Completion:

Global Scenario

Reference

Carbon
Constrained

High Oil and

Case Gas Prices

Technical Risk

Program
Benefits

Market Risks

g Economic Benefits
s

an

e 3 .

A Environmental

B 5 Benefits

o m

(0]

&

3] Security Benefits

FIGURE F-1 Results matrix for evaluating benefits and costs prospectively.

they do not include the benefits of fundamental research
sponsored by the Office of Science, health benefits, or other
quality of life benefits that could be unintended but real
consequences of some applied R&D programs.

SCENARIOS

The benefit of a new technology will often depend on
developments quite unrelated to the technology itself. For
example, the benefit of energy-efficient lighting will de-
pend on the cost of electricity, which in turn depends on
the costs of fuels like natural gas and coal used to generate
electricity. Similarly, the economic benefits associated with

carbon sequestration will depend on carbon emissions be-
ing constrained or taxed and the level of constraint. Thus,
assumptions about the future of prices and environmental
constraints, among other things, can have a significant effect
on the prospective benefits of a technology.

The scenarios in Figure F-1 represent three possible future
states of the world that are likely to affect the benefits asso-
ciated with a wide variety of DOE applied R&D programs.
It is recommended that the same three scenarios be used
to evaluate all the programs. The use of a common set of
scenarios across program evaluations will allow reviewers
to consider many programs without having to learn defini-
tions for multiple scenarios and will facilitate comparisons
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across programs. To ensure consistency, it is important for
the scenarios used in the review of different programs to be
built on precisely the same assumptions (e.g., the same oil
and gas price assumptions); it is not sufficient for them to be
similar in some high-level or vague sense.

The three global scenarios are as follows:

1. Reference Case. This is the scenario developed by the
Energy Information Administration and described in the An-
nual Energy Outlook (AEO) (EIA, 2004). The AEO provides
detailed forecasts of U.S. energy supply, demand, and prices
through 2025. This scenario represents the government’s of-
ficial base-case forecast. The 2004 Reference Case assumed
as follows:

—World oil prices decrease from their current levels to
about $24 in 2010 and then increase to about $27 per barrel
in 2025.

—Natural gas consumption increases significantly—
i.e., 23 trillion cubic feet (Tcf) to 26 Tcf in 2010 and 31 Tcf
in 2025—with prices decreasing from current levels to $3.49
per thousand cubic feet (Mcf) in 2010, then increasing to
$4.47 per Mcf in 2025.!

—Primary energy consumption increases from 97.7
quadrillion British thermal units (quads) in 2002 to 136.5
quads in 2025.

—GDP grows 3.0 percent per year to 2025.

—Carbon dioxide emissions from energy consumption
grow from 5,729 million metric tons in 2002 to 8,142 million
metric tons in 2025.

2. High Oil and Gas Prices. This scenario assumes that
oil prices will remain very high throughout the period and
that constraints on natural gas supply lead to higher natural
gas prices and higher electricity prices. For example, the oil
price in 2012 in this scenario is $33.41 versus $23.98 in the
Reference Case, and the natural gas price in 2012 is $4.53
per Mcf versus $3.92 per Mcf in the Reference Case.

3. Carbon Constrained. This scenario, developed by the
DOE, assumes that U.S. emissions of carbon are constrained
in response to environmental concerns. Specifically, this
scenario assumes that the Global Climate Change Initiative
goal of an 18 percent reduction in national greenhouse gas
intensity (below the 2002 level) is achieved by 2012 (White
House, 2002) and that annual emissions are held constant
at that level thereafter. Relative to the Reference Case, this
leads to increased demand for natural gas and increased
prices (for example, $6.79 per Mcf in 2012 versus $5.54 per
Mcf in 2012 in the 2004 Reference Case) as well as greater
reliance on renewable electricity, unless carbon sequestration
technologies are successful.

The three scenarios considered in the prospective benefits
matrix (Figure F-1) are not intended to capture everything
that could happen in the future. Indeed, there are an uncount-

'All prices are stated in 2002 dollars and thus do not reflect inflation.
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able number of different possible futures, including other
levels of oil and gas prices and carbon constraints. Therefore,
reviewers are discouraged from specifying probabilities for
these scenarios in order to calculate a single “expected ben-
efit” that represents a probability-weighted average across
the three scenarios. Rather, the three scenarios are intended
as a representative set of scenarios that highlight particular
policy issues and provide a form of sensitivity analysis for
the benefits analysis. Displaying the results across the three
scenarios rather than collapsing the scenarios into a single
expected value allows reviewers to focus on scenarios
that they view as more likely or as representing particular
policy objectives or interests. For example, a policy maker
contemplating constraints on carbon emissions might look
carefully at benefits in the Carbon Constrained scenario to
see what DOE is doing to help prepare the United States for
this possibility.

Projects and programs may yield benefits in some but not
all scenarios. In the study Prospective Evaluation of Applied
Energy Research and Development at DOE (Phase One): A
First Look Forward (NRC, 2005a), the carbon sequestration
program was viewed by the expert panel as providing ben-
efits only in the Carbon Constrained scenario. The panel did
not believe the sequestration technology would be deployed
under the two other scenarios and so would yield zero ben-
efit. But even if the benefit of a program is zero for a given
scenario, it is important that all program evaluations consider
benefits in all of the scenarios. While carbon constraints or
high oil and gas prices might not be particularly relevant
to the performance of lighting technologies, the economic
benefit associated with efficiency enhancement might vary
across scenarios as electricity prices change.?> Even if the
benefit does not change, the scenarios should be considered
and expected benefits reported, because at some point re-
viewers may combine benefits across projects or programs
for a particular scenario, and the absence of an estimate for
benefit in a given scenario should not be confused with zero
benefit.

While these three global scenarios should serve to il-
lustrate the potential benefits of most DOE applied R&D
programs, if a particular program is designed to provide ben-
efits under some other set of circumstances, the DOE and/or
review panels are invited to consider benefits in additional
scenarios. In such a case, the alternative scenario should be
described clearly and its benefits for this scenario should
be calculated and reported in a manner consistent with the
principles outlined elsewhere in this report. It should be con-
sidered in addition to the three global scenarios considered
in the prospective benefits matrix—that is, it should not be

2Specifically, the probability of market acceptance of the energy efficient
technology may vary from scenario to scenario. Most directly, differences in
the price of energy change the attractiveness of energy-efficient technologies
to consumers. In addition, high energy prices could drive investments in
complementary technologies or cause reassessments of regulatory standards
or the relative risks of different technologies.
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viewed as a substitute for or a modification of one or more
of those scenarios.

THE DECISION TREE FRAMEWORK

Introduction

The estimated benefit of a program is subject to multiple
sources of uncertainty, both as a result of what happens in
the program itself and what happens to the alternative tech-
nologies or in the policy environment. The basic principle of
program assessment remains the same as in a retrospective
analysis: Find the difference between social benefits with the
government program and without it. However, the implica-
tions of the various uncertainties must be considered care-
fully. In this section, the formal mechanism for estimating
benefits—the decision tree framework—is described. First,
some of the key factors to consider in benefit assessment
are discussed.

Key Factors in Benefit Assessment

It is essential first to define the outcomes for which it is
worth calculating the benefits. Three factors typically deter-
mine the alternative outcomes of an applied R&D program.
One (or two) of the factors might not be important in a spe-
cific case, but their ubiquity implies that each assessment
should look at all three so that analysis teams can determine
which of them need to be explicitly incorporated into the
benefit calculations. Each is discussed briefly.

Estimating the Net Benefit of Government Support

An estimation of the expected net benefit of a govern-
ment program involves an explicit or implicit comparison
of the possible outcomes with the government program and
the possible outcomes absent the program. For example, a
government program might lead to a research team making
a significant technology advance. The expected benefits of
that advance could be estimated. However, to determine
the net benefits of the government support, it is necessary
to consider the extent to which this or other research teams
are likely to have achieved the same technology advance
absent the government support and to estimate the benefit
and probability of the advance. The expected net benefit of
the government program is the difference between the ex-
pected benefits with and without government support, not the
expected benefit of the technology advance with government
support.

Considering the Uncertainty Surrounding the Next-Best
Technology

Similarly, estimation of the expected net benefits of a
government program requires either explicit or implicit con-

sideration of how the market would evolve without the tech-
nology being developed by the DOE research program. Take,
for example, the estimation of net benefits of a successful
government program for new solid state lighting technology.
One could assess the benefits of the new lighting technology
advance assuming it is coupled with a government program
designed to hasten its market adoption. One would have to
compare these benefits with those of a program designed
to hasten the adoption of the next-best lighting technol-
ogy—say, the next generation of compact fluorescent lights.
It would not be appropriate to estimate the expected net
benefits based on a comparison with the existing generation
of compact fluorescents or (and this would be even less ap-
propriate) the existing generation of incandescent lighting
technology.

In some cases, there might be considerable uncertainty
about the benefits that accrue due to advances in alterna-
tive technologies; in some cases the benefits might change
radically depending on potential, but uncertain, advances
in the next-best technology. Commercial penetration of a
moderately successful fuel cell car, for example, might be
substantially reduced if the fuel efficiency of hybrid-electric
vehicles improves dramatically. In cases such as this, it may
be necessary to consider explicitly different levels of success
for the next-best technologies and the probabilities that these
levels will occur.

Considering Enabling/Complementary Technologies

In many cases, estimating the expected net benefits of
a government program requires either explicit or implicit
consideration of enabling or complementary technologies.
Whenever the market acceptance of a particular technology
depends strongly on the existence of other technologies
complementing the technology in question or enabling it, it
is necessary to assess the probability that enabling or comple-
mentary technology will be successful. For example, a suc-
cessful government program to advance the technology of
hydrogen fueling stations for light-duty vehicles would have
little benefit unless the various technologies for hydrogen ve-
hicles—particularly fuel cells and onboard storage—were to
advance enough that many people would choose to purchase
hydrogen fuel cell vehicles; thus it is necessary to assess the
probabilities that these complementary technologies will be
successful in order to accurately estimate the net benefits
of the government program to advance the technology of
hydrogen fueling stations.3

In some cases, the benefits of a program are greatly
enhanced by complementary technologies but the program

3Note that this treatment of complementary technology allows the evalua-
tion of specific programs (e.g., vehicle fuel cells) without having to conduct
a complete evaluation of the entire technology package in which they are
embedded (e.g., the hydrogen economy). Without this simplification, ben-
efits evaluations would become unwieldy.
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will provide at least some value even in their absence. If
the distinction is important, then an assessment of the prob-
ability of success for the complementary technology and the
expected benefits of the program considering both potential
outcomes—the benefits of the program with and without the
complementary technology—will be needed.

Decision Tree

Estimating benefits requires the application of a decision
tree process that includes consideration of the three key
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components of government energy R&D program evalua-
tion and clarifies the relationships among them. Figure F-2
illustrates the possible relationships among these three key
components using a decision tree, where the first node (the
decision node) represents the government action—to pursue
the program or not; the second node (first chance node) is the
possible outcome of the program; and the third node (second
chance node) represents the multiple factors that determine
market acceptance, including developments in the next-best
technology and the success of enabling and complementary
technology programs.

Government
Funding Technology
Decision Outcome Market Acceptance
High Acceptance
High Success
Low Acceptance
High Acceptance
Yes
O Medium Success
Low Acceptance
No Success |
1
[
High Acceptance
High Success
Low Acceptance
No
(next-best High Acceptance
technology)
O Medium Success
Low Acceptance
No Success

FIGURE F-2 Decision tree.
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The decision tree provides a framework for organizing
the benefits calculation. The expert panel must specify prob-
abilities for the various uncertainties in the tree. Because the
probabilities need not be the same in each global scenario,
the expected benefit could differ in each scenario. Then, as
discussed in the preceding section, the value of the govern-
ment program is the difference between the expected benefit
of the with-government-support alternative and that of the
without-government-support alternative.

Figure F-3 illustrates the decision tree applied to the ad-
vanced lighting program, with numerical values included.
These numerical values are provided only to show the
general structure of such a decision tree and to illustrate the
calculations that would be used.

In this decision tree, the government has one basic deci-

DOE/U.S. Industry

DOE Invest? Success Level
150 Ipw
Expected Cost Reductions Prob: .1
$3,136
Yes 100 Ipw
Prob: .5
No Change
Prob: .4
150 Ipw
Prob: 0
No 100 Ipw
Prob: .3
Expected Cost Reductions
$2,323
No Change
Prob: .7

Expected Net Benefit from DOE Investment (million $)

sion, to invest in the R&D program or not to invest. In ei-
ther case, three possible levels of lighting efficacy could be
achieved by U.S. industry: 150 lumens per watt (Ipw), 100
Ipw, or no change from the current situation. If DOE invests,
then the probability of the greatest advance, 150 lpw, would
be increased to 10 percent (from O percent in the absence of
DOE research); the probability of the medium advance, 100
Ipw, would be increased to 50 percent (from 30 percent in
the absence of DOE research); and the probability that there
would be no advance would be decreased to 40 percent (from
70 percent in the absence of DOE research). Note that these
probability assessments do not show that DOE investment
will guarantee success—they show that DOE investment
increases the probability of successful outcomes.

DOE investment also can change the probability that other

Other Probability-
Nations' Conditional Weighted

Other Nation'  Success Joint Benefits Benefits
Success Level Probability Probability (million $)

150 Ipw .05 .005 $4,803 $24
100 Ipw 5 .05 $4,926 $246
No change .45 .045 $4,926 $222
150 Ipw .05 .025 $4,680 $117
100 Ipw 5 .25 $3,602 $901
No change .45 225 $3,695 $831
150 Ipw .05 .02 $4,680 $94
100 Ipw 5 2 $3,510 $702
No change .45 18 $0 $0
150 Ipw 0 0 $4,803 $0
100 Ipw 5 0 $4,926 $0
No change .5 0 $4,926 $0
150 Ipw 0 0 $4,680 $0
100 Ipw 5 .15 $3,602 $540
No change .5 15 $3,695 $554
150 Ipw 0 0 $4,680 $0
100 Ipw 5 .35 $3,510 $1,229
No change .5 .35 $0 $0

813

FIGURE F-3 Example of decision tree applied to advanced lighting program. The net expected benefit is the difference between the upper
and lower half, or $813 million. The expected benefit of the upper half of the tree (for which DOE invest? = yes) is $3,136 million—the sum
of the first nine probability-weighted benefits in the column on the far right. The expected benefit of the lower half of the tree (for which
DOE invest? = no) is $2,323 million—the sum of the second set of nine probability-weighted benefits. See also discussion in the text.
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nations will have R&D successes. These probabilities are
shown in the first column. This decision tree assumes that
there will be a 5 percent probability that other nations will
achieve 150 lpw if DOE conducts a research project but no
probability of that success in the absence of DOE research.
It assumes that there will be a 50 percent probability of
other nations achieving 100 lumens per watt, with or without
DOE investment. With DOE research, there is a 45 percent
probability that other nations will not have any incremental
improvement; without DOE research, that probability would
be 50 percent.

Given those probabilities of U.S. and foreign success,
the probabilities of the combinations of outcomes are given
in the second column. For example, the probability of U.S.
industry achieving 150 lpw and other nations achieving 100
Ipw is .05, calculated as the product of .10 and .50.

The third column provides the conditional benefit esti-
mates, which vary according to the combinations of out-
comes being considered. Here again, the numbers are pre-
sented only for the purpose of illustration. For example, the
benefit to the United States, conditional on U.S. industry’s
achieving 150 lpw and other nations’ achieving 100 Ipw is
$4,926 million.

The contributions to the expected value are given in the
third column, as the product of the numbers in the first and
second columns. The contribution to expected value of the
combination—U.S. industry achieving 150 Ipw and other
nations achieving 100 Ipw—is $246 million, the product of
.05 and $4,926 million.

The expected value of all possible combinations of out-
comes, given DOE R&D investment, is the sum of the top
nine numbers in the column on the right. This sum is $3,136
million. The expected value of all possible combinations of
outcomes if DOE makes no such R&D investment is the sum
of the bottom nine numbers in the column on the right. This
sum is $2,323 million.

Note that as a result of U.S. industry R&D and R&D
in other nations, the United States would capture benefits
even without DOE investment. But those benefits would be
smaller than they would be if DOE did invest in R&D.

The difference between the benefits with DOE invest-
ment—$3,136 million—and the benefits absent DOE invest-
ment—$2,323 million—is the expected value of the gain
resulting from DOE investment. This difference of $813
million is the overall benefit from the DOE investment. The
overall benefit is not the benefit with DOE investment—
$3,136 million—since a large share of those gains to the
United States would occur even without DOE investment.

Expert Evaluation of Probabilities

Evaluating the probabilities associated with the different
branches on the tree—the likelihood of technical success for
the program and the likelihood it will achieve different levels
of market penetration—is a critical part of the work of the
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expert panels. The following subsections include guidelines
for assessing probabilities at each of the nodes in the deci-
sion tree.

Government Program Support (Decision Node)

The difference between paths with and without the
government program is a measure of the government role.
As indicated earlier, evaluation seeks not just to measure
change that accompanies a government program, project, or
other activity, but also to determine whether the change is
attributable to specific government intervention. Evaluation
must rule out alternative, competing explanations for an
observed or predicted change. For example, a government
program may be launched to develop a new energy-conserv-
ing technology, and, indeed, it may succeed. But the same
outcome, or a portion of it, may have resulted without the
government program. The decision tree methodology sug-
gests using a counterfactual approach in the attempt to isolate
or demonstrate the effects of the program under evaluation.
In a decision tree analysis, one branch describes the path if
a specified government program with identified character-
istics, including a defined level of funding, is adopted. An
alternative branch of the tree describes the path without that
government program. Other branches may describe the path
of the government program at various funding levels. The
probabilities and values for the paths along each branch are
based on the assumption that the program is funded at the
specified level. By comparing the resulting expected value
benefits for alternative branches, the differential expected
benefits attributable to the government program can be
identified.

A government program may affect societal benefits in
multiple ways, including the following:

1. The program might result in technology development
and use that otherwise would not have occurred. 1f it is
thought that nothing would have happened in the foreseeable
future without the government program, this is captured in
the benefits stream for the without-government-program
branch. The only benefits associated with the without-gov-
ernment-program branch are those attributable to the next-
best technology available when the government program
would have been completed.

2. The program might accelerate technology develop-
ment and use. If the government program is viewed as caus-
ing the development and use of a technology that otherwise
would be developed in the same way but at a slower pace,
this effect is captured in the timing of the estimated stream
of benefits underlying the benefit calculations at the end of
the with-government-program branch as compared with the
timing of the benefits stream at the end of the without-gov-
ernment-program branch. For example, if the with-govern-
ment-program branch is expected to result in the technology
being developed and adopted into use, say, 3 years sooner
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than the without-government-program branch, the stream of
benefits will be shifted forward by 3 years and the govern-
ment’s contribution will be credited with the difference in
the expected present value of the two benefits streams.

3. The program might improve a technology and make it
more attractive to users. If the government program provides
significant advances over the next-best technology, this can
be captured in several ways. The advance may increase the
probability of market acceptance. It may improve market
penetration. It may generate larger unit benefits in use. Each
of these effects can be captured in one of the branches of the
decision tree.

4. The program might increase the probability of techni-
cal or market success. If the government program reduces the
risk associated with achieving technical or market success,
this is captured in the comparative probabilities assigned
to the with- and without-government-program branches of
the tree in the technical and/or market risk decision nodes.
If the government role is to reduce technical risk, a higher
probability of technical success assigned to the with-govern-
ment-program branch will result in greater expected benefits
projection for that branch and a larger expected benefit will
be attributed to the government program, calculated as the
difference between the expected values of the with- and
without-government-program branches.

5. The program might enlarge the scope of the technol-
ogy to make it more “enabling.” Enabling technologies are
characterized as generating larger-than-average spillover
benefits; that is, benefits that accrue broadly in society rather
than more narrowly to direct private-sector investors in the
research. If the government program enlarges the scope of
the technology in ways that create a more enabling technol-
ogy platform, the effect is captured in the benefits stream of
the with-government-program branch of the decision tree,
which includes a larger societal benefit than the without-
government-program branch.

6. The program might increase collaborative and multi-
disciplinary research. The government program may promote
collaboration among researchers by helping to overcome
existing barriers to collaboration. Networks of collaborative
R&D activity are increasingly seen as playing an important
role in innovation. If the government program increases col-
laboration and if increased collaboration increases the likeli-
hood of technical or market success, this effect is captured by
assigning different probabilities of success to the with- and
without-government-program branches. If, on the other hand,
the change in collaborative effort increases the scope of the
research, increasing its enabling characteristics, this effect
is captured in the with- and without-government-program
branches as differences in the estimates of societal benefits.

7. The program might produce a combination of effects. If
the government program is expected to have more than one of
the effects listed above, these may affect both the compara-
tive probabilities assigned to technical and market success
and the comparative projected benefit streams estimated for

the with- and without-government-program branches of the
decision tree. Multiple effects can easily be accommodated
in the context of the decision tree analysis. As in the other
cases, it remains necessary to take the difference between the
with- and without-government-program branches to find the
expected benefits of the government program.

Technical Outcomes (First Chance Node)

In retrospective evaluations, one knows if a specific
research program was successful in terms of meeting its
technical (and commercial) objectives. In prospective evalu-
ations, it is not known in advance whether a program will be
successful. To calculate benefits one must therefore consider
the likelihood that the program will be successful. While
technical success can be viewed in relation to achievement of
a single goal or outcome, a given research program might be
judged successful across a range of outcomes, each with its
own probability of technical success. As is discussed above,
if the possibility of multiple outcomes is ignored, research
benefits may be underestimated. Moreover, the use of a
single “representative” outcome will usually be inaccurate
and will mask assumptions about the relationships between
the program outcomes and the alternative technologies.

DOE often identifies single goals for programs, and these
goals may be stretch goals in the sense of being at the high
end of possible outcome value but having a relatively low
probability of technical success. Attaining less optimistic
goals with delayed or only partial benefits may still have
considerable value as well as a higher probability of technical
success. Consideration of stretch goals alone is therefore also
likely to lead to an underestimate of benefits. The number
and nature of the outcomes to include will vary by project.

Probabilities of technical success (at any outcome level)
are likely to depend on the level (and, in some cases, the
quality) of resources—financial, technical, and manage-
rial—expected over the life of the program, so that probabili-
ties change with funding/resource level and the calculated
expected net benefits are conditional on that level.

Market Risk (Second Chance Node)

“Market risk” refers to the probability of a given technol-
ogy being moved out of the lab and deployed into use.* This
risk is expressed as a probability for each case under evalu-
ation and entered into a third node for each relevant branch
of the decision tree. It is critical to the estimation of expected

4“Market risk” may be distinguished from other risk terms commonly
used in finance and economics, including “financial risk,” where the general
category is subdivided into “systematic risk,” referring to risk associated
with changes in the business cycle, and “unsystematic risk,” referring to
risks associated with the variation in performance associated with a particu-
lar firm. “Economic risk” generally refers to the likelihood that the benefits
from an investment may not be sufficient to cover its costs.
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benefits, as an applied R&D program yields benefits only if
the technology is used.

Probabilities are applied to market penetration estimates.
The probability that a technology will be deployed is distinct
from the rate at which it is deployed—that is, its market
penetration. It is necessary to estimate the rate at which the
technology will come into use.

Many factors influence whether, and to which extent, a
technology will be deployed into use. These factors do not
apply to all programs, and it is recommended that the chief
factors that influenced the probability estimates be identi-
fied in either a row at the top of the results matrix or in an
appendix. These factors include the following:

* Market demand. To what extent does the technology
meet a current demand? Does it enable users to solve an
important problem or exploit a promising opportunity?

* Competition. What are the competing technologies that
the target technology must overcome in order to be accepted
in the market? Note that there are always competing tech-
nologies. Are others working on the same technology? Are
others working on different technologies that might meet the
same need? In the United States? Outside the United States?
Who is performing the work?

» Window of opportunity. How long will the need for
the technology exist? Are there factors that might eliminate
or reduce the need for this technology? For example, are
advances in a competing technology likely to outstrip those
in the target technology, wiping out its advantages? When
might this occur?

 Potential hazards. Are there potential environmental
or safety concerns that might limit the use of the technology?
For example, are there any by-products that might create
an environmental or biological hazard, incurring mitigation
costs or exposure to liability?

* Ease and cost of implementation. To what extent does
adoption of the technology require changing existing systems
or ways of doing things? For example, it would be easy to
introduce a new catalyst into an existing reactor. On the
other hand, a hydrogen-powered automobile would require
a new fuel distribution system if the hydrogen is centrally
produced, making implementation more difficult. To what
extent will adoption of the technology require large capital
investment? To what extent will adoption cause disruptions
and downtime in current operations? To what extent will
adoption require worker retraining?

* Resistance by special interests. To what extent will
those adversely affected by the new technology lobby to re-
tard its adoption, and how successful are they likely to be?

* New regulations. To what extent are new regulations
likely to promote or impede the adoption of the technology?
For example, unexpectedly stringent environmental regula-
tions on diesel emissions made obsolete the fuel and engine
research programs designed to meet the more modest objec-
tives that had been anticipated. Conversely, adoption of ap-
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pliance efficiency standards can lead to development of new
technologies, as in the case of refrigerators (NRC, 2001, pp.
97-98).

* Complementary and prerequisite technologies. Is
adoption of the new technology dependent on the availabil-
ity of other technologies? Are these technologies still in the
pipelines of other R&D programs? Will they be available in
time to support the technology under evaluation?

Market risk factors are often critical to evaluating the
potential of an R&D program. Indeed, for investments in
fairly specific technologies, the risks associated with market
acceptance may overwhelm those associated with technical
success. Alternatively, fundamental programs that yield re-
sults applicable to a range of technologies and market condi-
tions may be less susceptible to the market risks discussed
here: They may be applicable in a wide range of regulatory
regimes and may contribute to multiple technologies, at least
some of which are likely to be available and of interest in
the relevant time frame. Of course, long-term fundamental
programs may be very risky in that the likelihood that all of
their goals are achieved is remote.

Long-term, fundamental R&D requires further develop-
ment and often further research before reaching a commercial
outcome. Applied R&D such as the DOE programs consid-
ered in this report aims to develop technologies with specific
performance and cost criteria that will be commercial in a
time frame consistent with the schedule of the applied R&D
project. It is this latter type of R&D having more immedi-
ate commercial applicability that the methodology has been
designed to evaluate. The types of benefits evaluated in the
methodology—for example, economic benefits—are consis-
tent with the goals of technology development programs and
the expectations of those making the investments. A further
difference between fundamental and applied R&D is that the
former has knowledge as its primary goal while the latter has
knowledge as a by-product. Knowledge benefits may include
unanticipated and not closely related technological spin-offs
that are made possible by the research programs. Because
the methodology proposed here is for applied R&D it has
economic, environmental, and security benefits as its primary
goal and does not give credit for knowledge generated in the
course of a technology’s development.

REPORTING OF RESULTS

All panels will report their results consistently using the
benefits results template discussed in this Appendix (see
Figure F-4). The format requires that each panel present simi-
lar information about the program under review and its find-
ings so that users of the results can make informed program
and funding decisions. The benefits results template consists
of three sections. The first section lists important program
information provided by the Department of Energy (DOE).
The second section presents the panel’s results matrix of
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PANEL NAME:

Program Name:
Program Goals:
Year Goals Expected to Be Achieved:
Program Costs:
Funding to Date: $
Current Funding: §
Proposed Year Funding: §
Expected Cost to Completion: $
Industry and Foreign Government Funding: $
Key Complementary/Interdependent DOE Programs:

All benefits are cumulative through 2050 and are reported in 20XX year dollars.

Global Scenario

Reference | High Oil and Carbon

Case Gas Prices Constrained
Technical Risk
g .
S
an |2
E R~ Market Risks

Economic Benefits

Environmental
Benefits

Expected Program
Benefits

Security Benefits

FIGURE F-4 Template for presenting panel results.
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Comments and Observations: One to two paragraphs

e.g., provide a summary of the panel’s completed assessment and estimate of expected
benefits of the DOE program.

Technical Risks: 5 to 10 lines

e.g., describe the program’s risks in sufficient detail and clarity, noting program
interdependencies, technical and infrastructure innovations and breakthroughs needed, and
competitive alternatives, and so on.

Market Risk: 5 to 10 lines

e.g., note factors that might affect market acceptance, including customer preferences, pricing,
competitive domestic and foreign activities; next-best technologies issues, regulatory
concerns, and so on.

Benefits: 5 to 10 lines

e.g., discuss specifically the estimation of benefits, uses and interpretations, caveats,
outstanding issues, and so on.

Program Observations: 5 to 10 lines

e.g., notable accomplishments/gaps, opportunities, spin-offs, and so on.

FIGURE F-4 Continued
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the expected benefits of the program using the committee’s
methodology applied to DOE’s expectation of program out-
comes as well as the alternative outcomes anticipated by the
panel. The third section of the template provides the panel’s
findings and conclusions and expert opinions regarding the
application of the methodology to the program.

In addition, panels must prepare a brief report—about
10 pages—to include background, summary of the DOE
program, technical and market risk assessment, results and
discussion, technical and market success, benefits estima-
tion, role of DOE funding, decision tree, benefits calcula-
tions, results matrix, summary, and conclusions (including
recommendations).

DOE Program Information

The first section of the benefits results template will pro-
vide summary information characterizing the DOE program.
This information will include an identification of the program
goals; funding, including outside funding; and the program’s
critical interdependencies with other DOE program efforts.
This information is provided directly by DOE.

Results Matrix

The results matrix in the template is for presenting the
panel’s views of the program’s technical and market risks
and the expected benefits of the R&D program. Market risks
reflect the panel’s expert opinion of the program’s market ac-
ceptance assuming that the goals have been met. Assessing

the market risk includes consideration of price, infrastructure
development and support, ease of use, competition from
other technologies or innovations, time, and end-user prefer-
ences. In the committee’s decision tree framework, there is
no single point estimate of technical or market risk, owing
to the many possible outcomes. The quantitative estimates of
probability are recorded in the decision tree, as discussed in
Appendix F, whereas the results matrix should be annotated
with a discussion of the key factors that contribute to the
technical and market risk.

The benefits estimated by the panel represent an expected
value benefit. This is calculated by adjusting the benefits that
DOE assumes will be accrued if the program goal is met
for the technical and market risks identified by the panel.
Figure F-4 provides expected benefits for three scenarios
to reflect a bounding of benefits for three possible future
states.

Panel Comments

The panel’s opinion and quantification and discussion
of the risks are provided in the third section of the template
in Figure F-4. The information required to be included in
this section is listed in the template itself. The panel must
complete the matrix using sufficient clarity and transparency
to allow readers and potential users of the matrix to make
informed and reasoned decisions about future goals, funding
levels, and expected benefits. The template should be used
by all panels to ensure consistency in reporting, use, and
interpretation.
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Information to Be Requested of the Department of Energy

Each panel applying the methodology to the various
Department of Energy (DOE) programs will need to gather
information about its particular programs. The informa-
tion request and supporting documentation should take the
form of a brief program assessment summary (PAS) (see
Figure G-1). Individual assessment summaries should be
prepared for each project in the program portfolio. It is sug-
gested that DOE should provide the following information
for each program:

1. Program roadmap and logic;

2. Articulation and quantification of program goals (near
term, intermediate, final);

3. Annual program budgets—to date, current, and needed
to achieve the program’s goals;

4. Co-funding—to date, current, and needed to achieve
the program’s goals;

5. Identification of complementary or competitive for-
eign and nonfederal domestic programs;

6. Identification of other programs that comprise en-
abling and complementary technologies to the program
under review;

7. Key accomplishments (milestones met) to date;

8. Barriers to program goal accomplishment and an iden-
tification of their importance to the program;

107

9. Technological or infrastructure innovations or break-
throughs needed to meet the program’s goals and identifica-
tion of competitive technology; and

10. Other information and data as might be requested by
the panel.

Similarly, DOE should provide the following information
for each project in the program portfolio:

1. Description of how the project aligns with and sup-
ports the program’s goals;

2. Articulation and quantification of project’s goals (near
term, intermediate, final);

3. Annual project budget(s)—to date, current, and needed
to achieve the program’s goals;

4. Project co-funding—to date, current, and needed to
achieve the project’s goals;

5. Identification of those projects, in addition to those
under review, that comprise enabling and complementary
technologies;

6. Key accomplishments (milestones met) to date;

7. Barriers to project goal accomplishment and an identi-
fication of their importance to the project and program; and

8. Technological or infrastructure innovations or break-
throughs needed to meet the project’s goals.
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Program Name, Description, and Goals Narrative

Program Budgets Narrative

Program or Project Interdependencies/Related Foreign and
Domestic Programs Narrative

Accomplishments to Date and Critical Milestones Narrative

Barriers to Overcome and Innovations Required Narrative

FIGURE G-1 Three-page program assessment summary (PAS) form, to be completed by DOE.
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National Energy Modeling System (NEMS) Scenarios Descriptive Narrative

NEMS Calculations of Benefits Narrative

Key NEMS Input Assumptions

FIGURE G-1 Continued
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Report of the Panel on
DOE’s Integrated Gasification Combined Cycle
Technology R&D Program

INTRODUCTION AND OBJECTIVE OF THE STUDY

Integrated gasification combined cycle (IGCC) is a
technology that can use a variety of feedstocks to produce
electricity, synthetic gas, and other by-products while mini-
mizing the environmental impacts of doing so. The under-
lying coal gasification technology has been in commercial
use since the beginning of the 20th century and has been
demonstrated throughout the world to produce a variety of
valuable end and intermediate products using a variety of
configurations, technologies, and feedstocks. IGCC—that
is, the coupling of gasification with a combustion turbine for
electricity generation—has been in commercial development
in the United States since the early 1980s. Various improve-
ments to the gasifier and associated technologies in the IGCC
system are under active investigation in programs funded by
the private and public sectors.

The Panel on DOE’s IGCC Technology R&D Program
was created by the NRC to apply the methodology devel-
oped in Phase One by NRC’s Committee on Prospective
Benefits of DOE’s Energy Efficiency and Fossil Energy R&D
Programs (NRC, 2005a) to assess the potential benefits of
DOE’s R&D activities that are focused on IGCC.! The panel
consisted of experts with experience in coal-based electric
power generation technologies and markets, combustion and
gasification systems, environmental control technologies,
and other relevant areas. Biographies of panel members are
provided in Attachment A to this appendix.

The panel applied the committee’s methodology by
(1) assessing the probability of success of meeting DOE’s
time frame and targets for technology development, (2) con-
sidering alternative paths of development with and without
DOE funding, (3) reviewing DOE estimates of the economic,
environmental, and national security benefits of its program

IFor the purposes of this assessment, the panel defined the IGCC program
as coal to electric power systems. It did not include IGCC/fuel cell configu-
rations or carbon capture and sequestration technology options since those
were being analyzed by other panels.
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on IGCC technology, and (4) estimating the benefits under
the alternative future states of the world (scenarios) specified
by the committee.

The panel held two 2-day meetings and a conference call
to complete its assessment. It was supported by a consultant
and data and program information provided by DOE.

IGCC PROGRAM BASELINE AND GOALS

In IGCC technology, coal is gasified to produce a synthe-
sis gas—principally carbon monoxide (CO) and hydrogen
(H,)—which is cleaned to remove particulates and other
contaminants (e.g., sulfur and mercury compounds), then
burned in a gas turbine to generate electricity. Heat is re-
covered from the combustion gases to generate additional
electricity. The DOE research activities that are key to the
success of IGCC as a technology are the advanced IGCC
subprogram and the advanced turbine subprogram. There are
DOE coal programs in fuel cells and carbon sequestration
that have some relationship to the ultimate implementa-
tion of the IGCC technology, but the panel confined itself
to analyzing the goals of these two main subelements and
their potential benefits. A key goal of the DOE program is to
develop IGCC systems capable of separating carbon dioxide
(CO,) for subsequent sequestration. This has a bearing on
the performance of various components of the IGCC system
other than the gasifier, principally the CO, separation system
and the gas turbine itself, which must be modified to operate
on a hydrogen-rich fuel gas (i.e., after CO, separation).

During the meeting with the panel on October 5 and 6,
2005, representatives of DOE made presentations on the
performance goals of the advanced IGCC subprogram? and

2Gary J. Stiegel, DOE, Gasification Technology Program Manager,
“Gasification Program Overview,” Presentation to the panel on October 5,
2005.
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TABLE H-1 Baseline and 2010 Goals for Total IGCC System as Given in DOE’s Advanced IGCC Research

Efficiency Capital Cost® O&M COE Availability
Baseline/Goal (%) ($/kW) ($/year) ($/MWh) (%)
Goal set by DOE advanced gasification program  Increase of 2% to 4% 5% decrease Decrease of $1 million Increase of 5%
Baseline assuming entrained gasifier 39.8 1,517 493 85
Goal assuming compact gasifier 43.1 1,297 40.2 94
Baseline in DOE systems analysis 37.5 1,300 47.0 75
2010 goal in DOE systems analysis 48.0 1,000 32.0 85
Baseline input to NEMS cases 41.1 1,400
2010 goal input to NEMS cases 50.0 1,000

“QOvernight costs in 2003 dollars.

SOURCE: Gary Stiegel, Gasification Technology Manager, DOE, National Energy Technology Laboratory, “Gasification Overview: Prospective Benefits
Study,” Presentation to the panel, October 5, 2005; and Julianne Klara, Senior Analyst, DOE, National Energy Technology Laboratory, “NEMS-based benefits

of FE gasification R&D,” Presentation to the panel, October 5, 2005.

the advanced turbines subprogram? and on how DOE uses
the Energy Information Administration’s (EIA’s) National
Energy Modeling System (NEMS) to assess the economic
benefits of the gasification program.* Based on the presen-
tations, there are quantitative goals, generally expressed in
terms of the total IGCC system, for six principal criteria:

* Thermal efficiency,

* Capital cost,

* Operation and maintenance (O&M) cost,

* Cost of electricity (COE),

* Availability (the fraction of time during which the plant
is generating electricity), and

e Emissions.

The principal research activities in the gasification program
that are intended to provide the technology to meet the per-
formance goals are these:

* Warm gas cleanup,

* Instrumentation (e.g., temperature measurement),

* Materials (e.g., refractory),

 Air separation by means of, for example, ion transport
membrane (ITM),

* Dry coal feeding (e.g., Stamet pump), and

* Advanced gasifiers (transport gasifier, Rocketdyne
gasifier).

In conducting the benefits analysis of the program, it
became clear to the panel that there was some inconsistency
in the goals and their timing as depicted in the DOE presen-
tations. Furthermore, it was not clear from the information

3Richard A. Dennis, “FE turbine program: Delivering benefits to future
coal based power systems,” Presentation to the panel on October 5, 2005,
Washington, DC.

4Julianne M. Klara, senior analyst, FE, DOE, “NEMS-based benefits of
FE gasification R&D,” Briefing to the panel on October 5, 2005.

presented how much each of the major research activities
listed above was expected to contribute, quantitatively, to
reaching the goals. Therefore, the panel asked DOE to fill
out a spreadsheet specifically for the gasification element of
the program to clarify the program goals and improvements
expected if the major program activities are successful.

Table H-1 was prepared by the panel based on information
in the DOE presentations. Taken together, the baselines and
goals indicate that the DOE program is seeking improve-
ments of 5 to 10 percentage points in thermal efficiency (up
to about 50 percent overall), $200 to $500 per kilowatt (/kW)
in overnight capital cost (down to $1,000/kW), and 5 to 10
percentage points in availability (up to 90 percent).

Tables H-2, H-3, and H-4 show the data and reference
notes DOE provided on the improvements its R&D is ex-
pected to make in IGCC system performance. The committee
distinguished three categories of improvements:

* Evolutionary improvements. These research activities
are part of the DOE program but also likely to be developed
to some extent by non-DOE efforts. The panel added two ac-
tivities under the heading “non-DOE or non-gasification pro-
gram advancements” to help quantify the improvement one
might expect absent the DOE program (see Table H-2).

* Evolutionary improvements—major DOE programs.
These project activities are principally within the DOE
program. The panel added a line for the goals of the comple-
mentary DOE turbines program (see Table H-3).

* Revolutionary or long-term improvements. The panel
concluded that these project activities of the DOE program
would need to be successful, in addition to the activities
that achieve “evolutionary” improvements, to achieve the
more aggressive goals of the DOE program (e.g., 48 percent
thermal efficiency). The panel added a line to Table H-4
for potential improvements to thermal efficiency resulting
from gasifier research being done outside the United States,
principally in China and Japan. It noted that advances in
gasification-related technologies being developed in the
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TABLE H-2 Evolutionary Improvements Due to DOE Advanced IGCC Research
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Change in Cost and Performance of IGCC System Attributable to R&D

Increase in Capital Cost O&M Reduction in  Availability
Efficiency Reduction Reduction COE Improvement
Research Activity (%) ($/kW) ($/year) ($/MWh) (%) Emissions
DOE gasification program®
Warm gas cleanup 1to2 70 to 100 Minimal 1.8 0 500 ppb sulfur?
Instrumentation (temperature measurements)® 0.5 to 1 0 Minimal Minimal 1to2 —
Materials (refractory)? 0 0 2 million 0.5 4106 —
Non-DOE or nongasification program
Heat recovery 3
Industry learning and evolution 1to2
NOTE: COE, cost of electricity; kW, kilowatt; MWh, megawatt-hour; ppb, parts per billion; ppm, parts per million.
“Data courtesy of Gary Stiegel, DOE, National Energy Technology Laboratory.
bReference case is 10 ppm sulfur.
¢Efficiency gain through high carbon conversion.
4Assuming one turnaround per year.
TABLE H-3 Evolutionary Improvements Due to DOE Advanced Gasification Research
Change in Cost and Performance of IGCC System Attributable to R&D
Increase in Capital Cost O0&M Reduction in Availability
Efficiency Reduction Reduction COE Improvement
Research Activity (%) ($/kW) ($/kWh) ($/MWh) (%)
DOE gasification program
Ion transport membrane air separation 1 75 Minimal 1.4 0
Stamet pump 0.5 40 to 100 Minimal 14t01.8 0
Non-DOE or nongasification programs
DOE turbine program® 2 to 3 (for 60 to 100
combined cycle
power island)
NOTE: COE, cost of electricity; O&M, operation and maintenance, kW, kilowatt; kWh, kilowatt-hour; and MWh, megawatt-hour.
4The DOE turbine program is considered complementary to its advanced IGCC subprogram.
SOURCE: Gary Stiegel, DOE, National Energy Technology Laboratory.
TABLE H-4 Revolutionary or Long-Term Improvements Due to DOE Advanced Gasification Research
Change in Cost and Performance of IGCC System Attributable to R&D
Increase in Capital Cost O&M Reduction Availability
Efficiency Reduction Reduction in COE Improvement
Research Activity (%) ($/kW) (c/kWh) ($/MWh) (%)
DOE gasification program“
Transport gasifier l1to2
Rocketdyne gasifier” 1to2 50 Minimal 1 2t05
Chemical looping 2.5 130 0.2 3 0
Non-DOE or nongasification program
Non-U.S. gasifiers 2t03

NOTE: COE, cost of electricity; O&M, operation and maintenance; ¢/KWh, cents per kilowatt-hour; kW, kilowatt; kWh, kilowatt-hour;
and MWh, megawatt-hour. Improvements in the parameters in this table are deemed necessary in order to achieve 45-48 percent efficiency

for the IGCC plant.
“Data courtesy of Gary Stiegel, DOE, National Energy Technology Laboratory.
bPerformance is relative to slurry-fed quench gasifier.
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United States and other countries were not likely to be addi-
tive because they represent distinctly different technologies,
and therefore separated the transport and Rocketdyne gasifier
targets. The panel also concluded, based on a follow-up
conversation with DOE, that the chemical-looping program,
although funded out of the gasification budget, was separate
from and further out in time than the core gasification pro-
gram (see Table H-4).

The panel used this categorization of improvements and
the estimated outcomes from each improvement as the basis
for evaluating the potential outcomes of DOE’s program in
terms of thermal efficiency, capital cost, and availability for
the IGCC plant and for estimating the probabilities of the
various outcomes. For example, if the DOE program were
to achieve all its goals for capital cost reduction through the
projects in warm gas cleanup, ITM air separation, the Stamet
pump, and turbines, and if all of these were additive, the net
improvement would be $245-$375/kW.

GENERAL OBSERVATIONS ON DOE IGCC GOALS

In conducting this analysis, the panel identified two issues
that affected its ability to quantify the benefits of potential
success of the DOE program.

First, DOE considers that its goals will have been
achieved when the research has been completed that will
lead to the claimed improvements and when the technology
has been demonstrated and commercially deployed through
operation of the nth plant. While this reflects the reality of
the DOE R&D budget, which funds research separately
from demonstrations and does not address deployment at
all, it does create some possible confusion about the time
at which the expected benefits of the R&D program can be
realized. In its analysis as discussed below, the panel made
an estimate of the time to demonstrate and commercially
deploy the advanced IGCC technologies being developed
by the DOE research. Clearly, the accuracy of this time-to-
commercialization estimate has a significant impact on the
discounted value of the research program.

Second, the panel observed that many of the research
projects were expected to result in improvements under
more than one performance criterion, so that the effects of
failure or success of a single project could be amplified in
the overall outcome. Also, success of some of the projects
would not be additive (i.e., the success of the transport gas-
ifier would not confer an additive benefit to the success of
the Rocketdyne gasifier), and some of the technologies were
not equally beneficial for all possible coal feeds (bituminous,
subbituminous, lignite). Therefore, there was some question
about how to combine probabilities of success for different
elements of the program, and about their corresponding
benefits. The panel attempted to do this through the decision
tree analysis.

ASSESSMENT OF DOE IGCC PROGRAMS
Technical Risks

Overview

DOE has focused its R&D program for IGCC on achiev-
ing substantial reductions in plant capital cost, plant thermal
efficiency, and improvements in operating reliability. Meet-
ing these goals would make this technology competitive with
or superior to other forms of coal-fired power generation.

The R&D program was formulated based in large part on
the results of a series of workshops with key stakeholders,
who identified and prioritized R&D needs. Progress in meet-
ing cost and performance goals is evaluated periodically both
in-house, by DOE’s National Energy Technology Laboratory
(NETL), and by independent contractors. It should be noted
that many of these projects deliver both cost and performance
improvements. Failure to achieve the goals of any single
project means that it may not be possible to achieve either
cost or performance improvements. Some projects have syn-
ergies with others. As a result, simply adding up the improve-
ments achieved by individual projects might not accurately
represent the cumulative value of multiple projects.

Rocketdyne Gasifier

United Technology/Boeing has proposed the development
of a compact gasifier that incorporates a number of innova-
tive concepts based in part on rocket engine technology. If
successful, this effort would reduce the estimated capital
cost of an IGCC plant by about 15 percent and increase its
efficiency by about 3 percent. The concept involves utiliz-
ing mechanical devices to pressurize the coal (dry feeders),
feeding the pressurized coal into a compact reactor through
multiple nozzles (rapid mix injectors), and removing heat
from the reactor through membrane panels cooled by circu-
lating water to prevent the reactor vessel from overheating
(actively cooled wall liner).

A series of individual development activities have been
formulated to test the feed system, the injectors, and actively
cooled wall systems. If these three programs are successful,
it has been proposed that an integrated pilot plant be built,
followed by a full-scale demonstration. The technical risks
are as follows:

* One or more of the component development activities
(feed system, injector system, actively cooled wall) might
fail.

* The promised cost and efficiency savings might disap-
pear as the development program identifies unanticipated
problems.
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Transport Gasifier

The transport gasifier system has been developed with
major sponsorship from DOE and technical leadership from
the Southern Company. The program has been in operation
since 1995 at a nominal 50 tons of coal per day (T/D) scale,
demonstrating the concept of both air- and oxygen-blown
gasification of a number of coals, including bituminous and
subbituminous coals and lignite. The facility has also been
used as a test bed for slipstream tests of various DOE-devel-
oped components and subsystems.

A 285-megawatt (MW) commercial-scale plant to be
located at an Orlando Utilities Commission site in Florida is
being designed by the Southern Company and its team under
the DOE Clean Coal Power Initiative (CCPI) program. This
plant will operate in an air-blown mode with Powder River
Basin subbituminous coal. It is scheduled to begin operation
in 2010. The technical risks are as follows:

* One or more of the design concepts based on the experi-
ence obtained at the Power Systems Development Facility
(PSDF) might not scale up as anticipated, and redesign or
replacement of equipment might be required.

* The coal feed injector (into the reaction zone) concept
might require further development.

* Some of the solids circulation systems might not work
as initially designed.

ITM Air Separation

Production of oxygen of 95 percent or greater purity from
air by current liquefaction technology requires about 10
percent of the gross power output of the plant and accounts
for about 15 percent of an IGCC plant’s capital cost. This
technology is very mature and has few unexploited areas that
could promise further improvement.

DOE has been sponsoring work with Air Products and
Chemicals, Inc. (APCI) on the ITM method of separating
oxygen from air at high temperature by transporting oxygen
ions through a high-temperature ceramic membrane. The
source of the air is a bleed stream from the gas turbine com-
pressor. Because the air must be heated to approximately
1000- F for transport through the membrane and the 99.99
percent pure product oxygen must be cooled and compressed
prior to feeding to the gasification reactor, integration with
the gas turbine cycle must be carefully optimized.

Currently, a 5-T/D pilot plant is in operation at an APCI
facility in Sparrows Point, Maryland. Scale-up to 150 T/D
has been proposed as the next step. The technical risks are
these:

* The production cost goals for ITM modules might not
be achieved.

It might not be possible to scale up the technology
successfully with integrated operation of multiple ITM units
with one or two large gas turbines.
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* Some of the currently available gas turbines that use
air for airfoil cooling (typical F series) might not provide
sufficient air to the ITM unit; those turbines that use steam
for airfoil cooling (typical advanced G and H series) could,
however, provide the needed air.

Stamet Dry Coal Pump

Gasification processes that feed coal to the gasifier as a
dry, fine powder (as, for example, in the Shell process) or as
a dry, crushed solid (as in the KBR Transport reactor) utilize
a series of lock hoppers and a transport gas, usually nitrogen,
to inject the coal into the reactor. These lock hopper systems
are expensive, require extensive maintenance, and require
energy to compress the pressurization gas.

DOE has been sponsoring work by Stamet to develop a
single-stage mechanical device or pump capable of pres-
surizing the reduced-size coal to a level that will allow it
to then be transported and injected into the gasification
reactor. Stamet has already developed and commercialized
solids feeders that are successfully used by industry to pres-
sure solids to low differential pressures. Laboratory work at
Stamet facilities to date has successfully demonstrated that
coal can be injected into a vessel operating at 500 psi. An
initial test at the PSDF facility in Wilsonville, Alabama was
successful, and further testing is planned. The technical risks
are these:

e There could be excessive mechanical wear of the Sta-
met rotating components.

* It might not be possible to disperse the pressurized coal
within the delivery vessel for transport to the gasification
reactor.

Warm Gas Cleanup

Cooling product gas prior to sulfur removal is thermody-
namically inefficient; the lower the temperature, the greater
the inefficiency. Current cleaning technology requires cool-
ing the gasifier effluent gas to between O- F and 100- F prior
to sulfur removal depending on the absorption solvent that
is used for sulfur removal. DOE is attempting to increase ef-
ficiency by developing technology that is effective at higher
temperatures.

Experiments are being conducted in a slipstream unit at
the Eastman Chemical coal gasification plant in Kingsport,
Tennessee, at a scale equivalent to 0.5 to 1 MW. The system
utilizes a finely divided, zinc-based solid sorbent to capture
sulfur compounds in the form of hydrogen sulfide (H,S)
and carbon oxysulfide (COS) in the product gas. This work
is being carried out in a two-vessel transport reactor system
operating at about 600 pounds per square inch gauge (psig),
with the absorber operating at 800-F and the regenerator
at 1050- F. Recent results have shown that clean gas with
a total sulfur content of 100 parts per billion (ppb) can be
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obtained. The sorbent has also demonstrated an ability to
remove arsenic from the gas without any deleterious impact
on the sorbent. This attrition resistance of the sorbent has
been adequate in limited experiments to date.

Successful development of this technology would elimi-
nate a number of current IGCC plant equipment items, in-
cluding a number of high-temperature heat exchangers, the
COS hydrolysis unit to convert COS to H,S, the Selexol or
other solvent unit to remove H,S, and the Claus/SCOT units
for elemental sulfur production and tail gas cleanup. DOE
has proposed scaling up this system to 50 MW, before it
qualifies as a commercial offering. The technical challenges
or “risks” include these:

* Maintaining sorbent performance at desired levels
while achieving sorbent consumption rates (due to activity
loss and attrition) at economically attractive levels; and

* Reducing the regenerator temperature to 700- F or lower
to maximize efficiency.

Instrumentation (Primarily Temperature Measurement)

Improved instrumentation for use directly in gasifiers and
in gasifier supporting systems has the potential to improve
overall system efficiency and minimize operation and main-
tenance (O&M) expenses. The areas of need include direct
gasifier temperature measurement, in situ measurement of
slag viscosity, on-line (i.e., during operation) measurement
of refractory wear, and real-time measurement of feed coal
properties.

Perhaps the most important of these at the moment is the
direct measurement of actual gasifier operating tempera-
tures. Currently available gasifier instrumentation such as
thermocouples have a very short life in commercial-scale
coal gasifiers that operate at 2500- F-3000:-F. As a result,
peak temperatures in the gasification zone are inferred from
the composition of the product gas. While these results are
approximately correct, the result is the gasifiers are run at
lower than optimum temperatures for carbon conversion
to avoid excessive damage to refractories. This results in
inefficiency.

DOE is sponsoring work at several locations: GE Energy;
Albany Research Center in Oregon; Virginia Tech (with
ConocoPhillips); Entertechnix; and the Gas Technology
Institute (GTI). The work is focused on the development of
temperature measuring systems based on direct observations
of the flame in the gasification reactor and on processing the
data from those observations to accurately and reliably infer
temperature. The technical risks are as follows:

* It might not be possible to keep the sighting ports open
and/or clean enough for long enough periods.

* The algorithms to process the data might not be
accurate.

* The materials used in the systems might fail due to
long-term exposure at high temperature.

Refractory Materials for Gasifier Walls

Current coal gasifiers (those of GE and E-Gas for ex-
ample) that utilize an internal refractory to protect the metal
walls of the vessel from exposure to high temperatures would
benefit from this research, while gasifiers using a cooled
membrane wall (those of Shell) would not. The chromium
oxide-based refractory used in these high temperature gasifi-
ers is attacked by the molten slag (derived from the mineral
matter in the coal) that flows down their walls during gas-
ification operations. Variations in operating temperature and
slag composition result in different rates of attack. Typical
intervals for planned refractory replacement, which require
3-4 weeks of unit downtime, are from 6 to 18 months. Un-
planned outages are also required from time to time for minor
refractory repairs. Increasing the replacement interval for an
unspared gasifier from 18 months to 36 months, the target of
the DOE program, would increase availability by 2.5 percent.
Elimination of 50 percent of unplanned outages would also
increase availability.

DOE has sponsored work at the Albany (Oregon) Re-
search Center that resulted in new refractory formulations
based on phosphate additions that are being tested in two
currently operating commercial IGCC plants. Initial results
are promising. The risks that must be faced are these:

* The refractions might not achieve their service life
objectives.

* It might be too expensive to manufacture them in com-
mercial quantities.

* They might be susceptible to premature failure when
used with specific coals.

Hydrogen-Fired Gas Turbines

Most gas turbines were developed for use with methane
as the primary fuel. Older models that operate at lower firing
temperatures (1500- F-2000- F) were able to fire hydrogen-
rich gases (up to 90 percent hydrogen) without downrating.
However, newer models that operate at much higher firing
temperatures (2300- F-2600- F) on methane must be fired at
200- F-300- F lower firing temperatures on hydrogen-rich
fuels.

DOE has embarked on a major effort to develop gas
turbines that can operate at the same high temperatures as
methane-fired turbines and so achieve the same efficiency,
with NO_ emissions of 2 ppm. The technical risks are as
follows:

* It might not be possible to achieve the efficiency and
NO, emissions goals simultaneously.
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* The combustor system required to achieve those goals
simultaneously might be significantly more expensive.

Chemical Looping

Chemical looping involves a reactor system with two
fluidized beds. This system can be utilized to achieve ei-
ther total combustion or total gasification. Solid particles
containing metal oxides are supplied to the reactor used for
combustion or gasification to supply the oxygen. When the
oxygen in those solids is utilized for combustion, the oxides
are reduced to metals. The metals are circulated to a second
reactor, where they are reconverted to oxides by reacting
them with air. The CO,-rich gas exiting the combustion reac-
tor is diluted primarily with water, which can be removed by
condensation, leaving an essentially pure CO, stream, which
can then be captured.

DOE has funded experimental work on chemical looping
in pilot plants at Alstom and GE. The oxides that have been
tested for use in this cycle include both supported and unsup-
ported materials. The solid oxide materials evaluated include
calcium carbonate (CaCQO,), calcium sulfate (CaSO,), and
iron oxide (Fe,0,). Supported oxide materials included
copper oxide (CuO), Fe,O,, manganese oxide (MnQO,), and
nickel oxide (NiO) on various inert supports, including
aluminum oxide (Al,O,), sepiolite, silicon oxide (Si0,),
titanium dioxide (TiO,), and zirconium oxide (ZrO,). The
technical risks are as follows:

* The cycle efficiency might not be competitive;

» The capital costs might not be competitive;

* Gas cleanup to meet emission requirements (NO,,
hazardous air pollutants, etc.) might be difficult to achieve;
and

* A solid that has appropriate chemical reactivity, chemi-
cal stability, and attrition resistance might not be available at
the required cost level.

Market Risks

Market risks must be considered for the time frame as-
sociated with demonstration and commercialization of the
IGCC technology developed by this program as well as by
other, non-DOE programs. Following completion of R&D
sponsored by the DOE in 2010, the panel estimates nominal
requirements of 9 and 5 years, respectively, for demonstra-
tion and commercialization, which would mean a grid-ready
plant in circa 2024.

Significant market risk factors can be broadly classified
as follows: fuel prices, the regulatory environment, and com-
peting technologies. Of these factors, that associated with
the relative price of competing fuels is believed to carry the
greatest risk. If the cost of natural gas were to drop below ap-
proximately $5 (in 2005 dollars) per million British thermal
units (MMBtu), an IGCC power plant, even one resulting
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from achievement of the DOE program goals, could not
compete with a natural gas combined cycle (NGCC) plant
in terms of the levelized COE. For an IGCC plant to be cost
competitive, today and in the future, the ratio of fuel costs
(natural gas to coal) should exceed 3:1. Much will depend
on growth of the nation’s marginal needs for natural gas, the
extent to which a liquefied natural gas (LNG) infrastructure
is established to meet those needs, and global competition
for natural gas supplies among net consumers.

Another significant risk would be the early implementa-
tion of an aggressive, mandatory CO, emission reduction
regulation. Such a regulatory measure, in combination with
low to moderate gas prices, would favor natural gas. Con-
versely, a more restrained approach to regulating CO, emis-
sions, combined with high natural gas prices, would favor
the commercialization of IGCC plants, which benefit from
efficient means of CO, separation. However, if adequate
(large-scale) CO, sequestration options fail to materialize,
IGCC plants will lose the advantage afforded by efficient
separation.

Competing technologies include ultra supercritical steam-
pulverized coal (USC-PC) and circulating fluidized bed
(CFB) combustion systems, nuclear power, fuel cells, and
alternative/renewable sources such as wind, solar, and bio-
mass. Advancements in the combustion (USC-PC and CFB)
technologies, particularly if accompanied by cost-efficient
means of carbon capture, represent the biggest technol-
ogy threat to commercialization of IGCC plants. Table H-5
shows the significant differences between present costs and
efficiencies for a range of coal-based and natural-gas-based
power generation technologies and the DOE goals for IGCC.
IGCC, utilizing a spare gasifier to bring its capacity factor
up to 85 percent, has higher total plant costs and COE than
alternative clean coal technologies. The total plant cost for
NGCC is low, but the COE is high due to the high natural
gas price and the resulting low capacity factor.

Of the other technologies for generating electricity,
nuclear power is encumbered by large capital costs, an ex-
tensive regulatory environment, and safety issues associated
with radioactive waste disposal. Moreover, even with an
eventual return to the construction of nuclear power plants,
it is difficult to imagine any scenario other than one in which
nuclear and coal options are concurrently developed. While
fuel cells may one day provide a significant source of dis-
tributed power, progress will be slowed by related hydrogen
supply and infrastructure requirements. However, sustained
advancements in high-temperature (e.g., solid oxide) fuel
cells may, in fact, enhance prospects for commercializing
IGCCs by enabling hybrid systems with efficiencies exceed-
ing 50 percent. Power generation from renewable forms of
energy will continue to increase, particularly with the recent
commitment of large corporations to the development and

SThe calculation was made assuming a $5.00/MMBtu gas price, resulting
in a capacity factor of less than 30 percent.
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TABLE H-5 Costs for 500-MW Power Plants Using a Range of Technologies Without Carbon Capture and

Storage

PC 1GCC NGCC

(E-Gas) w/

Subcritical Supercritical CFB Spare 85% CF 30% CF
Total plant cost ($/kW) 1,230 1,290 1,290 1,350 440 440
Total capital requirement ($/kW) 1,430 1,490 1,490 1,610 475 475
Avg. heat rate (HHV) (Btu/kWh) 9,310 8,690 9,800 8,630 7,200 7,200
» (HHV) (%) 36.7 39.2 34.8 39.5 474 474
2 (LHV) (%) 38.6 41.3 36.7 41.6 50 50
COE (Levelized) ($/MWh) 46.5 46.6 46.0 49.9 47.3 56.5

NOTES: $/kW, dollars per kilowatt; $/MWh, dollars per megawatt-hour; Btu, British thermal unit; CF, capacity factor; CFB, circulating fluid-
ized bed; COE, cost of electricity; E-gas, E-Gas coal gasification process; HHV, higher heating value; IGCC, integrated gasification combined
cycle; LHV, lower heating value; NGCC, natural gas combined cycle; and PC, pulverized coal. Assumptions include book life of 20 years;
commercial operation date of 2010; total plant cost includes engineering and contingencies; total capital requirement includes interest during
construction and owner’s cost; assumes EPRI’s Technical Assessment Guide financial parameters; All costs in 2003 dollars.

SOURCE: National Coal Council (2004), Figure 2.6, p. 27.

implementation of related technologies, the growing applica-
tion of renewable portfolio standards,® and the emergence of
social values as a significant driver of national energy poli-
cies. However, the impact of these trends is likely to be small
relative to the need for electricity associated with sustained
economic growth.

Other risk factors are those associated with weak eco-
nomic growth (reducing the need for new plants), constraints
on the transmission system (the electricity grid), and insuf-
ficient human capital (i.e., engineers) to derive maximum
benefits from available opportunities. However, these factors
apply to all options, not just to IGCCs. There is also a risk
associated with inadequate development of the transportation
infrastructure for coal, which would affect USC-PC and CFB
as well as IGCC systems.

In summary, the biggest market risks for IGCC com-
mercialization are associated with reemergence of low to
moderate costs for natural gas and with premature imposition
of an aggressive CO, control regulation. Conversely, com-
mercialization would benefit from high costs for natural gas
and the gradual imposition of carbon constraints, as well as
from opportunities for significant increases in efficiency and
reductions in cost afforded by an immature technology such
as IGCC.

RESULTS AND DISCUSSION

Overview

The committee’s methodology asks that the panel evalu-
ate the benefits of IGCC under each of three global scenarios

%Renewable portfolio standards require a certain percentage of a utility’s
power plant capacity or generation to come from renewable sources by a
given date.

representing three different possible future states of the
world. It also suggests that the evaluation should explicitly
consider the role of DOE funding; should present the techni-
cal risks and market risks that can affect the outcome and the
value of the program’s activities in a decision-tree format;
and should include the net economic, environmental, and
security benefits that will result from the portfolio. The panel
considered each of these suggestions in its evaluation.

Consideration of Global Scenarios

The panel felt that the probability of technical success
would not be influenced by the global scenarios, but that the
probability of market success would be. As discussed above,
two of the primary market risk factors are the cost of natural
gas and the imposition of a carbon emissions restriction. The
three global scenarios were defined specifically to consider
the impact of changes in fuel prices and in the treatment of
carbon emissions. These impacts are reflected in the prob-
ability estimates for market success, described below.

The Carbon Constrained global scenario was defined by
the prospective benefits committee as a scenario wherein
a $100/ton carbon tax is assumed to be in place in 2012.
While the panel believes IGCC technologies could benefit
significantly under this scenario, the benefits would depend
critically on the success of research in carbon sequestra-
tion. Both IGCC R&D and sequestration R&D must make
significant advancements for IGCC with sequestration to
be a viable market choice; the panel does not believe it is
possible to separate the benefits of IGCC R&D from the
benefits of carbon sequestration R&D in this scenario. Thus,
it did not evaluate the benefits of IGCC R&D in the Carbon
Constrained scenario. The panel notes that another panel is
using this methodology to evaluate DOE’s carbon sequestra-
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tion R&D and is focusing exclusively on Carbon Constrained
scenarios.

Decision Tree and Probability Assessments

Role of DOE Funding

In defining the various levels of technical and market
success described below, the panel considered the specific
information provided by DOE about its program, as well as
panel members’ knowledge of the current performance of
IGCC plants and of ongoing IGCC-related research that is
being conducted independently of DOE’s program, including
research being carried out overseas. The panel assessed the
probability of achieving various levels of technical perfor-
mance and market success for IGCC technologies, first as-
suming the DOE R&D program is funded and then assuming
the program is not funded.

Technical Success

As noted above, the panel considered the specific activi-
ties being funded by DOE and the potential impact of that
research on both the capital cost and efficiency of IGCC
plants. Based on that consideration, the panel identified four
levels of technical success in terms of IGCC plant efficiency
and capital costs. A secondary type of technical success was
defined in terms of plant availability.

The four levels of technical success were defined by the
estimated capital costs and efficiency for the nth plant, as-
suming R&D completed in 2012 and at least 80 percent plant
availability:

* Low success. Efficiency of 38 to 40 percent on a higher
heating value (HHV) basis at a capital cost of $1,400/kW, or
approximately what is achievable with today’s technology.

* Moderate success. Efficiency of 42 percent (HHV) at a
capital cost of $1,265/kW.

* High success. Efficiency of 45 percent (HHV) at a
capital cost of $1,135/kW.

o Very high success. Efficiency of 48 percent (HHV) at a
capital cost of $1,040/kW. This level is approximately equal
to DOE’s stated goals for the IGCC program.

The panel then estimated the probability of achieving the
specified levels of technical success, first assuming DOE’s
program is carried out and then assuming it is not.

Three levels of plant availability were also defined, and
the panel estimated the probability of reaching each of these
levels of availability both with and without DOE’s R&D
program. The estimated availability depended in part on the
capital costs and efficiency for the plant.

» 80 percent availability,
» 85 percent availability, and

119

* 90 percent availability.

The panelists developed their probability estimates as a
group during the second panel meeting. The consensus prob-
abilities are shown in the decision tree in Figure H-1. Each
path through the decision tree represents a level of overall
technical success.

Market Success

As described above, the panel identified the key factors
affecting the market success of IGCC technologies as fuel
prices, the regulatory environment, and competing technolo-
gies. The impact of changes in fuel prices is captured by the
High Oil and Gas Prices global scenario.

The primary factor that determines how many IGCC
plants are built is how those plants compete with other
technologies in terms of the COE. The panel identified the
primary competing technologies as natural gas plants (if gas
prices are low) and advanced coal combustion technologies
(USC-PC and CFB). Other competing technologies include
nuclear, advanced fuel cells, and renewables.

The panel also considered the results of DOE’s FY04
benefits analysis when it identified the primary competing
technologies. That analysis identified PC plants, natural-gas-
fired turbines, fuel cells, and renewables (DOE, 2004, Fig-
ure 6.17) which is consistent with the panel’s assessment.

Quantification of Benefits

Introduction

The economic, environmental, and security benefits of
improvements in IGCC technologies depend on the degree
of technical improvement and the resulting reduction in the
COE from IGCC plants, the amount of IGCC capacity added,
the technologies that would have been implemented absent
IGCC, and the relative costs of electricity with those next-
best alternatives.

The economic benefits that would be expected through
technology advancements in IGCC technology include
these:

 The reduction in capital cost of IGCC plants that would
be realized by R&D.

* The increase in efficiency in IGCC plants that would
be realized by R&D.

* The quantifiable impact on environmental benefits of
IGCC plants that would be realized by R&D.

* The lower projected cost for removing CO, emissions
compared with the cost of using currently available technol-
ogy for other coal technologies.

* The impact on COE compared with the impacts of other
options. COE is highly dependent on variables other than
plant performance.
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Technical Success:

DOE Funding?

Very high success:
$1040/kW; 48% eff

Cost and Performance

Plant Availability

Ninety %

50%

Eighty-five %
25%

Eighty %

25%

Ninety %
0
High success: 50%
$1135/kW; 45% eff Eighty-five %
259
40% %
Eighty %
25%
Yes Ninety %
Moderate success: 65%
$1265/kW; 42% eff Eighty-five %
2 0/
45% , 0%
Eighty %
15%
Ninety %
Low success: 75%
$1400/kW; 39% eff Eighty-five %
15%
5% °
Eighty %
10%
Ninety %
Very high success: 30%
$1040/kW; 48% eff Eighty-five %
40%
Eighty %
30%
Ninety %
o
High success: 30%
$1135/kW; 45% eff Eighty-five %
0,
10% 40%
Eighty %
30%
No

Moderate success:
$1265/kW; 42% eff

Ninety %
55%
Eighty-five %

259
40% ) o
Eighty %

20%
Ninety %
Low success: 65%
$1400/kW; 39% eff Eighty-five %
20%

50%

Eighty %

15%

FIGURE H-1 Decision tree representing panel’s assessment of the likely technical outcomes of IGCC R&D.

The panel estimated the economic benefits by focusing
on the COE for IGCC plants relative to other options. The
economic benefit in any one year is the product of the amount
of IGCC-generated electricity produced and the difference
between the COE with IGCC generation and the COE with
the alternative technology. The total benefits are calculated as

the net present value of the annual benefits stream assuming
a 20-year plant life. To implement this method of estimating
benefits, the panel developed two models: one for estimat-
ing the COE from different generation technologies and one
for estimating the amount of IGCC capacity that would be
built.
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FIGURE H-2 Estimated COE for IGCC under different technical success assumptions for the AEO Reference Case global scenario.

Estimating the Cost of Electricity

The panel developed a simplified model for estimating the
COE (i.e., the busbar costs) for IGCC and other technolo-
gies based on capital costs, plant efficiencies, operating and
maintenance costs, and fuel costs.

The COEs for PC and NGCC plants—the presumed
competitors to [IGCC—were estimated based on plant char-
acteristics taken directly from Assumptions to the Annual
Energy Outlook: Electricity Market Module (EIA, 2005).”

The decision trees created by the panel specify a range of
possible technical outcomes of IGCC research in terms of
future capital costs, plant efficiencies, and plant availabili-
ties, as described previously. For each of the 12 combinations
of possible technical outcomes, a COE for IGCC plants can
be calculated. Figure H-2 shows the range of the estimated
COE over time for these different technical outcomes. The
solid lines represent the COE for IGCC given the highest

TEspecially Tables 38 and 48 of EIA (2005a).

and lowest cost and performance outcomes from the panel’s
decision tree assessments. The COE projections for all 12 of
the technical success scenarios lie between these two lines,
and the line with the diamond markers represents the COE
over time based on the probability-weighted average of all 12
outcomes. This “average” performance would correspond to
a hypothetical IGCC plant with capital costs of $1,197/kW,
efficiency of 43.65 percent, and availability of 87 percent.
The figure also shows the estimated COE for an IGCC plant
based on the costs and efficiency assumptions in the AEO
2005 reference case, and the estimated COE for a “DOE
success” case, assuming the IGCC research meets the goals
set out by DOE over time. Note that the panel estimated it
would take much longer for those costs and efficiencies to be
achieved through widespread commercial deployment than
DOE estimated in its analyses.

To the extent that IGCC reduces the impact of fuel price
fluctuations by reducing the need for electric power plants
that use natural gas (e.g., NGCC), this will be captured as a
security benefit.
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Estimating the Amount of IGCC Capacity Built

The amount of IGCC built in any year is a function of
the COE for IGCC and for competing technologies, as well
as other macroeconomic factors. DOE uses NEMS to make
annual forecasts of the amount of electricity generation that
will be added in the nation between now and 2025. The panel
decided to use these NEMS new-generation build forecasts
as a starting point for estimating IGCC capacity additions.
DOE’s Office of Fossil Energy produces three build forecasts
for IGCC based on different assumptions about the outcome
of its R&D programs. There are forecasts for three cases:

* A no-R&D case, which applies the AEO Reference
Case assumptions to all technologies, including IGCC.

* A case wherein the IGCC program is assumed to meet
the technical goals established by DOE (e.g., $1,000/kW
capital costs and 50 percent efficiency in 2014, increasing to
60 percent efficiency by 2024). This forecast for the case also
assumes the success of all other DOE FE R&D programs,
so that the IGCC technologies compete against conventional
and other advanced technologies for market share.

* A case wherein all FE R&D programs except the gas-
ification R&D are assumed to succeed.

To estimate the amount of IGCC that would be built
under any one of the technical success scenarios defined
by the panel, a scaling function was employed based on the

relative COEs for the three cases: for IGCC in the technical
success scenario, for IGCC based on meeting DOE goals,
and for competing technologies, including both PC and ad-
vanced natural gas plants. Figure H-3 illustrates the capacity
of IGCC built in each year under the AEO Reference Case
and the High Oil and Gas Prices global scenario, assuming
IGCC performs at a level reflecting the average of the panel’s
assessment of technical success. The figure also shows the
quantities built in DOE’s analyses with and without DOE’s
R&D programs.

The final step in estimating the benefit of IGCC advances
is to establish what the next-best alternative technology
would be; that is, to establish what type of generation will
be built if IGCC is not cost-competitive. Based on the
panel’s assessment of market risks, IGCC technologies will
compete with both NGCC plants and other advanced coal
technologies.

Based on a review of DOE’s FY04 benefits analysis
and information presented by DOE to the panel, it appears
that successful IGCC technologies compete with PC plants
in some circumstances and with NGCC plants in others.
Specifically, it appears that the success of other DOE FE
research—for example, in distributed generation (DG)—af-
fects what the next-best alternative to IGCC is: If DOE’s FE
programs on other power systems are assumed to succeed,
NGCC is the next-best technology, and if those programs do
not succeed, PC is the next-best technology.

180
160 'p

—— AEO Reference Case '
140 2

—©— All FE R&D successful ¢, ® 4igh Oil and Gas Prices
120 ‘ ’ Scenario (dashed lines)

—#— |GCC success defined by panel ° ,’

average ‘“
100 Y
’

IGCC builds in thousands of MW

2000 2005 2010 2015 2020 2025 2030

FIGURE H-3 Cumulative amount of IGCC built under three different technical success assumptions and two different global scenarios.
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The panel also notes that other advanced coal technolo-
gies are currently under development (e.g., USC-PC) that
could compete with IGCC. While assumptions about the
success of DOE’s other FE R&D programs or other advanced
coal technologies have a significant impact on the benefits
calculation, it is outside the scope of the panel’s task to evalu-
ate the chance of success. The panel’s benefit estimates are
therefore based on the assumption that IGCC becomes the
most cost-effective coal-based technology. To the degree that
other coal-based technologies turn out to be more promising
than IGCC, the benefits estimated here would be reduced.
To address the issue of what technologies successful IGCC
would compete with, the panel estimated benefits two ways:
once assuming (conventional) PC is the next-best technol-
ogy, and a second time assuming NGCC is the next-best
technology.

Economic Benefits Analysis Results

Using the simple models described above, it is possible to
estimate the benefits of IGCC associated with each of the 12
technical success scenarios defined by the panel’s decision
tree. For the lowest level of technical success the benefits
are zero—no IGCC is built because the technology is not
competitive. For the highest level of technical success, the
net present value of the benefits is $30 to $33 billion® for the
AEOQ Reference Case global scenario, depending on whether
IGCC is assumed to displace PC or NGCC.

Each of those technical success scenarios has two prob-
abilities assigned to it by the panel: the probability of achiev-
ing that level of technical success without the DOE research
program, and the probability of achieving that level of suc-
cess with the DOE research program. The expected value of
the IGCC improvements with or without DOE research is
simply the probability-weighted average of the NPV for each
technical success scenario using the appropriate probabili-
ties. The value of the DOE research program is the difference
between the expected value of IGCC research without the
program and the expected value with the program.

Figure H-4 illustrates the expected economic benefits of
the IGCC R&D, as well as the uncertainty surrounding those
benefits assuming AEO Reference Case prices and that PC is
the next-best alternative technology. The figure shows a cu-
mulative distribution of net economic benefits with and with-
out DOE support. The vertical lines represent the expected
value of the benefits calculated as the probability-weighted
average. The expected value of DOE’s IGCC research pro-
gram in this scenario is $6.4 billion, the difference between

8This value compares with the $30 billion in consumer savings from
reduced electricity prices estimated by DOE as being a benefit of IGCC re-
search that achieves DOE’s stated goals for the program. Note that the level
of performance the panel assumed at the highest level of technical success
it evaluated is better than that assumed if DOE meets its technical goals.
Further, the benefits estimated by the panel included the reduced COE for
the full 20-year life of all plants built between 2006 and 2025.
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the expected value with the program ($8.6 billion) and the
expected value without the program ($2.2 billion).

The expected benefits of the DOE program differ from
one global scenario to another and from one next-best tech-
nology to the other. For the AEO Reference Case scenario but
assuming NGCC is the next-best technology, the expected
value of the benefits increases to $7.8 billion.

Under the High Oil and Gas Prices scenario, there is
much larger difference in expected benefits based on what
is assumed about the next-best technology: If IGCC replaces
PC, the benefits of the program are $7 billion, if it replaces
NGCC, the benefits are $47 billion.

Environmental Benefits Analysis

The environmental benefits that could be attributable to
technology advances in IGCC include these:

* Reduction in regulated emissions, including sulfur
oxides (SO ), nitrogen oxides (NO,), fine particulate matter
(PM, ), and mercury.

* Reduction in CO, emissions due to higher efficiency
than other coal technologies.

* Reduction in the amount of waste by-products com-
pared to other coal-based technologies.

* Reduction in water consumption compared to other
coal-based technologies.

As suggested by the full committee, emissions of criteria
pollutants (mercury and so forth) are assumed to occur at
the regulated level for all fossil-fuel-based technologies. If
reaching those limits is less costly for IGCC than for PC,
that benefit is captured as an economic one rather than an
environmental one.

There will be quantifiable differences in carbon emis-
sions if IGCC is deployed instead of either of the next-best
alternatives. When IGCC plants are assumed to displace
conventional PC plants, carbon emissions will be reduced
because the former are more efficient. When IGCC plants
are assumed to displace NGCC plants, carbon emissions will
be higher. Using the build quantities estimated for IGCC as
described above and emissions factors for different power
plants from the Annual Energy Outlook 2005 (EIA, 2005b),
the panel was able to estimate the net change in carbon emis-
sions attributable to the DOE’s IGCC research program. If
IGCC replaces PC, the net reduction in carbon emissions
is 30 million tons (discounted at 3 percent) over the full
20-year life of all plants built between 2006 and 2025 in the
AEO Reference Case scenario and 34 million tons in the
High Oil and Gas Prices scenario. If IGCC replaces NGCC,
there will be a net increase in carbon emissions of 90 million
tons (discounted at 3 percent) in the AEO Reference Case
scenario. However, in the High Oil and Gas Prices scenario,
large quantities of IGCC are expected to be built with or
without the DOE R&D program. The higher efficiencies of


http://www.nap.edu/catalog/11806.html

124

Ge

Od mooﬂﬁmo.m DODI wﬁ_azwmm hOENEGOm ASE) URAIRJY OHY 2yl Jepun ydaeasal HHDOJ JO anfea juasaxd 1ou A} uo uonnqgrnsip aanemun) -H AYNOIH

uoliig $ Ul AdN

0¢ 14 0¢ Sl oL 0
Il Il Il Il Il L o
\ ]

300 INOYUA —==— .
uollliq 9'g$ = weiboid 3O Yim anjea pajoadxg
304 UM —o— ”
= m
uolliig z2'z$ -
= welboid 30Q INoyum anjea pajoadxy
G



http://www.nap.edu/catalog/11806.html

APPENDIX H

IGCC plants attained with the R&D program would decrease
emissions by 36 million tons. Note that if IGCC plants were
to replace USC-PC plants, the differences in carbon emis-
sions would be negligible, because their thermal efficiencies
are approximately the same.

Energy Security Benefits Analysis

The energy security benefits that could be seen through
technology advancements in gasification technology because
of the DOE IGCC program include the following:

* Increased use of domestic coal rather than imported
natural gas for power generation.

* The ability to produce synthetic natural gas from
coal.

* The ability to produce liquid fuels from coal.

 The ability to use coal rather than natural gas as a feed-
stock for the petrochemical industry.

* Maintaining the nation’s technology leadership for both
domestic and export applications as opposed to relying on
importing technology from overseas.

If IGCC plants are built instead of natural gas plants, there
are security benefits from the reduced usage of natural gas,
especially to the degree that the reduced usage decreases
the need for imports. Assuming IGCC plants replace NGCC
plants, the net reduction in natural gas usage attributable to
DOE’s research is 4 to 5 quads. The reduction in the demand
for natural gas for electricity generation also helps to reduce
the cost and increase the availability of natural gas for other
purposes, such as chemical manufacture and residential and
commercial use.

Results Matrix

Figure H-5 summarizes the results of the panel’s estima-
tion of the benefits of DOE’s IGCC R&D program. Benefits
are calculated as described in Chapter 3 for two scenarios:
the AEO Reference Case and the High Oil and Gas Prices
scenario.

SUMMARY AND RECOMMENDATIONS

Summary

Coal gasification and the rigorous cleanup of the product
syngas have made the use of coal in gas turbines possible,
opening the way to efficient and environmentally clean coal-
based power generation in combinations of gas turbines and
steam turbines.

While its capital cost is presently higher than that of a
comparable size pulverized coal supercritical (SC/PC) steam
plant, IGCC lends itself more favorably to retrofit with cap-
ture and compression of CO, for sequestration. Success of
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DOE’s advanced gasification research is a prerequisite for
IGCC’s timely commercialization.

Based on discussions with representatives of DOE, the
panel extended the principal goals of the IGCC R&D pro-
gram—efficiency and capital cost—to include availability,
emissions, and COE. The panel evaluated the contributions
of the major research projects under DOE’s Advanced
Gasification Research. The evaluation included projects
that promise to improve IGCC availability, such as Durable
Refractory for Gasifier Lining, and Gasifier Instrumentation
and Diagnostics, and others that promise to reduce capital
cost and increase efficiency—for example, Ion Transport
Membrane Air Separation, Dry Coal Feeding, and Warm
Gas Cleanup. Projects such as the Rocketdyne Gasifier, the
Transport Gasifier, and Chemical Looping, which represent
stepwise advances in gasification technology and can be ex-
pected to reduce costs and improve efficiency in the longer
term, were also evaluated.

Technical risks for the individual projects have been iden-
tified; these are generally associated with the possibility that
the researchers might not reach their goal, the results might
not be scalable, or the capital cost and/or the parasitic energy
requirement might be excessive. The panel quantified the
technical risks and posited 12 future technical outcomes of
IGCC research both with and without the impact of the DOE
program. The 12 outcomes were defined in terms of capital
costs, plant efficiencies, and plant availabilities. The pros-
pects for cost and efficiency have been assessed as follows:

* 5 percent chance of achieving only minor improve-
ments over today’s technologies (39 percent efficiency and
an nth plant capital cost of $1,400/kW) with the DOE pro-
gram and a 50 percent chance of achieving only these minor
improvements without it.

* 45 percent chance achieving » =42 percent (HHV) ef-
ficiency and an nth plant capital cost of $1,265/kW with the
DOE program and 40 percent without it.

* 40 percent chance of achieving » =45 percent and an
nth plant capital cost of $1,135/kW with the DOE program
and 10 percent without it;

* 10 percent chance of achieving » = 48 percent and an
nth plant capital cost of capital cost of $1,040/kW with the
DOE program and 0 percent without it.°

For each of the above four cost and efficiency levels, plant
availability was assessed at three levels—80, 85, and 90 per-
cent. These comprise the 12 technical success scenarios.

The target date of 2010 given for the above goals is the
time when the research will have been completed. This
stage is to be followed by demonstration and commercial
deployment—the latter to occur through operation of the nth

“Compare to the DOE goal of $1,000/kW and 50 percent efficiency in
2014.


http://www.nap.edu/catalog/11806.html

126 PROSPECTIVE EVALUATION OF APPLIED ENERGY RESEARCH AND DEVELOPMENT AT DOE (PHASE TWO)

Global Scenario”
AEOQ Reference Case | High Oil and Gas Prices
Technical success was defined by the cost and efficiency of future IGCC plants. The
panel identified four levels of technical success: $1,400/kW and 39% efficiency;
$1,265/kW and 42% efficiency; $1,135/kW and 45% efficiency; $1,040/kW and 48
percent efficiency. Estimated probability of achieving the highest level of technical
success was 10% with the DOE program, 0% without the DOE program.
Technologies that will compete with IGCC are natural gas generation and advanced PC
generation, including USC-PC. Primary market competition depends on the price of
natural gas, on the progress of research in other coal-fired generation technologies, and
on the results of other research programs such as fuel cells and distributed generation.
Economic benefits depend on the next-best alternative technology, which depends in
part on the results of other DOE R&D programs.”

Technical Risks

Market Risks

Program Risks

Economic Benefits

If IGCC displaces PC, If IGCC displaces PC,
$6.4 billion at 3% $7 billion at 3%
$2.4 billion at 7% $2.7 billion at 7%
If IGCC displaces NGCC, If IGCC displaces NGCC,
$7.8 billion at 3% $47 billion at 3%
$3 billion at 7% $18 billion at 7%

Environmental
Benefits

Environmental impacts depend on the next-best alternative technology, which depends
on the results of other DOE R&D programs.

If IGCC displaces PC, If IGCC displaces PC, carbon emissions
carbon emissions decrease by 30 milliont | decrease by 34 million t
If IGCC displaces NGCC, If IGCC displaces NGCC, carbon

carbon emissions increase by 90 million t emissions decrease by 36 million t°
If IGCC plants are built instead of NGCC plants, there are security benefits related to
the decrease in consumption of natural gas. The total amount of natural gas displaced
by IGCC, assuming a 20-year plant life, is as follows:

Security Benefits

Expected Program Benefits

If IGCC displaces NGCC, natural gas
consumption is reduced by 5 quad

If IGCC displaces NGCC, natural gas
consumption is reduced by 4 quad

NOTE: /kW, per kilowatt; IGCC, integrated gasification combined cycle; NGCC, natural gas combined cycle;
PC, pulverized coal; quad, quadrillion British thermal units; and USC-PC, ultrasupercritical pulverized coal.

“The panel determined that the benefits of the IGCC research program in the Carbon Constrained
scenario depend critically on the success of carbon sequestration research. Specifically, in the Carbon
Constrained scenario there would be no market for IGCC plants unless the carbon emissions can be captured
and sequestered. A separate panel evaluated the carbon sequestration program.

PEconomic benefit in this table is calculated as the difference in the discounted expected value with
and without the DOE program of all IGCC plants built between 2006 and 2025. Economic benefits are
discounted at both 3% and 7% real, while environmental and security benefits are discounted at 3%.

“In the High Oil and Gas Prices scenario, almost the same amount of IGCC is expected to be built
with or without the program. The reduction in carbon emissions results from the increased efficiency of IGCC

plants with the program.

FIGURE H-5 Results matrix of the Panel on DOE’s Integrated Gasification Combined Cycle Technology R&D Program.

plant. The panel believes a grid-ready plant with the claimed
improvements will be available by around 2024.

Market risks to the IGCC program are represented by
reduced priced natural gas, competing technologies, and
an unfavorable regulatory environment. IGCC deployment
would benefit from the gradual imposition of carbon con-
straints, but the reemergence of moderate natural gas prices
(<$5.00/MMBtu), combined with premature imposition of

an aggressive mandatory control on CO,, is considered to
be the greatest risk to IGCC’s market penetration.

Advancements in USC/PC and CFB combustion tech-
nologies in the near term—and, if accompanied by cost-ef-
fective oxy-combustion for CO, sequestration, also in the
longer term—represent the biggest technology threats to
IGCC deployment and commercialization.

The IGCC R&D program’s benefits also come in the
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economic, environmental, and energy security categories.
IGCC is a technology that allows coal, an indigenous energy
source, to be used cleanly, in compliance with environmental
expectations. It is the route to zero-emissions power gen-
eration, to hybrid power plants with fuel cells, and to the
economic capture and sequestration of CO,. Its successful
implementation will favorably affect public health, national
security, the balance of payments, the competitiveness of
energy-intensive industries, and jobs in the sector.

Conclusions

* IGCC has a favorable cost and efficiency outlook, but
successful market penetration requires more operational
experience to be gained in the near term while IGCC is still
more expensive and is perceived to have lower availability
than alternative coal technologies. Speeding up the research
on topics that improve IGCC plant availability—such as
durable refractory, dry coal feed, instrumentation and diag-
nostics, and improved availability of the syngas-fired gas tur-
bine—would hasten implementation of IGCC technology.

 Efficiency is an important goal of the IGCC program.
Increased efficiency saves fuel and also reduces emissions,
but it can also result in a more complicated plant and, hence,
reduced availability. When there is a conflict between effi-
ciency and availability, as in the case of extensive subsystems
integration, it is recommended that, at least for the near term,
availability should be favored over efficiency increases.

* The date in DOE’s program goals is the time when the
research will have been completed to enable the construction
of a demonstration plant. The claimed improvements would
then be realized only after experience with the demonstration
plant and the subsequent operation of commercial plants. A
clearer definition of the timeline of this process would help
in assessment of the time at which the benefits of the research
can be expected to accrue.
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ATTACHMENT B
ESTIMATION DETAILS

Introduction

The benefits of IGCC depend ultimately on how many
such plants are placed into operation and on the subsequent
cost of electricity, the environmental consequences of
electricity production, and the security implications of the
industry structure. Demand for IGCC and its benefits depend
on costs of alternative technologies, fuel cost and availabil-
ity, demand for electricity, and constraints on the electrical
system such as the need for peak load plants. Because of the
important feedbacks between demand and prices and the
interactions between different technologies on prices, costs,
and demand for each, estimating IGCC benefits is a complex
undertaking. Sophisticated computer modeling, such as the
NEMS model employed by DOE, necessarily plays a criti-
cal role in benefit assessments. At the same time, the NEMS
model is resource-intensive in itself, and given the many
options that this study considers, the long time horizon and
related uncertainly about the trajectory of fuel prices, the
state of alternative technologies, and economy-wide factors
that affect electricity demand, the simplifications that are
employed here provide a ballpark estimate that is probably
within the range of estimates that more sophisticated model-
ing efforts would yield. The NEMS estimates made for the
four scenarios and two R&D cases,!? which were used as a
starting point for the panel’s analysis, were modified in the
ways discussed below. Some additional NEMS estimates,
discussed below, would be useful for refining and checking
the panel’s estimates.

The analysis in this attachment is based on three sets of
numbers from the NEMS output:

» Estimates of costs of electricity from IGCC and alterna-
tive technologies and of relative capacities of the different
technologies deployed, given no DOE R&D program.

» Estimates of costs and deployment given success-
ful—that is, programs attain all of the program goals related
to cost, timing, and performance—DOE R&D for all FE
components other than IGCC.

10yylianne Klara, Senior Analyst, Office of Fossil Energy, DOE, “NEMS-
based benefits of FE gasification R&D,” Presentation to the panel. October
5, 2005.
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» Estimates of costs and deployment given success-
ful DOE R&D for all FE program components, including
IGCC.

The panel modified the NEMS estimates to account for
variations in cost, timing, and performance for IGCC. It
also modified them to correspond to a set of assumptions
necessary for appropriate consideration of the technologies
displaced by IGCC. Each of these is discussed here.

Cost and Performance

The capital cost, availability, and efficiency assumptions
on each branch of the decision tree (Figure H-1) yield a
levelized COE given the relative contributions to cost in
the AEO ascribed to each electricity generation technology.
When the estimated cost is smaller than that given by the
AEOQO Reference Case, IGCC should fare better and the alter-
native worse; when the estimated cost is larger, the reverse
situation holds. A scaling procedure that rests on a locally
linear demand relationship for the different technologies al-
lows an estimate to be made of the quantity of IGCC (i.e.,
the capacity) under the revised cost conditions. Let X ,; 1 be
the average cost of the alternative technology; X5 be the
average cost of IGCC; b be the change in the average cost
of IGCC; Q% ¢ be the original quantity of IGCC added
during the year (the AEO estimate); Q',; be the quantity
of IGCC added given the change in average cost; and d be
the difference in quantities in the two cases:

Qligee = Qe +4d
Then,

d= QOIGCC*[b/ Xarr = Xigeo)]

and

QlIGCC = QOIGCC [1 + b/(XALT - XIGCC)]

As is discussed above, the panel concluded that the DOE
time goals for IGCC are optimistic. The panel thought a more
likely time frame allowed completion of the R&D program
in 2014, with prototypes and demonstration experience such
that full competitive consideration of the technology would
be possible in 2020. This time frame is in part reflected in
the NEMS study, which allows only limited construction of
IGCC in the years between 2012 and 2018 notwithstanding
the formal completion of the R&D program. The panel’s as-
sessment is thus only somewhat more limited than that given
by the NEMS model, although it departs formally from the
DOE goal.

The panel’s adjustment of the NEMS estimates of newly
installed capacity relied on changing the capital cost esti-
mates for IGCC, which was allowed to decline linearly from
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$1,400/W in 2014—the current estimated capital cost—to
the cost corresponding to the level of technical success
achieved by 2020. This procedure allows a steady introduc-
tion of IGCC during the development and demonstration
period, with full commercial credit given in 2020.

Competing Technologies

The NEMS runs made available to the panel by the Office
of Fossil Energy provide an interesting illustration of the
interaction among different DOE programs. According to
the NEMS calculations, successful completion of other DOE
program components leads to a large increase in baseload
electricity generation in the United States. The amount of
base (coal and NGCC) generation increases dramatically,
the amount of distributed generation increases, and the con-
tribution of gas turbines and diesel generators falls. These
changes occur in both the Reference Case and the High Oil
and Gas Prices scenario. According to the NEMS estimates,
NGCC dominates additions to base capacity generation ab-
sent the DOE IGCC R&D program. With IGCC R&D, IGCC
substitutes for an increasing share of NGCC capacity. Under
the High Oil and Gas Prices scenario, it displaces NGCC in
the later years. In the NEMS scenario, other coal technolo-
gies—in particular, advanced PC units—are dominated by
both IGCC and NGCC given the reduction in gas prices that
results from other DOE R&D activities.

In the absence of all DOE R&D, total baseload demand
in the United States is much lower and natural gas prices
relatively high. One consequence is that pulverized coal
continues to compete with NGCC, but the combined demand
for NGCC and PC is less than when DOE pursues R&D,
either with or without an IGCC component. The panel did
not have NEMS output for the case where only IGCC R&D
is pursued. Given the other studies, however, it is possible to
deduce that IGCC would further divide the baseload market
between the coal and gas technologies. In this case, IGCC
would compete initially with PC. In addition, if the cost of
IGCC is low, it would also compete for some of the NGCC
plants. The NEMS results imply that DOE’s R&D program
has complementary components: Success in DG and other
distributed energy resources (DER) programs increases de-
mand for IGCC. Similarly, success in the sequestration
program increases IGCC demand in Carbon Constrained
scenarios. Thus the economic benefits from the IGCC pro-
gram are larger when the entire DOE program is successful
than when only components of it are pursued to completion.
The security and environmental benefits of IGCC change
with success in the larger DOE program. If the entire pro-
gram is pursued, IGCC replaces substantial gas generation,
with positive security benefits and negative environmental
consequences. If the remaining program is not undertaken,
the environmental benefits of IGCC may be substantial,
depending on emissions from PC plants, but the security
benefits are negligible.

Estimating these options would, ideally, require a fourth
set of results (Case D) from a NEMS run, corresponding to
the case where IGCC R&D alone is pursued by the DOE
program. Let p be the overall probability that the non-IGCC
parts of the DOE R&D program succeed (of particular rel-
evance are the components that allow more baseload power
in the generation mix). Consider expected costs in four
circumstances:

Cost (A) = cost when all DOE R&D is successful (A)

Cost (B) = cost given DOE R&D but no IGCC program
(B)

Cost (C) = cost given the complete program

Cost (D) = cost given just the IGCC program (D)

The benefits of interest are
p* [Cost(C) — Cost(B)] + (1 — p)*[Cost(D) — Cost(A)]

Absent an estimate for the remaining program, which is
beyond the purview of this panel, assessing benefits requires
at a minimum a consideration of the two polar possibilities—
presence or absence of the remaining DOE program. As the
panel lacked a base NEMS run for the final option—IGCC
research without the remaining program—it used an ap-
proximation, as described here. It is recommended that this
approximation be replaced by an actual NEMS run.

Interim Approximation

The baseline IGCC capacities were derived for Case D
assuming that IGCC could substitute for annual additions
to baseload capacity only—that is, the amount of capacity
represented in the no-DOE case by IGCC, PC, and NGCC
additions (see Table H-6). With no program, the total base
capacity additions amount to 213 gigawatts (GW). This
figure can be compared to an addition of 200 GW with the
DOE program and no IGCC and an addition of 240-256
GW, depending on source, for the DOE program with IGCC.
Furthermore, it is assumed that gas prices are 5 percent
higher in 2025 than they would have been had there been a
comprehensive DOE R&D program, and represented in the
NEMS FEBEN!! estimate, or one-fifth the gas price increase
given in the High Oil and Gas Prices scenario. IGCC thus
competes with all of the PC plants, substituting for them
as the technology becomes available, and also successfully
competes with the NGCC plants to a degree calculated taking
account of a higher gas price than with the all-DOE R&D
program case. The 5 percent gas price penalty is introduced
gradually in equal increments between 2016 and 2025 and
an interpolation is then made between the share of IGCC in

"FEBEN is a calculation tool employed by DOE’s Office of Fossil
Energy to compare outputs from NEMS. (Julianne Klara, Senior Analyst,
Office of Fossil Energy, DOE, “NEMS-Based Benefits of FE Gasification
R&D,” Presentation to the panel, October 5, 2005.)
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TABLE H-6 Annual Additions of IGCC Capacity Used to Calculate Program
Benefits

Share of IGCC (%)

High Oil and Panel’s Annual Base Annual IGCC
Gas Prices Reference Proposed Capacity Capacity

Year Scenario Case Scenario Additions (GW) Additions (GW)

2012 0.00 0.00 0.00 3.20 0.00

2013 15.97 0.00 0.00 3.04 0.00

2014 17.74 17.65 17.65 8.46 1.49

2015 17.74 17.65 17.65 10.82 1.91

2016 23.17 17.65 17.76 13.76 2.44

2017 30.14 17.65 18.15 17.21 3.12

2018 37.22 17.65 18.82 17.20 3.24

2019 71.49 23.23 27.09 16.13 437

2020 80.27 25.25 30.75 18.90 5.81

2021 82.62 23.58 30.66 22.04 6.76

2022 100.00 35.51 44.54 21.85 9.73

2023 100.00 43.59 52.61 26.22 13.79

2024 100.00 77.09 81.21 29.31 23.80

2025 100.00 79.96 83.97 21.49 18.04

NOTE: IGCC, integrated gasification combined cycle power plant; GW, gigawatt.

the High Oil and Gas Prices scenario and the Reference Case, In general,
whereby in 2025 the IGCC share is as follows:
Proposed share of IGCC = Reference Case share +

Proposed IGCC share in 2025 = Reference Case share (High Oil and Gas Prices share — Reference Case
+ (High Oil and Gas Prices share — Reference Case share)*0.02*(year — 2015)
share)*0.20

for years between 2016 and 2025.
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Report of the Panel on DOE’s Carbon Sequestration Program

INTRODUCTION AND OBJECTIVE OF THE STUDY

The panel on DOE’s Carbon Sequestration Program
was formed by the National Research Council to examine
the benefits of the U.S. Department of Energy’s (DOE’s)
program on carbon sequestration as part of the activities of
the Committee on Prospective Benefits of DOE’s Energy Ef-
ficiency and Fossil Energy R&D Programs, Phase Two. The
panel was charged with applying the method that the com-
mittee had developed for estimating the benefits of DOE’s
R&D. Although the panel was charged with estimating the
likelihood that the program goals would be achieved within
the budget and specified time period, the panel was not given
detailed materials that would allow it to review individual
projects to judge whether they would achieve their goals.
Rather, it conducted a high-level program review, relying
on members’ knowledge of each area and the difficulties of
achieving specific R&D goals.

The method developed by the committee asked the panel
to come to a judgment concerning the likelihood that the
DOE program as currently funded would achieve the goals
within the specified time period. The panel was also asked to
come to a judgment concerning the extent to which the tech-
nology would be deployed in the market. The committee’s
method outlined three scenarios for the panel and allowed
the panel to add a fourth, which the panel believed would be
of particular interest for this program.

The first scenario, the Reference Case, from the Annual
Energy Outlook (2005), assumed business as usual, the sec-
ond assumed high oil and gas prices, and the third assumed
that carbon emissions would be curtailed—namely, that a
carbon tax would be imposed on emissions at $100 per ton
of carbon.! The panel decided to evaluate another scenario
wherein the carbon tax was assumed to be $300 per ton.

IThe tax is assumed to be imposed in 2012 and to increase at 3 percent
per year thereafter.
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Since the panel did not think that a technology that sepa-
rated and sequestered the carbon would be as inexpensive
per megawatt-hour of generated electricity as a technology
that did not, it concluded that carbon sequestration would
not be implemented unless there were restrictions on carbon
emissions. Thus, the panel concluded that the sequestra-
tion technology would not be implemented in the first two
scenarios, even if DOE achieved its R&D goals. Thus, the
panel focused its analysis on the scenarios with carbon taxes
of $100 or $300 per ton of carbon emitted.

In evaluating the benefits of each scenario, the panel
utilized the DOE NEMS model runs to provide baseline
estimates of fuel costs and capacity additions in each sce-
nario. Unfortunately, DOE was not able to make additional
model runs for these two carbon tax scenarios within the time
available, so previous NEMS runs for a carbon constrained
scenario were adapted to provide the necessary estimates.
The panel believes that the quantitative results are reasonable
approximations to what new NEMS model runs would have
given in these scenarios.

During Phase One of the prospective benefits study, the
earlier panel estimated the benefits of the same DOE carbon
sequestration program. Owing to differences in the extent to
which two factors were considered, the Phase One panel cal-
culated an expected economic benefit of $35 billion, whereas
the current panel calculated benefits of $3.5 billion. The
difference in results is primarily due to the current panel’s
more complete and rigorous application of the methodology
outlined in Phase One. In particular, the current panel fo-
cused on what would happen without effort by DOE and the
impacts of competing technologies. The earlier (Phase One)
evaluation of the carbon sequestration program was done as
part of the task of developing the methodology and conse-
quently did not adequately consider these two factors.
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SUMMARY OF DOE’S CARBON SEQUESTRATION
PROGRAM

Carbon sequestration is the separation and storage of
carbon dioxide CO, and other greenhouse gases (GHGs) that
would otherwise be emitted to the atmosphere. GHGs can
be captured at the point of emission or they can be removed
from the air. The captured gases can be used, stored in under-
ground reservoirs or possibly the deep oceans, or converted
to rocklike mineral carbonates and other products. There is
a wide range of sequestration possibilities to be explored,
but a clear priority for near-term deployment is to capture a
stream of CO, from a large, stationary emission point source
and sequester it in an underground formation. Carbon se-
questration holds the potential to provide deep reductions in
greenhouse gas emissions since a little less than half of total
U.S. GHG emissions are from large point sources of CO,.
Research is ongoing to develop a clearer picture of domestic
geologic sequestration storage capacity, but it is likely that
domestic formations have at least enough capacity to store
several centuries’ worth of point source emissions. Technolo-
gies aimed at capturing and utilizing methane emissions from
energy production and conversion systems can be applied
to carbon sequestration and will reduce an important GHG
emission. Mobile and dispersed GHG emissions can be offset
by enhanced carbon uptake in terrestrial ecosystems, and re-
search into CO, conversion and other advanced sequestration
concepts will expand the range of sequestration.

Program Goals

DOE established the carbon sequestration program in
1997.2 The program, which is administered within the Office
of Fossil Energy (FE) by the National Energy Technology
Laboratory (NETL), seeks to move sequestration technolo-
gies forward so that their potential can be realized and they
can play a major role in meeting any future needs for the
reduction of GHG emissions. This program utilizes an annual
Carbon Sequestration Technology Roadmap and Program
Plan to identify research pathways that are expected to lead
to commercially viable sequestration systems and sets forth
a plan of action for sequestration research. Table I-1 is a top-
level roadmap for core R&D and infrastructure development.
The overarching program goal is 90 percent CO, capture
with 99 percent storage permanence at no more than a 10
percent increase in the cost of energy services by 2012.

Core R&D

The goal of the core R&D program is to advance seques-
tration science and develop new sequestration technologies
and approaches to the point of precommercial deployment.

2Carbon Sequestration Technology Roadmap and Program Plan, U.S. De-
partment of Energy, National Energy Technology Laboratory, May 2005.
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The core program is a portfolio of work including cost-
shared, industry-led technology development projects,
research grants, and research conducted in-house at NETL.
The core program is divided into the following six areas.

* CO, capture. CO, exhausted from fossil-fuel-fired
energy systems is typically too dilute, at too low a pressure,
or too contaminated with impurities to be directly stored
or converted to a stable, carbon-based product. The aim of
CO, capture research is to produce a CO,-rich stream at high
pressure. The research is categorized into three pathways:
postcombustion, precombustion, and oxyfuels.

* Carbon storage. Carbon storage is defined as the
placement of CO, into a repository in such a way that it will
remain stored (or sequestered) permanently. It includes three
distinct subareas: geologic sequestration, terrestrial seques-
tration, and ocean sequestration.

—Trapping within a geologic formation is the primary
method for storing CO,. A layer, or cap, of impermeable rock
overlies the porous rock into which the CO, is injected and
prevents upward flow of CO,.

—Because the surface of sandstone and other rocks
preferentially adheres to saline water in preference to CO,,
if there is enough saline water within a pore (75-90 percent
of the pore volume), the water will form a capillary plug that
traps the residual CO, within the pore space.

—When CO, comes in contact with the saline water it
dissolves into solution.

—Over longer periods of time (thousands of years),
dissolved CO, reacts with minerals to form solid carbonates.
This process is known as mineralization.

—Preferential adsorption of CO, onto coal and other
organic-rich reservoirs takes place as a function of reservoir
pressure.

Monitoring, Mitigation, and Verification (MM &V). Monitor-
ing and verification for geologic sequestration has three com-
ponents: (1) modeling, which facilitates the understanding of
the forces that influence the behavior of CO, in a reservoir;
(2) plume tracking, the ability to see the injected CO, and its
behavior; and (3) leak detection systems, which serve as a
backstop for modeling and plume tracking. MM&V for ter-
restrial ecosystems also has three components: organic mat-
ter measurement, soil carbon measurement, and modeling.

Non-CO, GHG Control. Because some non-CO, GHGs
(e.g., methane, N,O, and gases having high global warming
potential) have significant economic value, they can often be
captured or avoided at relatively low net cost. This area of the
core sequestration program is focused on fugitive methane
emissions, whereby non-CO, GHG abatement is integrated
with energy production, conversion, and use. Landfill gas
and coal mine methane are two top-priority opportunities.

Breakthrough Concepts. R&D on breakthrough concepts is
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TABLE I-1 Top-Level Carbon Sequestration Roadmap
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Metrics for Success

Pathways 2007 2012

CO, capture Postcombustion Develop at least two capture Develop at least two capture
Precombustion technologies that each result in technologies that each result in less
Oxy-fuel less than a 20% increase in cost of than a 10% increase in cost of energy

Sequestration storage Hydrocarbon-bearing geologic
formations

Saline formations

Tree plantings, silvicultural
practices, and soil reclamation

Increased ocean uptake

Advanced soil carbon
measurement

Remote sensing of above-ground
CO, storage and leaks

Detection and measurement of CO,
in geologic formations

Fate and transport models for CO,
in geologic formations

Monitoring, mitigation, and
verification (MM&V)

Breakthrough concepts Advanced CO, capture

Advanced subsurface technologies

Advanced geochemical
sequestration

Novel niches

Non-CO, GHGs Minemouth methane capture/
combustion

Landfill gas recovery

Infrastructure development Sequestration atlases
Project implementation plans
Regulatory compliance

Outreach and education

energy services.

Field tests provide improved
understanding of the factors
affecting permanence and capacity
in a broad range of CO,

storage reservoirs.

Demonstrate advanced CO,
measurement and detection
technologies at sequestration field
tests and commercial deployments.

Laboratory scale results from one
or two of the current breakthrough
concepts show promise to reach the
goal of an increase of 10% or less in
the cost of energy and are advanced
to the pilot scale.

Deployment of cost-effective
methane capture systems.

Phase II partnerships have pursued
priority sequestration opportunities
identified in Phase I and have
conducted successful field tests.

services.

Demonstrate ability to predict CO,
storage capacity with +/— 30%
accuracy.

Demonstrate enhanced CO, trapping
at precommercial scale.

CO, material balance greater than
99%. MM&V protocols enable 95%
of stored CO, to be credited as net
emissions reduction.

Technology from the program’s
portfolio revolutionizes the
possibilities for CO, capture, storage,
or conversion.

Commercial deployment of at least
two technologies from the R&D
program.

Projects pursued by the Regional
Partnerships contribute to the 2012
assessment under GCCIL.

pursuing revolutionary and transformational sequestration
approaches with potential for low cost, permanence, and
large global capacity. These concepts are speculative but
could offer performance and cost improvements that let them
leapfrog existing technologies.

Field Projects. Because conditions in both terrestrial eco-
systems and geologic formations are difficult to simulate,
testing ideas in the field often enables significant learning and
insight. Sequestration field tests serve as a test bed for CO,
detection and measurement technologies and also present an
opportunity to validate models.

Infrastructure Development

DOE initiated seven regional carbon sequestration part-
nerships (RCSPs) in 2003 with the goal of developing an

infrastructure to support and enable future carbon sequestra-
tion field tests and deployments. The first stage of the RCSPs
ended in June of 2005. The partnerships have established
a national network of companies and professionals work-
ing to support sequestration deployments, created a carbon
sequestration atlas for the United States, and identified and
vetted priority opportunities for sequestration field tests. The
primary and overarching objective of the second stage will
be to move forward with the high-priority tests to validate
sequestration technology that were identified in the first stage
of the effort. In support of this primary objective will be the
refining and implementing of MM&V protocols, improving
the understanding of environmental and safety regulations;
establishing protocols for project implementation, account-
ing, and contracts; and conducting public outreach and
education. Also in the second stage, partnerships will seek
to continue the characterization of the regions and to refine a
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national atlas of carbon sources and sinks. In FY 2009 DOE
will consider an optional third stage effort for the RCSPs. A
third stage, which would run through 2013, would be con-
tingent on the continued importance of and synergies with
the FutureGen initiative (partially funded by DOE), the need
for validation of additional sequestration sites throughout the
United States, and funding availability.

Program Budgets

The base sequestration program funding is roughly
$55 million per year. DOE will provide approximately
$100 million to support the RCSPs over the next 4 years.
Each partnership will receive between $2 million and $4 mil-
lion per year in DOE funding. At least 20 percent of project
costs are covered by non-DOE funding. The total value of
the projects exceeds $145 million over the next 4 years. The
RCSPs are structured to become self-sustaining by 2013. The
approximate actual and projected funding levels from 2001
to 2020 are shown in Figure I-1. Program costs through 2020
are expected to be $875 million.

TECHNICAL RISKS

While DOE has taken a portfolio approach for its CO,
sequestration program, it has focused on developing compo-
nents suitable for advanced integrated gasification combined
cycle (IGCC) technology, with sequestration based on deep
well injection. DOE sees advanced IGCC as the technology
of choice to achieve the goal of 10 percent incremental COE
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for CO, sequestration beyond that achieved by IGCC units.
(There is a goal of 20 percent increase in the COE for com-
bustion-based systems. The cost of electricity generated from
such systems, including carbon capture and storage (CCS),
has been estimated to be about 10 percent greater than the
cost of IGCC. A review of cost studies found that the cost
of electricity generated using supercritical pulverized coal
(SC-PC) technology with (post-combustion) amine-based
CO, capture would be $77/MWh and, if using IGCC with
a Selexol unit for carbon capture, $65/MWh. Both the cost
estimates include $5 per ton CO, for geologic storage (Rao
et al., 2005).

The carbon sequestration program is taking on a rela-
tively high overall risk to create technologies for commer-
cial demonstration by 2012 in that it relies heavily on the
successful deployment of full-scale IGCC plants (more than
200-500 MW) in parallel with the sequestration program
schedule. There are only a few IGCC plants operating world-
wide, and advanced, commercial-scale IGCC units are only
in the design stage and have no CO, sequestration. An end-
to-end, full-sized plant demonstration of IGCC technology
with sequestration will take longer.

The recent DOE systems analysis of the developments
from the CO, capture program is framed in terms of four
main components: (1) sorbent improvement associated with
the Selexol process, (2) oxygen membrane separation to
replace cryogenic separation, (3) membrane technology to
facilitate the water gas shift reaction to produce hydrogen,
and (4) storage of the CO, in deep geological formations.
The storage component is said to be advanced, and based on

B Regional Carbon
Sequestration Partnerships

@ Base Sequestration R&D
Program

300

250

200 A

150

100 200

150

(o)
o

(@)

150 150

Federal R&D Investment ($ million)

2001-2005

2006-2010

2011-2015 2016-2020

FIGURE I-1 Funding requirements for DOE’s carbon sequestration program. RCSP, regional carbon sequestration partnerships.
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the extensive commercial CO,-enhanced oil recovery effort
in place today. While this experience has shown the process
to be viable and there have been no serious accidents, the
storage time frame has been a few decades, compared with
the centuries-long time frame needed for CO, storage. The
cost reductions for electricity production with sequestration
are more sensitive to increases in the efficiency of the IGCC
system than to advances in CO, capture.

The results from new sorbent technologies are expected
to improve the performance of CO, scrubbers greatly by
increasing capture efficiency at higher temperature and
pressure (DOE, 2005d). While sorbent research has shown a
number of options for improved systems,3 none of these have
been tested in pilot or larger combustion systems relevant to
power plant operations. The technologies need to be tested
thoroughly for sorbent stability, operational reliability, and
integrated performance to establish a cost-effective design
basis. This is an ambitious task to be completed by the target
date of 2012.

The second component envisaged for reducing IGCC
power production costs, specific oxygen separation based on
ion transport membranes (ITMs) for oxyfuels, is funded not
within the DOE carbon sequestration program but within its
advanced gasification research program. The technical risk
of achieving the sequestration program’s goals is increased
by having this critical component controlled elsewhere.
More important, this membrane technology is predicated on
successful operation with temperatures of about 1000- C or
even higher. While membrane materials for operation in this
temperature range are well developed, the supporting equip-
ment for operating a membrane-based system is problematic.
Failure of this equipment could slow down practical ap-
plications and increase costs for the technology. Since none
of the membrane technology has been tested beyond small
pilot scale, the reliability and expected performance of these
systems at larger scale for design engineering and costing
remain an open question.

The water gas shift membrane technology is jointly fund-
ed by the DOE carbon sequestration and IGCC programs.
While this technology appears to have a favorable future in
the laboratory, the use of polymer membranes here depends
on achieving the flux and membrane stability at ~300-C.
This temperature is an ambitious goal for any polymer
membrane; good membrane stability and performance at this
temperature are yet to be demonstrated. The performance of
this technology at the pilot scale and larger remains to be
demonstrated at an aggressive pace, to provide an informed
and confident basis for large-scale design and integration into
IGCC technology, as planned.

The panel’s perception, taken in toto, is that the DOE
carbon sequestration program, which depends heavily on
complementary work in fossil fuel technology, demands a

3See, for example, DOE (2005d) and Rao et al. (2005).

highly ambitious, relatively high-risk effort to achieve its
technical goals by 2012.

DOE is using systems analysis tools in a constructive way
to evaluate past progress and future objectives. These tools
have the potential to strengthen the program by guiding the
choices of technologies to pursue most vigorously as well
as the down-selection process. However, in the briefings
the panel received about the DOE program, it observed the
distorting effect of the program’s “aspirational goals” on the
systems analysis effort. The leadership of the program has
set cost increment goals—sometimes 10 percent, sometimes
0 percent—for CCS. The systems analysis effort has been
unduly influenced by an apparent need to show strategies
that meet these goals. First, the difficulty of meeting them
is hidden by comparing future (lower cost) IGCC systems
with CCS to present systems without CCS, making it appear
that the cost savings for advanced IGCC can be attributed to
sequestration savings. (The savings, presumably, is that the
COE from IGCC with carbon sequestration would be less
than the cost of electricity from IGCC with venting and pay-
ing the tax.) The DOE goal is an increase of no more than 10
percent for IGCC with sequestration compared with IGCC
without sequestration. The analysis thus makes a misleading
comparison to arrive at a small increase (or no increase) due
to sequestration. Second, in an effort to drive downward the
apparent incremental cost of CCS for electricity production,
systems analyses have built in large credits, sometimes for
the sale of by-products of the carbon sequestration process
(hydrogen or chemicals), sometimes for the sale of CO,, and
sometimes for the avoidance of sulfur management above
ground via co-storage of sulfur (as H,S or SO,) with CO,.
All of these credits can be real in some situations but are
zero in others. DOE should consider the ancillary benefits in
scenarios whose assumptions are clear. Fortunately, the panel
finds that the program as a whole has not been distorted to
emphasize these secondary concerns. However, the value of
the systems analysis effort to the program is considerably
reduced by a focus on such credits. The panel recommends
that the leadership of the program work harder to insulate
the systems analysis group from pressure to produce results
that conform to the program’s aspirational goals, so as to get
greater value from the expertise of the group.

The CO, storage component is smaller than the capture
component as it currently relies on existing technologies
needing relatively little innovation. The program emphasis
is on small-scale demonstration in the field and partnership
in one large project (Weyburn).

Once CO, is injected into the subsurface, there are two
primary routes for leakage: through or around the reservoir
seal (caprock) or through well bores that could be created for
this purpose or that might have been drilled in the past for oil
or gas exploration. The reservoir seal could be compromised
by tectonic activity or by overfilling the reservoir, while the
well bores could be attacked by carbonic acid formed when
CO, dissolves in the formation water.
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Industry has over 30 years experience with CO, injec-
tion for enhanced oil recovery, with no mishaps that would
indicate the process has serious flaws. However, carbonic
acid reacts with the Portland cement that is used in the con-
struction of wells as well as with the tubular bores that com-
municate to the surface. These reactions can be evaluated in
the laboratory over relatively short time spans, but there is
no known way in the laboratory to evaluate the reactions that
might degrade the well bore seals over hundreds to thousands
of years. There may have to be some sort of protocol to
monitor the wells periodically and make repairs as needed.
The DOE program devotes little effort to remediation, as-
suming that the technology available in the industry is, or
will be, adequate. The other major forms of carbon storage
envisioned in this program are ocean and terrestrial. For
ocean sequestration, environmental impacts may be more
significant than concerns about safety, whereas the reverse
is true of terrestrial sequestration in geologic formations
(Herzog, 2001; Brewer, 2003; Orr, 2003).

While success of the capture program depends almost
entirely on the ability to reduce the cost of the operation by
technical means, the storage program cannot be successful
if a significant fraction of the public views it as dangerous
or unacceptable. Thus, the technologies must not only be
safe and effective, they must be explainable to the public
and the regulatory community in such a way as to instill
confidence that they are in fact safe and effective. The fed-
eral government in general and the DOE in particular have
not had a good track record in accomplishing this task in
other programs, such as the Yucca Mountain nuclear waste
repository, and the siting of terminals for unloading liquefied
natural gas.

The cornerstone of the DOE program is the RCSPs, a col-
lection of seven organizations run by respected entities and
with a wide base of participation. These partnerships are in
the second stage of their development and have developed
work plans that include not only technical development
and demonstration but also outreach. DOE holds meetings
routinely to coordinate the efforts of the RCSPs and share
results.

The RCSPs were told to develop demonstration projects
relevant to their regions, and they hold storage field trials
with significant monitoring and evaluation components.
These projects, which will be completed over the next few
years, will familiarize interested parties with the process.
However, the RCSP program may not resolve uncertainties
in extrapolating the volume scale and the time frame over
which the demonstrations can operate.

MARKET RISKS

Both competing technologies and political factors will
have an effect on the deployment of carbon sequestration
technologies in the market. The primary driver for deploy-
ment is an incentive for reducing carbon emissions. The
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panel believes that only in a carbon-constrained scenario
will any carbon sequestration technologies be implemented;
accordingly, the benefits of DOE’s carbon sequestration
program were evaluated only for scenarios where a carbon
tax exists.

Competing Technologies

A high carbon tax will make zero-emissions or very low
carbon emissions electricity generating technologies more
attractive. The panel believes IGCC with CCS is a promising
technology. Other technologies that could potentially com-
pete against IGCC with CCS are natural-gas-fired electricity
generation technologies; technologies that transform coal
into a noncarbon fuel, such as hydrogen, with carbon stor-
age; high-efficiency combustion cycles with backend CCS;
oxygen combustion with CCS; nuclear power systems; and
renewables.

If only a modest reduction in carbon emissions is required,
substituting natural gas (CH,) for coal in a high-efficiency
combined cycle generator can accomplish that reduction.
However, natural gas prices have increased rapidly in recent
years owing to high demand and static supply. At current
prices, switching to natural gas would be a costly strategy
with considerable doubt that the supply of natural gas would
be sufficient through 2017.

Coal gasification can lead to a pure hydrogen stream
with separation and sequestration of the CO,. The resulting
hydrogen could be burned in a turbine or used in fuel cells.
This approach is a variant of IGCC and is attractive only if
carbon separation and sequestration is an attractive, low-
cost technology that effectively sequesters the carbon. If the
DOE program were successful in creating an attractive IGCC
technology with carbon sequestration, the hydrogen stream
would be available for other applications.

Both higher efficiency combustion cycles (supercritical
and ultrasupercritical) with backend CCS and oxycombus-
tion systems are more expensive today than gasification with
CCS.,* and oxycombustion is in its early stages of develop-
ment (Rao et al., 2005; Anderson et al., 2004). Whether these
systems, which are being addressed in the DOE sequestration
program, can provide a viable alternative remains to be seen.
An as-yet- unresolved issue surrounding viable alternatives
for coal remains the performance and cost of combustion or
gasification with different types of coal. For example, lower
rank coals such as lignite, when slurry-fed to the gasifier,
bring in lower system efficiencies and net power outputs
(Maurstad et al., 2006).

Several panel members believe that nuclear generation
has significant market potential in the long run in a carbon-

“Based on an extensive literature review, Rubin (2006) has determined
that a representative estimate of the cost of electricity, if generated using
supercritical pulverized coal technology with CCS, would be $77/MWh and,
if using IGCC with CCS, $65/MWh.
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constrained scenario and could be a strong competitor for
IGCC with sequestration. The relative attractiveness of the
two technologies will depend on public acceptance and the
cost of each technology, which will be influenced by DOE’s
fossil energy R&D program.

Political Risks and Other Market Factors

The panel identified several other potential barriers to
the deployment of IGCC with carbon sequestration. Each of
these barriers would make successful deployment of seques-
tration less likely and would tend to favor some of the com-
peting technologies as a way to meet carbon constraints:

* Public opposition based on the risk of sequestration.
It is not yet apparent whether the public would be receptive
to carbon sequestration, and it is possible that people living
near sequestration sites would have significant concerns that
might lead them to oppose proposals to sequester CO, in
their local environment. Strong public opposition could delay
or even prevent the deployment of an IGCC plant with CCS.
Some preliminary studies suggest that the public is not favor-
ably disposed to carbon storage in the oceans or deep under-
ground (Palmgren et al., 2004). To the panel’s knowledge,
there has not been a full risk assessment of carbon storage;
such an assessment, could alleviate some public concerns.

* Regulatory issues. A variety of siting and permitting
issues associated with carbon sequestration remains to be
worked out, including jurisdictional issues that accompany
the permitting process. Delays or problems in resolving these
issues could significantly delay the deployment of sequestra-
tion technologies.

* Physical siting requirements. Storage in geological
formations calls for sites having adequate capacity and in-
jectivity, a confining unit (e.g., a caprock), and a geologically
stable environment (IPCC, 2005). These requirements, along
with regulatory requirements and public concern, could fur-
ther limit potential sites and the penetration of IGCC with
CCS. The location of generation away from load centers
might raise costs to the consumer.

* Competition from energy conservation and alternative
energy sources. In addition to public views and regulatory
requirements, the competition will depend on the cost of
electricity from each technology. This cost will be influenced
by the regulatory requirements for each technology. For
example, if regulators insisted that CO, had to be placed in
areas where no oil or gas wells have been drilled, or below
the depth to which wells have been drilled, IGCC with CCS
could become less cost-competitive.

DECISION TREE MODEL AND PROBABILITY
ASSESSMENT RESULTS

Rather than attempting to assess probabilities at a project
level and somehow aggregate them, the panel decided to

focus on an overall assessment of the effectiveness of the
research program. The process and calculation methodology
for this assessment® followed the recommended guidelines
of the Committee on Prospective Benefits of DOE’s Energy
Efficiency and Fossil Energy R&D Programs, Phase Two.
The impact of government support can be captured by con-
sidering the probabilities of various technical and market out-
comes with and without government support. The decision
tree developed by the panel is summarized in Figure I-2.
The main technological uncertainty considered was the
increase in the COE associated with the capture and storage
of carbon emissions from coal-fired power plants, specifi-
cally from advanced IGCC plants. DOE’s R&D program as-
sumes that IGCC plants without CCS will be the cheapest
coal-based generation plants and that these plants will meet
all EPA emissions requirements (aside from CO, emissions).
Thus, the only significant difference between the two tech-
nologies is the COE and whether the carbon is sequestered.
The panel considered COE in three time periods (2012, 2017,
and 2022) and at four different levels of cost increase at each
point in time. The probability assessments for costs in 2012
were conditional on the currently expected level of DOE
funding for research on sequestration. The assessments for
2017 were made conditional on the 2012 results and the 2022
assessments were conditional on the 2012 and 2017 results
as well as on the presence or absence of DOE support. Spe-
cifically, panelists were asked to assign probabilities that the
COE increase associated with sequestration in 2012 would
be 0 to 10 percent; 10 to 20 percent; 20 to 30 percent and
more than 30 percent; four probabilities in total. For 2017,
panelists were asked to assign conditional probabilities for
the same ranges that depend on the cost increase in 2012.
For example, if the cost increase in 2012 were in the 20-30
percent range, panelists were asked to specify probabilities
that the costs in 2017 would 0-10 percent; 10 to 20 percent;
20-30 percent and more than 30 percent. In principal, there
are four conditional probabilities for each of the four sce-
narios (16 in total), but many of these scenarios were judged
to have zero probability: For example, panelists thought that
there was no chance that the cost increases associated with
sequestration would increase from 2012 and 2017. Thus, if
the cost increase in 2012 were in the 20-30 percent range,
there was no chance that the cost in 2017 would be more than
30 percent. The assessments for 2022 similarly depended on
the outcomes in both 2012 and 2017; in principle there are
a total of 16 scenarios requiring four probabilities each, but
many of these scenarios were judged to have zero probability.
To calculate expected costs and benefits, the 0-10 percent,
10-20 percent and 20-30 percent ranges were represented by
their midpoints (5, 15, and 25 percent, respectively) and the
over 30 percent range was represented by 40 percent. All of
these probabilities were assessed assuming there would be

A complete discussion of the methodology and process can be found in
Chapters 3 and 4, respectively.
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APPENDIX 1
Cost of Electricity with Carbon Capture and Storage
DOE Funding? 2012 2017 2022 Sequestration Risk
0-10% Increase 0-10% Increase 0-10% Increase
10-20% Increase 10-20% Increase 10-20% Increase Storage allowed
Yes
20-30% Increase 20-30% Increase 20-30% Increase Storage not allowed
>30% Increase >30% Increase >30% Increase
0-10% Increase 0-10% Increase 0-10% Increase
10-20% Increase 10-20% Increase 10-20% Increase Storage allowed
No

20-30% Increase

20-30% Increase

.< Storage not allowed

20-30% Increase

>30% Increase >30% Increase

>30% Increase

FIGURE I-2 Decision tree used by carbon sequestration panel.

a $100 per ton carbon tax beginning in 2012 with industry
participants knowing well in advance of this impending tax.
The same assessments were repeated assuming a $300 tax.

In the discussion of benefits below, the panel assumes that
decisions about which technology to deploy are made with
knowledge of the carbon tax level—$100 or $300 per ton
carbon tax. However, when the panel discusses the COE for
IGCC with or without carbon sequestration, it assumes the
carbon tax is zero. In particular, if the COE of IGCC with
carbon sequestration were 30-35 percent more expensive
than for IGCC without sequestration, a $100 per ton carbon
tax would make the COE about equal for the two plants. A
$300 per ton carbon tax would make the COE for an IGCC
plant with sequestration much cheaper than the COE for a
plant without.

The results of these assessments are summarized in Fig-
ure I-3. Here are shown the expected costs by year, with and
without DOE support, for the two different carbon taxes. The
effect of a higher carbon tax is to induce greater near-term
R&D efforts sooner to bring down the cost of IGCC with
carbon sequestration. These expected COE increases are
probability-weighted averages and were calculated from the
probabilities the panelists provided. The costs expected by
individual panelists are indicated by small crosses and the
panel average is indicated by the larger diamonds. Reviewing
these assessments, varying degrees of consensus among the
panelists can be seen in the different scenarios. In the 2012
assessment with the $100 tax and no DOE support (the left-
most series shown in the figure), the panelists’ expected cost
increases average 35 percent and range from 32 percent to 39
percent. Estimates span a wider range for 2017 and 2022.

The panel’s view of the effect of the DOE research sup-
port can be seen by comparing the expected COE increases
with and without DOE research. For example in 2017 with
the $100 tax, the panel’s average expected cost increase
without DOE support is 28 percent versus 24 percent with
DOE support. These differences vary by year, with the im-
pact of DOE research being smaller in 2012 and 2022 (by
about 2 percent) than in 2017 (by about 4 percent). These
results suggest that the panel believes that the impact of the
DOE support is greatest in the medium-term. Comparing the
low- and high-tax scenarios, it can be seen that the higher tax
leads to lower expected costs both with and without DOE
support, because higher tax would provide a greater incentive
for the private sector to develop cost-effective CCS technolo-
gies. The estimated incremental effect of DOE support is
approximately the same in the two tax scenarios.

These estimates are not compatible with the assump-
tions that DOE makes in its own benefit calculations. DOE
assumes that it will succeed in developing a commercial
design with only a 10 percent increase in the COE that will
be available for demonstration by 2012 and for commercial
deployment after 2016. The panel viewed this goal as very
optimistic. In contrast, DOE’s assumptions about the in-
creased COE without DOE research funding were viewed
as quite pessimistic: DOE’s benefits calculations assume that
without their sequestration research, there would be a 57 per-
cent increase in the COE associated with carbon capture and
storage in 2017 and a 50 percent increase in COE in 2022.°

6Julianne M. Klara, NETL, “NEMS-Based Benefits of FE Sequestration
R&D,” Presentation to the panel on September 29, 2005.
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The panel felt that the existence (or even the anticipation)
of carbon taxes would lead to extensive private sector R&D
that would reduce costs below these levels, even without
DOE’s research support. R&D activities overseas would
probably increase as well if there were a U.S. commitment
to reducing emissions. This combination of optimistic as-
sumptions with DOE support and pessimistic assumptions
without DOE support leads DOE to arrive at a much higher
estimate of the benefits of its support than arrived at by the
panel, although to be sure the panel assessments still show
a high net payback.

In addition to the uncertainty about costs, the panel also
considered a market acceptance uncertainty that focused on
whether the public (and regulators) would allow large-scale
underground storage of carbon. Without such acceptance,
CCS technologies would not deployed. The panel’s assess-
ments of this uncertainty are summarized in Figure I-4. The
average panel probability that the large-scale sequestration
would be allowed is .66 without DOE’s research support and
increases to .77 with DOE’s support. There was also a fair
amount of disagreement about these probabilities, though the
probabilities were all .5 or higher.

The panel considered competing technologies (e.g.,
nuclear power, natural gas with or without sequestration)
in the benefits calculation, although without explicit model-
ing of the uncertainty about the costs of these competing
technologies. If DOE’s R&D programs in these competitive
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technologies progress rapidly, they could vitiate the benefits
of IGCC with carbon sequestration.

QUANTIFYING THE BENEFITS OF THE DOE PROGRAM

The economic, environmental, and security benefits of
improvements in carbon sequestration technologies depend
on the degree of technical improvement, the amount of IGCC
with carbon sequestration that is deployed, the technologies
that would have been implemented absent carbon sequestra-
tion, and the COEs for IGCC with CCS and for the next-best
alternative technology.

In assessing the benefits of DOE’s carbon sequestration
research program, the panel focused on the COE for IGCC
plants with CCS, the COE from other technologies for gen-
erating electricity, and the COE for nonsequestering plants
given either a $100 per ton or $300 per ton carbon tax. The
panel concluded that carbon sequestration would add to
the cost of IGCC within the time frame and that no carbon
sequestration would be implemented absent some sort of
limitation on carbon emissions.

The economic benefit of carbon sequestration improve-
ments in any one year is the product of the amount of electric-
ity produced by IGCC with sequestration and the difference
between the costs of the IGCC with sequestration and the
costs of the cheapest alternative technology. Since a generat-
ing plant lasts 30 or more years, a rational plant owner would

With DOE support

0%

FIGURE I-4 Panel assessment of sequestration risks.
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select the technology that is expected to be cheapest over the
life of the plant. The total benefits can be calculated as the
net present value (NPV) of the annual benefits stream. The
carbon taxes affect the amount of sequestered IGCC capac-
ity that is installed: Producers make their choices taking into
account the taxes paid, as discussed below. However taxes
are not considered in the COE calculations since the taxes
net out from a societal perspective: Any carbon taxes paid by
producers are receipts for the government. Thus, when com-
paring the COE for IGCC with sequestration and the COE
for the cheapest alternative technology, the panel did not
consider the taxes in either case. First, the panel developed
a simple model for estimating COE with different generation
technologies and next it estimated the amount of IGCC that
would be built.

Estimating the COE for IGCC with Carbon Sequestration

The COE (busbar costs) for all electricity-generating
technologies considered in the evaluation is based on capital
costs, plant efficiencies, operating and maintenance costs,
and fuel costs using plant characteristics taken directly from
the Energy Information Administration’s Annual Energy
Outlook 2005 (EIA, 2005b).7 Fuel costs were taken to be
the fuel cost projections in the AEO 2005 Reference Case,
as suggested by the parent committee. Technologies consid-
ered explicitly included IGCC with and without sequestra-
tion, NGCC, nuclear, and several renewable sources (wind,
biomass, and solar).

Baseline costs for IGCC without sequestration play an
important role in estimating benefits. A separate panel, the
NRC'’s Panel on DOE’s Integrated Gasification Combined
Cycle Program, evaluated the effect of DOE’s R&D on IGCC
technologies (Appendix H), and this panel (the “carbon se-
questration” panel) used the results that panel’s assessment
of the future costs of IGCC as its baseline IGCC costs.

To estimate the COE for IGCC with carbon sequestration,
the panel defined a range of possible technical outcomes of
carbon sequestration research in 2012, 2017, and 2022, as
described in the section on the decision tree model and proba-
bility assessment results. For each set of technical outcomes,
a COE for IGCC with carbon sequestration can be calculated.
Figure I-5 shows the estimated COE (including tax) over
time using the baseline costs for IGCC as described above
and the expected technical outcome of DOE’s carbon seques-
tration research from the panel’s probability assessments.
The line with diamond markers corresponds to the expected
increase in COE calculated from the probability-weighted
averages shown in Figure I-3 for the $100 per ton carbon
tax and assuming DOE funding of the research. Figure I-5
also shows the estimated COE for an IGCC plant without
sequestration, with and without a $100 per ton carbon tax.

7Assumptions to the Annual Energy Outlook 2005 (EIA, 2005a), Electric-
ity Market Module, especially Tables 38 and 48.

The abrupt rise in cost for IGCC without CCS reflects the
tax being implemented in 2012. Thereafter, the change in
COE is the sum of two contrary effects: a three percent per
year rise in the carbon tax and a linear decrease in the capital
cost that levels off in 2020. Finally, the smooth solid lines
bound the range of estimates by panel members of the COE
for IGCC with carbon sequestration. Thus, for a $100 per ton
(or higher) carbon tax, under any cost scenario considered
by the panel, the COE for IGCC with carbon sequestration
is always less than the COE for IGCC with venting and the
tax.

Estimating the Amount of IGCC with Carbon Sequestration
That Will Be Built

To estimate the benefits of DOE’s carbon sequestration
research, we also need to know the amount of IGCC with se-
questration that will be built. That amount is assumed to de-
pend on the cost of IGCC with carbon sequestration and the
costs of competing low- or zero-emissions technologies.

DOE has evaluated a global scenario with a carbon con-
straint that provides a starting basis for estimating how much
IGCC with carbon sequestration will be built. In its analyses,
DOE assumes a carbon cap (rather than a tax), and it assumes
that the COE for IGCC with carbon sequestration will be 10
percent higher than for IGCC without sequestration. Under
that scenario, about 70,000 MW of IGCC with sequestration
is projected to be built by 2025. The panel took this as a
reasonable upper bound estimate for the quantity that would
be built under DOE’s optimistic cost assumptions.

DOE’s quantitative modeling is done with a U.S. energy
model, perhaps because it would be so difficult to develop
and implement a world energy model that would quantify the
value of any energy technology. Such a model would have
to account for the decisions of other governments regarding
carbon emissions and the R&D in other nations.

To estimate the quantity of IGCC with carbon sequestra-
tion that would be built in each year under the cost scenarios
identified by the panel, a simple cost comparison was made
to determine which technology would be least costly for a
utility making a decision about what to build. Whichever
technology was least expensive was assumed to capture all of
the possible low-emissions capacity added in that year.® The
technologies are, in addition to those shown in Figure I-5,
the following:

* NGCC with venting and paying the tax and
» Zero-emissions technologies: nuclear, wind, biomass,
and solar.

8This obviously is not a realistic assumption. Most years will see a
combination of technologies built, and the relative costs will change with
factors such as fuel resources, site availability, industrial supply capability,
and many others. In the absence of detailed simulation, such as with the
NEMS model, this approach still gives useful approximate results, which
should be viewed as illustrative rather than as forecasts.
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Costs are compared in Figure I-6 based on the net present
value of the expected total costs over a 20-year life dis-
counted at 14 percent.’

Assuming a winner-take-all competition among technolo-
gies, the panel estimated the amount of IGCC with CCS that
would be built in each technology scenario. Figure I-7 shows
the cumulative IGCC with carbon sequestration added, with
and without the DOE program, based on the average prob-
ability assigned to each COE increase scenario identified
by the panel. The figure also shows the maximum and the
minimum IGCC with carbon sequestration added under any
of the COE scenarios. The actual amount deployed var-
ies by scenario. For example, the maximum amount will
be deployed if there is a 0-10 percent or a 10-20 percent
COE increase for carbon sequestration in 2012. However,
no IGCC with sequestration will be deployed if the COE
increase is always 20-30 percent or more. With intermediate
costs, varying amounts of IGCC with carbon sequestration
will be built.

Results of Expected Benefits Analysis

Using the approach described above, the panel estimated
the benefits of carbon sequestration associated with each
of the possible cost estimates defined by the panel (see
Figure 1-2). For the lowest level of technical success, the
benefits are zero, and no IGCC with carbon sequestration is
built because the technology is not cost-competitive. For the
highest level of technical success considered, where the cost
of IGCC with carbon sequestration is just 5 percent more
than the cost without sequestration (starting in 2012), the net
present value of the benefit is about $36 billion, assuming
that large-scale carbon sequestration is allowed.

Each of those carbon sequestration cost scenarios has two
probabilities assigned to it by the panel: the probability of
achieving that level of technical success without the DOE
research program, and the probability of achieving that
level of success with it. The expected value of the carbon
sequestration research with or without the DOE program
is simply the probability-weighted average of the NPV
for each technical success scenario using the appropriate
probabilities, multiplied by the risk discussed in “Political
Risk and Other Market Factors”—namely, that large-scale
sequestration may not be allowed. The value of the DOE
research program is the difference between the expected
value of carbon sequestration research with the program and
the expected value without the program.

Figure I-8 illustrates the expected economic benefits of
carbon sequestration R&D, as well as the uncertainty sur-
rounding those benefits. It shows a cumulative distribution
on net economic benefits with and without DOE support.

9This value was selected to represent what might be used by a utility or
merchant generator. This is distinct from the discount rates of 3 and 7 percent
that were applied to the benefits stream.

The net benefit of zero represents the panel’s assessment
of market acceptance in the case that large-scale carbon
sequestration is not allowed by either the public or regula-
tors. The vertical lines represent the expected value of the
distribution of benefits: The expected value is calculated as
the probability-weighted average of the benefits calculated
for possible outcomes identified by the decision trees. The
expected value of DOE’s carbon sequestration research
program is $3.5 billion, the difference between the expected
value with the program and the expected value without the
program (see Figure I-9).

With the carbon tax, the COE for IGCC with sequestration
or for advanced nuclear or wind,!? which release no car-
bon-dioxide to the atmosphere, is lower than for fossil fuel
technologies without sequestration (either IGCC or NGCC),
so none of the latter are built after 2015. Thus, it makes no
difference to the environment from the standpoint of carbon
emissions between IGCC with carbon sequestration and the
viable alternatives, given a $100 per ton carbon tax, and the
benefit of the DOE R&D program is simply the reduced cost
of producing electricity.

The analysis illustrates that IGCC with carbon sequestra-
tion is likely to be such an important technology for generat-
ing electricity starting in 2012 that even a small reduction
in the time required for the technology to become available,
coupled with a small reduction in cost, would lead to a large
benefit. The panel emphasizes that a DOE R&D project need
not have a 100 percent chance of success or be focused on
accomplishing something that could not have been achieved
without DOE funding to make an important contribution. In
an age of growing concern about GHG emissions, even a
small contribution to the reduction of CO, emissions from
fossil-fuel-based generation technology can be important. In
the judgment of the current panel, DOE’s R&D program is
likely to attain these results only a few years ahead of when
the private sector would have achieved the results without
DOE funding. Thus, private sector R&D is effective here,
and DOE should encourage it. Society would lose if DOE’s
actions discouraged private R&D or if DOE did not dis-
seminate the results of its R&D to help make private R&D
effective.

COMPARISON WITH THE PHASE ONE EVALUATION
OF THE CARBON SEQUESTRATION PROGRAM

Although higher than government R&D expenditures,
the expected economic benefit of $3.5 billion given by this
analysis is substantially less than the expected benefit of
$35 billion arrived at by the evaluation carried out in Phase
One.!! The difference in results is primarily due to the much

0Wind is not directly comparable with IGCC since it is an intermittent
energy source while IGCC can run continuously. However, electric systems
could utilize a much higher fraction of wind than they do now, and with
improved storage and control, that fraction will increase.

1See Appendix G of the Phase One report, p. 97.
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Global Scenario”

Carbon Constrained

$100/ton Carbon Tax

| $300/ton Carbon Tax

Technical Risks

were as follows:

2012 2017
w/ DOE
pro- 33% 24%
gram
w/o
pro- 35% 28%
gram

Estimated as the probability of achieving specified impacts on the cost of electricity for IGCC
plants with sequestration over those same plants without sequestration. Average of the panel
assessments for the increase in cost of electricity (COE) for sequestration at three different times
2022 2012 2017 2022

18% pro- 30% 20% 15%

20% pro- 32% 24% 16%

w/ DOE

gram
w/0

gram

Market Risks

Program Risks

Estimated as the probability large-scale carbon sequestration would be allowed by both the
regulators and the public. Probabilities were assigned for the “with DOE program” case and the
“without program” case and were assumed to be the same in the two global scenarios considered:
with DOE program, 77%; without program, 66%.

Expected
Economic
Benefits”

$3.5 billion at 3%
Range: $0-$36 billion

$1.3 billion at 7%
Range: $0-$13 billion

$3.9 billion at 3%
Range: $0-$36 billion

$1.5 billion at 7%
Range: $0-$13 billion

Environmental
Benefits

The environmental benefit of carbon sequestration is reduced greenhouse gas emissions. The
environmental benefit of DOE’s carbon sequestration program depends on what technologies
would be implemented if IGCC with sequestration does not become cost-competitive. Given the
level of carbon tax in the scenarios evaluated, the least-cost alternatives to carbon sequestration are
other zero-emissions technologies. Thus there is no quantifiable environmental benefit of the
research program that is separate from the economic benefit of the reduced costs for very-low
emissions generation. Under other assumptions, emissions would be reduced.

Security
Benefits

Program Benefits

The security benefit of carbon sequestration is the ability to continue to build electric generation
plants that use coal, a domestic resource, minimizing our dependence on imported fuel resources.
Given the level of carbon tax in the scenarios evaluated, however, the least-cost alternatives to
carbon sequestration are a combination of nuclear generation and renewables; thus there are no
quantifiable security benefits associated with the research program separate from the economic
benefits. It is possible, however, that absent carbon sequestration, natural gas will be used instead.
In such a case U.S. energy security would be decreased.

“The panel judged that carbon sequestration technologies would not be implemented in global scenarios
without a carbon constraint. They did not evaluate the program under the Reference Case or the High Oil and Gas
Prices scenarios but evaluated it instead under the Carbon Constrained scenario and a fourth scenario defined by the
panel to have a higher carbon tax than the Carbon Constrained scenario.

"Net economic benefits are calculated as the expected net present value (at 3% and 7% annual discount rates)
of the reduction in the cost of electricity for zero- or very-low emissions generation over a 20-year plant life for all
IGCC plants with carbon sequestration built between 2006 and 2025.

FIGURE I-9 Results matrix of the Panel on DOE’s Carbon Sequestration Program.

more extensive analysis of during Phase Two what would
happen without DOE. Two issues that had largely been ne-
glected in Phase One were considered: the degree to which
industry would develop sequestration technologies given
adequate notice that they would be needed, and the impact
of competing technologies. During Phase One, the meth-
odology was still in an early stage of development, and the
importance of examining the full range of options without
DOE was not fully appreciated.

More specifically, in the Phase One evaluation of the
carbon sequestration program, the panel assessed the likeli-
hood of obtaining various costs of electricity with sequestra-
tion by various dates assuming DOE support. Although the
assessments were framed differently (in Phase One they were
stated in terms of costs; here, they are stated in terms of per-
centage increases in costs without sequestration), the struc-
ture of the earlier assessment was similar to the top branch
of Figure I-2. The resulting forecasts for the COE with DOE
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support were similar. However the assessments without DOE
support are quite different in the Phase One report and the
current report. In the Phase One analysis, the panel adopted
DOE’s forecasts of costs without DOE support, which called
for relatively modest decreases in the costs of electricity with
sequestration. In the current study, panel explicitly consid-
ers the probabilities of achieving various cost levels without
DOE support, as shown in the bottom branch of Figure I-2.
The panel assumes that a CO, reduction program will be an-
nounced soon, giving 5 years to do R&D and commercialize
the new technologies before the CO, emissions reductions
are required. As shown in Figure I-3, the panel considers
what the private sector is likely to do if a firm timetable is
set for future abatement of CO, emissions. It concludes that
private R&D will be increased greatly, thus coming closer to
realizing the costs that DOE projects. Because the benefit of
the DOE research program is taken as the difference between
expected benefits with and without DOE support, improving
the expected benefits of the technology without DOE support
will decrease the estimated benefits of the program.

The second major difference in the two studies concerns
the treatment of competing technologies. The panel that
produced the Phase One report assumed that a fixed amount
of carbon sequestration technology would be deployed re-
gardless of its costs. The expected economic benefit of the
program was then given by difference in expected costs with
and without DOE support, multiplied by the fixed capacity
that is deployed. The panel writing this report explicitly con-
siders competition with other technologies, such as NGCC
with venting and paying the tax as well as competition with
other zero-emissions technologies such as nuclear, wind, and
biomass. In scenarios with high costs of carbon sequestra-
tion, these competing technologies are cheaper than carbon
sequestration; if they are cheaper, the carbon sequestration
technology will not be deployed and hence would provide
no benefit. Even when CCS technology is deployed, its
economic benefits are measured relative to the costs of the
competing technologies rather than to an assumed high-cost
CCS technology. Recognizing competing technologies in
this way reduces the benefits relative to those estimated by
the Phase One study, which assumed a fixed capacity would
be deployed and that benefits would be measured relative to
an assumed high-cost alternative.

Although the models used in this study are still ap-
proximations, the difference in results between the Phase
One evaluation and this Phase Two evaluation of the carbon
sequestration program highlights the importance of thinking
carefully through the “without DOE support™ scenario and
capturing, at least in a rough way, the impact of competing
technologies.

CONCLUSIONS AND RECOMMENDATIONS

This panel found that the method developed by the parent
committee for estimating the benefits of DOE R&D worked

149

satisfactorily in this case. It was frustrated, however, by not
having been charged with examining the R&D and not hav-
ing been given the data to do that. Members thought that they
could have given somewhat better estimates of the likelihood
of the R&D projects achieving their goals had they had the
detailed data. Nonetheless, they found that they were able to
implement the method proposed by the parent committee.
While individual members had different judgments about
the likelihood of achieving the R&D goals and the extent of
market penetration for the resulting technology, there was
general agreement on these conclusions:

» Carbon sequestration technology will not be implement-
ed commercially without carbon emissions constraints.

* A carbon tax of $100 per ton is sufficient to make car-
bon sequestration competitive with IGCC plants that vent
their carbon.

* DOE’s R&D program will speed the attainment of the
carbon sequestration program’s R&D goals by about 3 years
because there is so much private sector interest and R&D in
these technologies.

 If the technology is demonstrated to be reliable and
cost-effective, IGCC with carbon sequestration could be
widely deployed following the implementation of carbon
emissions constraints.

* The expected benefit of the DOE program is large,
roughly four times the R&D costs incurred by the federal
government.

* DOE’s CCS R&D can make a contribution to society
of about $3.5 billion in spite of the panel’s view that it will
accelerate the attainment of the program goals by only a few
years. Setting aside DOE’s overly optimistic assumptions
about the contribution of its R&D program and recognizing
the private sector R&D the panel finds that even attaining
the national goals only a few years sooner is important and
would amply repay the R&D investment.

Recommendation: DOE should encourage private sector
R&D in conducting its program. The DOE R&D results
should be made available quickly to the private sector.

Recommendation: The panel recommends that the lead-
ership of the DOE sequestration program work harder to
insulate its systems analysis group from pressure to produce
results that conform to the program’s aspirational goals, so
as to get greater value from the expertise of the group.

ATTACHMENT A
PANEL MEMBERS’ BIOGRAPHIES

Lester B. Lave (IOM), Chair, is the Harry B. and James H.
Higgins Professor of Economics and University Professor;
Director, Carnegie Mellon Green Design Initiative; and Co-
Director, Carnegie Mellon Electricity Industry Center. His
teaching and research interests include applied economics,
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political economy, quantitative risk assessment, safety
standards, modeling the effects of global climate change,
public policy concerning greenhouse gas emissions, and
understanding the issues surrounding the electric trans-
mission and distribution system. He is a member of the
National Academies’ Institute of Medicine and a recipient
of the Distinguished Achievement Award of the Society for
Risk Analysis. He has a B.S. in economics, Reed College,
and a Ph.D. in economics, Harvard University.

Charles Christopher is a project manager in the Exploration
and Production Technology Group of BP Americas in Hous-
ton. He is an internationally recognized expert in improved
oil recovery and greenhouse gas issues. He is the co-lead
of the storage, monitoring and verification team of the CO,
Capture Project, a $25 million joint industry project spon-
sored by 8 energy companies and three governments. The
purpose of the project is to identify and develop technologies
to allow CO, to be effectively and economically captured
and stored in the subsurface. Mr. Christopher is also the
subsurface technical liaison for BP to the Princeton Carbon
Mitigation Initiative, and principal BP representative for the
Weyburn Joint Industry Project, the Mt. Simon project, and
the Frio CO, Injection Demonstration. He helped organize
several DOE-funded regional CO, sequestration centers and
is BP’s North American representative for greenhouse gas
technology issues.

George M. Hidy is retired Alabama Industries Professor of
Environmental Engineering at the University of Alabama,
where he was also professor of environmental health sci-
ence in the School of Public Health. From 1987 to 1994, he
was technical vice president of the Electric Power Research
Institute (EPRI), where he managed the Environmental
Division and was a member of the Management Council.
From 1984 to 1987, he was president of the Desert Research
Institute of the University of Nevada. He has held a variety
of other scientific positions in universities and industry and
has made significant contributions to research on the envi-
ronmental impacts of energy use, including atmospheric dif-
fusion and mass transfer, aerosol dynamics, and chemistry.
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University.
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and an M.S. and a Ph.D. from the University of Illinois at
Urbana-Champaign.

David Keith is an assistant professor in the Department
of Engineering and Public Policy, Carnegie Mellon Uni-
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of the Marine Ecosystems Research Laboratory at URI for
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biology from Bishop’s University, in Canada, an M.Sc in
Agricultural Biochemistry from McGill University, and a
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been at Fuqua since the fall of 1990 and received the Out-
standing Faculty Award from the daytime MBA students in
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aerospace engineering at Princeton University, where he
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in a future carbon-constrained world. From 1979 to 1997,
Professor Socolow directed Princeton University’s Center
for Energy and Environmental Studies. He has served on
many NRC boards and committees, including the Committee
on R&D Opportunities for Advanced Fossil-Fueled Energy
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Report of the Panel on DOE’s
Natural Gas Exploration and Production R&D Program

INTRODUCTION

As part of the study by the Committee on Prospective
Benefits of DOE’s Energy Efficiency and Fossil Energy R&D
Programs, Phase Two (the committee), the Panel on Benefits
of DOE’s Natural Gas Exploration and Production Program
(the panel; see Attachment A) was appointed by the National
Research Council in September 2005. The primary focus of
the panel was to apply the committee’s prospective benefits
methodology to R&D activities for natural gas exploration
and production (E&P) in the Office of Oil and Natural Gas,
which is part of DOE’s Office of Fossil Energy.

As noted in the next section, “Overview of the Natural
Gas Exploration and Production Program,” the Office of Oil
and Natural Gas will be impacted by the Energy Policy Act
of 2005 (EPACT-2005, P.L. 109-58), Section J, Ultra-Deep-
water and Unconventional Natural Gas and Other Petroleum
Resources. Under EPACT-2005, royalties of $50 million per
year will fund the E&P program, and a private consortium
will be formed that will select R&D projects, which may
result in a portfolio of projects different from those currently
in the DOE program and being reviewed here by the panel.
In addition, EPACT-2005 authorizes appropriations of up
to $100 million per year. Nevertheless, Section J includes
unconventional natural gas resource E&P technology, as
well as the technology challenges of small producers. Both
of these areas are covered in the existing E&P program. As
a result of discussions among the committee chairperson,
the panel chairperson, and DOE, the committee and panel
chose to focus on four key subprograms of the Office of Oil
and Natural Gas E&P program, which encompass DOE’s
unconventional natural gas R&D projects: (1) existing fields;
(2) drilling, completion, and stimulation; (3) Deep Trek; and
(4) advanced diagnostics and imaging. The committee and
panel believe that even with the changes that are expected
to occur under EPACT-2005, a portion of the program will
still focus on the areas addressed by the panel, so that any
insights provided by the panel could help the Office of Oil
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and Natural Gas even as it transitions under EPACT-2005.
It reviewed DOE’s estimates of the benefits of its program,
reviewed projects in the portfolio, made judgments about
technical risks and market risks, and worked with the com-
mittee’s consultant to apply the committee’s methodology to
estimate overall technical and market risks and prospective
net benefits to the nation for the E&P program as a whole.
The four subprograms are discussed in more detail in the next
section. In addition, like the other panels formed under the
committee, the panel beta tested the committee’s methodol-
ogy, and it offered comments to the committee about the ef-
ficacy of the methodology, noting what works well, what its
limitations are, and what improvements may be necessary. !

OVERVIEW OF THE NATURAL GAS EXPLORATION
AND PRODUCTION PROGRAM

As noted in the Office of Fossil Energy’s Natural Gas
Technologies Program Plan (DOE, 2004b), the mission
of the program is to develop environment-friendly tech-
nologies through R&D and policy options that will diversify
natural gas supply options and steadily expand the nation’s
economically recoverable gas resource base. The program,
broadly speaking, includes three main areas: domestic sup-
ply, supply from global resources, and delivering America’s
energy. The panel focused its review and evaluation efforts
on DOE’s E&P activities to increase domestic supply but
did not include methane hydrates;? it also does not address
“supply from global resources” or “delivering America’s en-

IThe panel chair also interacted with and provided feedback to the com-
mittee chair, the consultant, and NRC staff during the study.

2Early in the committee’s study, the committee chair discussed with
DOE the possible formation of a separate panel to evaluate the benefits of
the methane hydrates program. Since the methane hydrates program is in a
research phase, the committee decided that the methodology would best be
applied when that program’s activities are further into technology develop-
ment and possible applications.
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TABLE J-1 DOE’s Performance Targets for Expanding Domestic ERR by 50 Tcf Through 2015

Year Performance Milestones Contribution to Target (Tcf)

2006 Develop technologies to increase gas finding efficiency, increase well productivity, reduce well 7 by 2015
abandonment, and address excessive water production from existing fields

2008 Develop technologies to reduce the cost of drilling for unconventional and other gas by 5% 13 by 2015

2008 Provide technologies for hydrate avoidance or seafloor stability mitigation to assure the safety of 2 by 2015
ongoing deepwater hydrocarbon exploration

2011 Develop improved reservoir imaging systems to increase finding efficiency in unconventional gas 11 by 2015
reservoirs

2013 Develop reliable E&P systems for gas located 20,000 ft below the earth’s surface 5 by 2015

2015 Develop integrated deep drilling system that reduces drilling cost by 30% 10 by 2015

2007-2015 Develop environmentally sound approaches that minimize the gas E&P footprint, enabling expanded 2 by 2015

access to gas in environmentally sensitive areas

SOURCE: DOE. 2004b. Natural Gas Technologies Program Plan. Washington, D.C.: Office of Fossil Energy.

ergy.” The objective shown in the Program Plan is to develop
technologies by 2015 that expand the nation’s economically
recoverable resources (ERR) by 50 trillion cubic feet (Tcf)
while minimizing environmental impact.® Table J-1 lists the
performance targets for expanding the domestic ERR by
50 Tef through 2015.

A variety of R&D projects are carried out in the three
areas, which range widely in funding levels and duration;
their descriptions are available on the National Energy
Technology Laboratory (NETL) Web site.* As noted in the
“Introduction,” even though the E&P program may change
as a result of Section J of the EPACT-2005, it is likely that
R&D will continue in a number of the areas covered in the
panel’s evaluation.’ In the President’s Budget Request (PBR)
for 2007, the administration proposes to cancel the require-
ments in Section J of the Energy Policy Act of 2005 by means
of a future legislative proposal.

The FY05 budgets for the key subprograms for enhancing
domestic supply in DOE’s program were as follows:

3Economically recoverable resources are resources, both discovered and
undiscovered, that are economically extractable under a given set of price-
to-cost relationships and technological assumptions. DOE defines ERR as
resources that can be found and produced profitably at a given point in the
future at prevailing prices estimated by the Energy Information Administra-
tion (EIA) in its Annual Energy Outlook.

4See <http://www.netl.doe.gov/scngo/NaturalGas/index.html>.

SThe $50 million per year of funding from federal oil and natural gas
royalties starting in FY07 will be divided as follows: (1) conduct R&D
for ultradeepwater E&P and integrated systems (35 percent); (2) conduct
R&D for unconventional oil and gas resources (32.5 percent); (3) assist
small producers with production problems of complex and unconventional
resources (7.5 percent); and (4) conduct complementary R&D at NETL
(25 percent). Technology transfer will be included, and DOE will award a
consortium contract by May 2006.

* Existing fields subprogram, $1.6 million;

* Drilling, completion, and stimulation, $7.3 million;

* Advanced diagnostics and imaging, $3.8 million; and
 Deep Trek, $1.5 million.

These subprograms are described in more detail in the fol-
lowing sections. The PBR for FY06 did not ask for money
for subprograms assessed by the panel; it requested $10
million for closeout of the natural gas technologies program.
Nevertheless, the Congress appropriated a total of $33 mil-
lion to the program. For the subprograms addressed by the
panel, these appropriations include $9 million for advanced
drilling, completion, and stimulation, including Deep Trek;
$4 million to continue work aimed at expanding the recover-
ability of natural gas from low-permeability formations; and
$2 million for stripper wells and technology transfer.

ASSESSMENT OF THE NATURAL GAS EXPLORATION
AND PRODUCTION PROGRAM

The committee’s methodology suggests that an assess-
ment of the benefits of a specific subprogram should explic-
itly consider the role of DOE funding and the technical risks
and market risks that can affect the outcome and the value of
that subprogram’s activities. The methodology also requires
that benefits be estimated under three different global sce-
narios representing possible future states of the world.

Role of DOE Funding

DOE defines the goals for its natural gas exploration and
production R&D program in terms of additions to ERR that
can be attributed to the success of DOE-funded research.
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The panel adopted this definition as the basic metric to use
in assessing technical and market success of the research
program, and it developed estimates of the likely outcomes
in each of the four subprograms in terms of the probability of
adding specific amounts of ERR as a direct result of DOE’s
R&D program. This framing of the goal created several
complexities:

* What is determined to be “economically recoverable”
depends on assumptions about future gas prices. The panel
addressed this by making separate estimates of the prob-
ability of reaching different levels of increased ERR for the
three different global scenarios.

» Several panelists felt that their estimate of DOE’s
contribution to increases in ERR would be more informed if
they had estimates of the total increase in ERR attributable
to all R&D, but such estimates are not available nor are they
readily attainable. After discussion, the panelists agreed to
estimate the net benefit of DOE’s research directly rather
than attempt to estimate separately the increase in ERR
from all R&D (including DOE’s) and from all R&D except
for DOE’s. DOE personnel provided an estimate that 20-
25 percent of the total increase in production and reserves
estimated by the Energy Information Agency (EIA) in its
National Energy Modeling Systems (NEMS) analyses could
be attributed to the DOE program. The panel interpreted that
as meaning that the total anticipated increase in ERR is about
four times the increase DOE estimates from its program.

Consideration of Global Scenarios

The panel considered the three global scenarios (defined
in Appendix F) in estimating the probability of technical and
market success: the AEO Reference Case scenario; the High
Oil and Gas Prices scenario, where gas prices are assumed
to be twice those in the AEO Reference Case; and a Carbon
Constrained scenario, where a $100 per ton carbon emissions
tax is assumed to be put in place in 2012. The scenarios affect
the probability of technical success, in that higher gas prices
and constraints in carbon emissions are believed to impact
the quality and focus of the research, as well as the definition
of what is economically recoverable. The scenarios affect
the economic benefits by virtue of their impact on natural
gas prices: at higher gas prices, more gas is economically
recoverable.

The next four subsections cover the four main subpro-
grams in the natural gas R&D program and present the
panel’s assessment of the activities, issues, and technical and
market risks in each subprogram.

Existing Fields Subprogram

Near-term efforts by DOE focus on maximizing the ef-
ficiency of recovery from existing wells and fields that are
operating near the bottom margin of profitability. Generally

speaking, these are low-volume stripper gas wells, defined by
the Interstate Oil and Gas Compact Commission (IOGCC)
as a natural gas well that produces 60 thousand cubic feet
(Mcf) per day or less. This amount of gas is approximately
the energy equivalent of the better known oil stripper wells,
which produce fewer than 10 barrels of oil per day.

The IOGCC statistics indicate that marginal gas wells
account for 8 percent of the total natural gas produced in
the United States. This amount is approximately equal to
coal-bed methane production and is therefore an important
component of the nation’s domestic gas supply. An estimated
271,856 stripper wells produced from them 1.54 Tcf in 2004.
The number of marginal wells and gas production from them
have both increased each year from 2001 to 2004. Current
marginal wells also represent a significant increase over 1995
figures of 159,669 wells and a production of 0.92 Tcf.

Although the number of stripper wells has increased, the
average daily production per well, and therefore the produc-
tion baseline that DOE R&D has to build up from, has stayed
steady at 15+ Mcf/day for the last 10 years. Abandoned natu-
ral gas wells, like abandoned marginal oil wells, are those
that have been permanently plugged. The IOGCC statistics
show a significant trend: The total number of plugged strip-
per wells in 2004 increased for the fourth consecutive year,
while demand for natural gas continued to rise.

DOE efforts have progressed: Previous research in
secondary gas recovery in conventional fields has become
advanced diagnostics research on optimal infill drilling
practices to maximize recovery in tight and fractured accu-
mulations. Additionally, an ultra-short-radius composite drill
pipe is being developed that can be used to efficiently reenter
existing wells and drill horizontally to maximize recovery.
It is unclear to the panel how much of this research on infill
drilling and composite drill pipe is directed at marginal
wells.

Ongoing efforts focused at the well level (through NETL’s
Stripper Well Consortium) are expected by DOE to result in
the commercialization of an array of technologies in 2006
that will significantly reduce the incidence of premature plug-
ging and abandonment of producing wells in existing fields.
According to the Program Plan, p. 3, the performance target
for existing fields is to “develop technologies to increase
gas finding efficiency, increase well productivity, reduce
well abandonment and address excessive water production.”
These efforts are forecast to contribute approximately 7 Tcf
of additional ERR by 2015. The 7 Tcf target is to be reached
with a budget of $7.4 million over 5 years for the Stripper
Well Consortium (with an additional $1.85 million dollars
cost-share). An earlier project, Advanced Technologies for
Stripper Wells, was funded at $245,714, with an additional
cost-share of $141,000.

The benefits expected by DOE appear to the panel to be
unrealistically high, given the relatively small research bud-
gets, high market risks, and—but to a lesser extent—the tech-
nical risks. The technical risks are small compared to those
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of other programs that emphasize exploration or drilling.
The marginal wells exist and are currently productive. Some
subset of the wells, however, could have problems with well
bore stability, casing, and tubing because of age, corrosion,
and lack of maintenance. In some instances, these problems
may cost more to repair than could be realized by applying
newly developed technology. Innovations and breakthroughs
will require R&D that allows significant, inexpensive, incre-
mental improvements in the life and/or production rates of
the existing wells. It is not clear to the panel that the DOE
Stripper Well Consortium is the most effective approach to
funding the bulk of this R&D.

Marginal gas wells are operated (for the most part) by
small independent operators, not major oil and gas compa-
nies. These operators number in the thousands and may have
little access to research funds or even, perhaps, to technical
literature. Market risks are primarily affected by (1) the
unavailability of capital for some of the producers, (2) the
lack of a mechanism to effectively transfer information on
improved/advanced technology to the thousands of produc-
ers, and (3) no way to make small producers aware of the
benefits their investment would bring.

The panel was asked to evaluate the probability of DOE
achieving technical success defined as the increase in ERR
by 2015 made possible by DOE’s research in stripper well
technologies. It identified four possible outcomes, illustrated
in the decision tree in Figure J-1. The panel defined market
success as the fraction of the potential market that would
implement the technologies at a given level of technical
success. Combining these assessments yields an estimate
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of the expected increase in ERR attributable to the existing
fields subprogram, as shown in the first row of Table J-2. The
table shows estimates of the increase in ERR for each of the
subprograms—first DOE’s estimates and then the average of
the panel’s estimates under each global scenario. A range of
individual opinions was offered by panel members, with the
table also showing the lowest and the highest ERR estimates.
The panel discussed the range of assessments and felt that
an average value would best represent the expertise of the
group and should be the basis for the benefits calculations
described below.

Drilling, Completion, and Stimulation Subprogram

Drilling is the most costly item in producing unconven-
tional gas resources and makes it uneconomical to develop
many unconventional gas fields. DOE is working on new
tools that will drill faster and instruments that help avoid
expensive drilling problems, including laser-, percussion-,
and hydraulically pulsed drills that have the potential to drill
faster and to significantly reduce drilling costs.

Work is also under way on improving surface and down-
hole instruments and on speeding up data transmission from
the bottom of the well. These tools will allow drillers to
optimize drilling operations, to drill into higher temperature
environments, and to detect well problems before they be-
come major.

Lightweight, flexible composite drill pipe will increase
the depth to which vertical and horizontal wells can be
drilled and allow the drilling of horizontal wells of smaller

Technical Success:

Increase in ERR made
technically possible by
DOE'’s research in stripper
well technologies in 2015

DOE Funding?

Market Success:
Fraction of potential
market that adopts the
new technologies

Single estimate for each level of
technical success

7 Tcf

13%, 23%, 23% 50%, 65%, 67%
4 Tcf

Yes 37% 40% 44% 570/0, 68%, 68%
2 Tcf

48%, 37%, 33%
No increase

56%, 63%, 67%

3%, 0%, 0% NA

No No increase: outcomes are

defined as increases in ERR due

to DOE’s R&D program

FIGUREJ-1 Decision tree for the existing fields subprogram. Values under each branch are the average of the panelists’ estimates of the prob-
ability of that technical outcome for the Reference Case, the High Oil and Gas Prices, and the Carbon Constrained scenarios, respectively.
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TABLE J-2 Panel Assessments of Technical and Market Risks for Each Subprogram (trillion cubic feet)

Results of Panel Assessments

DOE AEO Reference High Oil and Gas Carbon Constrained
Subprogram Estimate Case Scenario Prices Scenario Scenario
Existing fields 7 1.8 2.6 2.7
(0.7t03.2) (1to4.5) (1.1t05.3)
Drilling, completion, and stimulation 13 39 5 4.9
(1.2t06.2) (1.1 t0 7.6) (1.1 t0 7.6)
Advanced diagnostics and imaging 11 34 4.1 4
(14t05.2) (2t05.8) (2t05.8)
Deep Trek 15 4 5.7 5.6
(0.91t08.3) (2.5t09) (19t09)
Total 46 13 17 17
(4.1t022) (7 to 26) (7.3 t0 26.5)

NOTE: Technical success is defined as the estimated increase in ERR attributable to DOE’s research based on the average of the panelists’
technical and market risk assessments. Values in parentheses show the range of estimates as calculated from each panelist’s assessments.

The totals are rounded to two significant figures.

radius to intersect natural fractures and thereby increase gas
production. Work is also under way on a horizontal drilling
system to improve gas production from highly fractured and
faulted complex gas reservoirs that are difficult to produce
economically with current drilling systems.

DOE is participating in a joint industry project to improve
ultra-deep-water drilling through the development of better
subsea data processing, composite production risers, and
deepwater casing drilling systems. DOE partners on this
project include two large operators and four large service
companies, so this technology should be quickly applied
once developed. The potential payout for this project is very
high because of the high costs and high risks associated with
ultra-deep-water drilling.

This novel drilling R&D has the potential to make
breakthrough improvements rather than the incremental
improvements typically made by oilfield service companies.
Drilling improvements made by DOE are also applicable to
conventional oil and gas wells, so the potential payouts are
much larger than improvements applicable to unconventional
gas wells alone.

The technical risk for any one of these breakthrough
drilling projects is high, but the probability of succeeding on
one or two of these high-payout projects is also high. On the
other hand, the market risk for such projects is low, because
new drilling technology is quickly implemented throughout
the industry. The fact that operators jointly develop many
offshore fields leads to widespread technical interchange
throughout the industry.

Well completions are extremely important, because im-
proper completions can damage well bores and reduce gas
production by up to 50 percent. This is especially important
with unconventional gas reservoirs, because many of them

have very low permeability, resulting in low gas production
rates and marginal economics.

DOE is conducting R&D on the use of Aphron drilling
and completion fluids that will temporarily seal off fractures
and pores so that gas pay zones are not permanently damaged
while drilling. These fluids allow the fractures and pores
to open up once the wells have been drilled and put into
production.

Essentially all of the unconventional gas wells are in tight
reservoirs where the permeability of the rock is low, limiting
gas flow toward the well bore. In many cases these wells
cannot produce natural gas economically unless there are
natural fractures that allow the gas to flow more readily to
the well bore. DOE has a project to improve mapping natural
fractures so that horizontal wells can be drilled through the
most productive parts of the reservoirs.

Work is also under way on a down-hole power gen-
eration and wireless communications system for intelligent
completions that will allow gas production to be optimized
throughout the life of wells. This wireless system continu-
ously measures down-hole temperatures and eliminates the
electrical cables used with existing systems, reducing their
cost and improving reliability.

A down-hole fluid analyzer is being developed that will
measure the fluid fractions (water, oil, gas) produced down-
hole in real time as the well is produced so that the well’s
production can be optimized and remedial actions taken if
problems develop. This system transmits data from the well
bottom to the surface of the well using a fiber-optic cable for
data transmission.

Stimulation of unconventional gas reservoirs is important
because of the low permeability of many of these reservoirs.
The fracture mapping systems described in the foregoing dis-
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cussion on completions are a key to drilling horizontal wells
into the most productive parts of reservoirs to maximize gas
production. These stimulation projects relate primarily to
the detection and mapping of natural fractures. The panel
encourages the DOE to initiate projects to develop improved
hydraulic fracturing techniques or novel drilling techniques
to connect existing natural fractures to well bores.

As shown in Table J-1, the goals defined by DOE for
drilling, completion, and stimulation for unconventional re-
sources are to reduce the cost of drilling for unconventional
and other gas by 5 percent, resulting in a 13 Tcf increase in
ERR by 2015. The panel characterized uncertainty about
technical success for this program in terms of the decrease in
drilling costs and the increase in ERR that would result from
specific decreases in drilling costs, as shown in the decision
tree in Figure J-2. The panel does not believe there are any
significant barriers to market adoption of these technolo-
gies, so no market risks were evaluated. The second row of
Table J-2 shows the results of the panel’s assessments.

Advanced Diagnostics and Imaging Subprogram

Seismic imaging of the subsurface geologic structures
is widely used for oil and gas E&P. Most of the imaging
is done with arrays of seismic sources and receivers at the
surface and highly advanced processing of the data to obtain
a 3-D image of the subsurface. Through diagnostic analysis
of seismic phases (e.g., attributes), the seismic imaging not
only detects potential reservoirs but also determines their
fluid (oil, gas, brine) content. By repeating the imaging of the
same reservoir at successive times (called 4-D seismic for the
three dimensions of space and one dimension of time), it has
been possible to monitor the changes in oil-water contact and
other fluid properties in the reservoir. In that sense, 4-D seis-
mic has become an important part of reservoir monitoring.

Most advanced applications of seismic imaging have
been used for conventional oil and E&P. Offshore prospects
have been the favored targets because it is relatively easy
to acquire seismic data in the marine environment. Seismic
imaging on land has lagged because of the cost and the dif-
ficulties arising from the topographic and near-surface geo-
logic heterogeneities. In addition, unconventional gas E&P
made up a smaller market share than the conventional oil and
gas E&P. As a result, geophysical service companies have
not moved aggressively to develop imaging and diagnostic
techniques for the unconventional gas prospects.

The DOE natural gas R&D program has been playing a
very important role in applying advanced seismic imaging
methods to unconventional gas fields. The DOE program
directed its limited resources wisely to get the most for its
investment. First, it supported meetings and consortia to
bring new developments and technologies to the attention
of the small producers without large R&D budgets. Second,
it cofinanced with industry some new technologies relevant
to unconventional gas and helped to implement them. Third,
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they financed some well-chosen advanced R&D efforts
directly relevant to unconventional gas. Without the DOE
funding it was unlikely that this R&D would have started.
The projects were chosen well and assigned to competent
groups. Overall, they were very successful technically.

The performance milestone for this program is to increase
ERR by 11 Tcf by 2015, as shown in Table J-1. The panel
characterized uncertainty about technical success for this
program directly in terms of the increase in ERR that would
result from the research sponsored by the DOE, as shown in
the decision tree in Figure J-3. In the past, industry was eager
for technological innovations to improve productivity, and
since the industry was directly involved in most DOE-spon-
sored imaging projects, new developments were adopted
naturally. The panel does not believe there are any significant
barriers to market adoption of the technologies currently
under development, and so it did not evaluate market risks.

The third row of Table J-2 shows the panel’s assessment
of the ERR increase attributable to the DOE program in
advanced diagnostics and imaging.

The panel commends DOE for its subprogram on ad-
vanced diagnostics and imaging.

Deep Trek

The goal of the DOE/NETL Deep Trek subprogram is to
develop technologies that lower the cost and improve the ef-
ficiency of drilling and completing deep wells. New tools and
technologies that help operators safely drill faster, deeper,
cheaper, and cleaner will help ensure an adequate supply of
clean-burning natural gas for the nation.

According to the Office of Fossil Energy’s Natural Gas
Technologies Program Plan (DOE, 2004b, p. 5), targets for
Deep Trek are as follows:

to provide fundamental advances in high-temperature, high-
pressure materials and electronics (target 2007) that will
enable the construction of durable deep drilling tools (2010).
These tools will then be integrated into a field-tested and
demonstrated deep drilling system (target 2015) that will
result in major reductions in the cost. .. and risks . .. of
deep drilling (target 2013). In addition, a new initiative in
improved diagnostic and imaging technologies tailored for
deep gas exploration and development . . . further improving
deep gas economics. Together, these two initiatives will re-
sult in the expansion of the ERR [economically recoverable
reserves] by approximately 15 TCF through 2015.

Currently budgeted at $1.5 million for FY05, Deep Trek will
benefit industry with a diverse number of program areas that
enable access to resources below 20,000 feet, including but
not limited to

» Imaging superdeep gas plays across the Gulf of Mexico
shelf,
» High-temperature down-hole electronics,
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Decrease in Drilling
Costs for Increase in ERR

. Unconventional Gas in  due to Decreased
DOE Funding? 2015 due to DOE R&D  Dirilling Costs

13 Tcf
12%, 20%, 18%
7 Tcf
37%, 41%, 39%
2 Tcf
45%, 35%, 38%
No increase
5%, 4%, 5%
13 Tcf
5%, 8%, 11%
7 Tcf
38%, 41%, 39%
2 Tcf
46%, 40%, 39%
No increase
11%, 11%, 11%
13 Tcf
1%, 3%, 2%
7 Tcf
3%, 33%, 33%
2 Tcf
52%, 47%, 47%
No increase
17%, 17%, 17%
13 Tcf
0%, 0%, 0%
7 Tcf

0%, 0%, 0%
2 Tcf

0%, 0%, 0%
No increase

100%, 100%, 100%

5%
22%, 31%, 29%

3%
37%, 50%, 50%

Yes

1%
38%, 19%, 20%

No decrease
3%, 0%, 0%

No No cost decrease or ERR increase:
outcomes are defined as changes
due to DOE’s R&D program

FIGURE J-2 Decision tree for the drilling, completion, and stimulation subprogram. Values under each branch are the average of the panelist’s
estimates of the probability of that technical outcome for the Reference Case, the High Oil and Gas Prices, and the Carbon Constrained

scenarios, respectively.

* High-temperature/high-pressure measurement while Funding to date for the Deep Trek program has totaled over

drilling (MWD) tool,

$16 million, with nearly $9 million contributed by research

* Supercement, partners.
* Down-hole vibration monitoring and control, and All of these technology areas are priority items for private
* In-house high-temperature drilling laboratory. industry and would probably eventually be developed any-

way, but DOE’s R&D program could still have a significant
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Advanced Diagnostics
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Technical Success:

DOE
Funding?

Yes

No

Increase in ERR in 2015 due to
advances in diagnostics and
imaging from DOE’s program

10 Tcf

4%, 9%, 8%

6 Tcf

30%, 39%, 39%

2Tcf

56%, 45%, 44%

No increase

9%, 8%, 9%

No increase: outcomes are

defined as increases in ERR due

to DOE’s R&D program

FIGURE J-3 Decision tree for the advanced diagnostics and imaging subprogram. Values under each branch are the average of the panelist’s
estimates of the probability of that technical outcome for the Reference Case, the High Oil and Gas Prices, and the Carbon Constrained

scenarios, respectively.

impact. Though industry projects long-term economic value
for development of the technology, the present-day value of
expenditures may be an even greater consideration. When
prices are high, drilling becomes more economical. Com-
panies tend to accept more drilling risk when they expect
the return on investment to be greater. Though R&D con-
tinues during such times, drilling outpaces it. In low-price
environments, drilling activity decreases, and funds avail-
able for R&D typically decrease as well. R&D by DOE to

achieve long-term technological advances during low-price
environments would bear fruit during future high price en-
vironments, when drilling activity increases. Assuming the
resource does exist in substantial amounts, the question is
whether DOE-funded research will be both successful and
well-timed relative to industry-funded research to claim
credit for a significant proportion of the resources that are
ultimately discovered.

Though its R&D will certainly have a beneficial impact
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on recovering resources at depths greater than 20,000 feet
(and more likely down to 30,000 feet in the Gulf of Mexico
shelf), DOE probably takes more credit for the future success
of this program than it deserves. On the other hand, DOE’s
investment in Deep Trek encourages deep gas exploration by
keeping it up to speed and facilitating R&D with industry
through technology transfer and exchange. It is the opinion
of the panel that DOE’s policy role is just as important as
the dollars it spends. DOE should keep up its investment in
this important R&D area.

The potential benefits of Deep Trek depend on whether a
substantial gas resource exists in the United States at depths
below 20,000 feet. Currently, there are only two substantial
very deep gas plays in the nation: (1) the deep Norphlet play
around Mobile Bay in the eastern Gulf of Mexico, with 7
Tcf, and (2) the deep Madison in Wyoming’s Wind River
Basin (Madden field), with 2 Tcf. Both were discovered
in the 1980s. Uncertainty about the existence of very deep
gas is caused by two factors: the adverse effects of the high
pressures and high temperatures at great depths on reservoir
quality and the adverse effects of high temperatures on gas
quality. Gas below 20,000 feet is likely to be found only
where the thermal gradient is low and where early migration
and the characteristics of the reservoir matrix permit porosity
and preserve permeability. That such resources are limited
was indicated by drilling activity on the Gulf of Mexico
Outer Continental Shelf (OCS) in 2004. Of 1,050 total shelf
completions in what is considered the most promising area
in the country for very deep exploration, there were only 15
completions between 16,000 and 18,000 feet true vertical
depth, 3 between 18,000 and 20,000 feet, and none below
20,000 feet.

The EIA estimated that 7 percent of all U.S. natural gas
production came from deep formations between 15,000 and
20,000 feet in 1999 and said that was expected to increase to
14 percent by 2010. The new production will come from the
Rocky Mountains, the Gulf Coast, and the Gulf of Mexico.
Seismic imaging techniques utilize ocean-bottom-cable
technology for data acquisition. The benefit is that sensors
can be deployed close to platform legs, wellheads, and other
obstacles and receivers can be extended to greater offset
distances. This allows flexibility in placing receiver stations
at optimal positions for imaging superdeep geologic targets.
Data are being collected to demonstrate both the capabilities
and limitations of the technology. This project is making
considerable progress and has been tested to 30,000 feet, at
which depth it provides excellent images.

In many of the deep drilling applications progress has
been made toward developing prototypes of wireless com-
munications, stimulation, and completions, or of other tech-
nologies. These prototypes have been tested in the laboratory
and, in some instances, in the field. For example, a harsh-
environment solid-state gamma detector for down-hole gas
and oil exploration was tested in the first phase and a decision
is pending on whether to proceed with the second phase.

DOE R&D promotes shared development of technology.
Primarily, industry relies on service companies for drilling
technologies in hazardous high-temperature, high-pres-
sure environments. When provided by service companies
as a product, the technology is available to all consumers.
However, the cost may be so high that only large companies
can afford to utilize the technology. Technologies that are
developed by DOE could be made available to a greater
portion of the market at a lower cost, enabling more in-
dustry competitors to utilize the technology. Technologies
developed in-house, held as proprietary, and not shared
would give their owners a competitive advantage, and fewer
companies would be able to participate in drilling for deeper
gas resources without DOE R&D, fewer resources would be
developed for consumers, and gas prices would probably be
higher.

Industry is concentrating new efforts on drilling deep gas
plays both onshore and across the Gulf of Mexico OCS. A
multitude of challenges are encountered in this newly evolv-
ing prospective arena. As very few wells have been drilled to
30,000 feet, seismic data are the primary tool for exploration,
and seismic imaging techniques become critical. Already,
industry has taken advantage of partnering with universities
in seismic imaging techniques. This partnership also should
be a driver supporting university geoscience department en-
rollment, a critical but declining skill set. The mean age of
geoscientists in industry is 47. By 2008, 80 percent of the oil
and gas industry’s workforce will be eligible for retirement.
Geoscience enrollment in universities has steadily declined
since 1985 from approximately 12,000 graduates per year
to fewer than 8,000, of whom only 2,000 or so are enrolled
in graduate research programs, where the R&D partnership
with universities is focused (Hill, 2002). DOE partnering
with universities in R&D projects will help develop and sus-
tain a workforce with the critical skills required for continued
exploration and development of oil and gas resources.

As described previously, the performance milestone for
the program is an addition of 15 Tcf to ERR by 2015. The
panel identified both technical and market risks associated
with this goal. Uncertainty about technical success was char-
acterized directly in terms of the estimated increase in ERR
that would result from the program. Four different levels of
ERR addition were identified, as illustrated in the decision
tree in Figure J-4, and the panelists estimated the likelihood
that DOE’s R&D program would result in each of the speci-
fied levels of ERR increase. Owing to the highly exploratory
nature of the Deep Trek program and the anticipated difficul-
ties of accessing deepwater resources even if the Deep Trek
program is successful, the panel believes market penetration
of the technologies is a significant uncertainty. The panel
defined market success as the fraction of the technically
achievable ERR that will ultimately be achieved.

The fourth row of Table J-2 shows the panel’s assessment
of the technical and market risks associated with the Deep
Trek program.
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Technical Success:
Increase in ERR made
technically possible by
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Market Success:
Fraction of
technically

DOE DOE’s Deep Trek achievable ERR that
Funding? program in 2015 can be realized
15 Tcf
61%, 66%, 69%
5%, 10%, 8% I EER
10 Tcf
¢ 61%, 83%, 83%
Yes 30%, 34%, 43%
5Tcf
73%, 84%, 84%
44%, 45%, 43% o ST B
No increase
NA
20%, 11%, 13%
No

No increase: outcomes are

defined as increases in ERR due
to DOE’s R&D program

FIGURE J-4 Decision tree for the Deep Trek subprogram. Values under each branch are the average of the panelist’s estimates of the probabil-
ity of that technical outcome for the Reference Case, the High Oil and the Gas Prices, and the Carbon Constrained scenarios, respectively.

RESULTS AND DISCUSSION

The assessments described above and illustrated in the
decision trees result in an estimate (with uncertainty) of the
increase in ERR attributable to each specific subprogram.
Because the benefits of the R&D program will be estimated
for the program as a whole (see following section), these
subprogram-level assessments were combined to generate
an estimate of the total increase in ERR attributable to the
R&D program.

Table J-2 summarizes the results of all the technical and
market success assessments at the subprogram level. Each of
the three global scenarios is represented, with the expected
value (the probability weighted average) of the increase in
ERR attributable to the R&D program. The final row of
Table J-2 shows both the average and the highest and lowest

individual estimates of increase in ERR attributable to the
program.

Benefits Estimation

Increases in ERR for natural gas resources result directly
in economic, environmental, and security benefits for the
nation. The panel relied heavily on DOE’s own evaluation
and quantification of the benefits associated with its natural
gas R&D program in estimating those benefits® but also made
several important modifications.

SDOE, Estimating the DOE Office of Fossil Energy’s R&D Program
Benefits, FY2004 Final Report, Volume 1, and DOE presentations to the
panel.
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Economic Benefits

The primary economic benefits that result from increases
in ERR come in the form of reduced costs of production and
increased domestic natural gas production. Based on DOE’s
benefits analysis, about 23 percent of the total increase
in ERR over the 2003 to 2025 time period translates into
increases in expected production. Of the total estimated in-
crease in expected production, roughly 58 percent is realized
as increased production and the remainder is added to proved
reserves (DOE, 2004a, pp. 41 and 102). Using these scaling
factors and the average of the panel’s estimates of the ERR
increase due to the R&D program (13 Tcf by 2015) results
in an estimated increase in cumulative domestic natural gas
production of about 1.7 Tef by 2015 in the AEO Reference
Case scenario. The panel also notes that DOE incorporates
estimates of risk into its benefits calculations based on the
assessments of its program managers in the various technol-
ogy areas.

DOE estimates the economic benefits of its R&D program
as the total consumer energy savings resulting from the
increased domestic natural gas production attributed to the
program. For each year, DOE estimates a change in natural
gas price that results from the increase in supply and multi-
plies the reduction in gas price by the total gas consumption
for that year to yield the reduction in consumer expenditures
on natural gas.

As pointed out in the Phase One report, these ben-
efits—savings to consumers—do not measure the economic
benefits to the nation of the program. If the research being
evaluated changes the cost of production only for the natural
gas that would not otherwise be produced—that is, if the cost
of production for the vast majority of domestic gas produced
in a given year is unchanged by the research—then the con-
sumer savings from reduced prices are offset by the reduced
revenues to producers. This is a transfer payment rather than
an economic benefit to the nation.

Both the Phase One committee and DOE have noted
that a more appropriate economic benefits measure would
include not only the cost savings to consumers but also the
reduced revenues of the producers—that is, the economic
benefit measure should be the net consumer and producer
surpluses. DOE has developed a framework for evaluating
the net surplus associated with a change in the supply curve
for natural gas and presented this method both to the panel
and to the Phase Two committee.” DOE’s net surplus evalu-
ation requires multiple evaluations with NEMS, which the
panel was not able to implement independently, and exist-
ing preliminary analyses by DOE could not be modified to
extract the benefits of the natural gas E&P program alone.
The panel implemented a simplified version of this approach
to estimate economic benefits.

7John Pyrdol, economist, DOE Office of Oil and Gas, “Assessing the
benefits of R&D: A framework of analysis and an application using NEMS,”
Presentation to the panel on October 12, 2005.

The details of the economic basis and the calculations are
included in Attachment B. To implement this approach for
estimating economic benefit, the panel estimated two quanti-
ties: (1) the amount of domestic natural gas production (and
the fraction of total domestic natural gas production) in each
year that is produced at reduced costs due to DOE’s E&P
research and (2) the reduction in the costs of production for
that natural gas.

First, because the research being evaluated addresses only
a small fraction of the total domestic natural gas production
(stripper wells and unconventional resources), the results of
such research are assumed to reduce the costs of production
for only a small fraction of the total domestic natural gas
produced in any given year—just the portion that would
not have been produced otherwise. Figure J-5, derived from
DOE (2004a), illustrates DOE’s and the panel’s estimates
of the annual increase in domestic natural gas production
attributed to the natural gas R&D program. The panel’s
estimates are a simple scaling of DOE’s estimates, based on
the ratio of DOE’s estimate of increased ERR to the panel’s
estimate of increased ERR attributable to the program, and
the fraction of increased ERR assumed to become increased
production from DOE’s benefits analysis. The Reference
Case and High Oil and Gas Prices scenarios are shown. DOE
does not have a projection for a scenario analogous to the
Carbon Constrained scenario, so the Reference Case projec-
tions for increased production were used to estimate benefits
for that scenario.

The change in the costs of production for natural gas
that is produced as a result of advances from the drilling,
completion, and stimulation subprogram was estimated di-
rectly by the panel, as described previously and shown in the
decision tree in Figure J-2. Cost reductions due to the other
subprograms were not estimated directly, and simplifying
assumptions were made to derive an estimate of those cost
reductions. Noting that the magnitude of ERR in each of the
programs is reasonably close to that of the drilling, comple-
tion, and stimulation subprogram, a reasonable estimate
of the cost reduction was assumed to be the middle value
provided for that program, or 3 percent for all incremental
production attributed to the other three subprograms.

The resulting estimated economic benefits of the program
from 2006 through 2025 are $220 million, $590 million,
and $300 million in the Reference Case, High Oil and Gas
Prices, and Carbon Constrained scenarios, respectively, with
annual benefits discounted at 3 percent as recommended by
the Phase Two committee. DOE’s estimate of the discounted
cumulative economic savings through 2025 from reduced
natural gas prices for the Reference Case scenario is about
$50 billion, assuming the program goals are met (DOE,
2004a, p. 105), but the panel notes again that this is an
estimate of consumer cost savings rather than an economic
benefit to the nation and thus is not directly comparable with
the panel’s estimate.

Figure J-6 summarizes the panel’s estimates of the risks
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FIGURE J-5 Estimated increase in domestic natural gas attributed to the program by year.

and benefits of DOE’s natural gas exploration R&D program.
Benefits are calculated as described in Chapter 3 and are
reported for all three global scenarios.

Environmental Benefits

In many ways natural gas is the ideal fuel for residential
and commercial heating and for generation of electricity. It
is also a very important feedstock for the chemical industry.
Natural gas is the cleanest burning fossil fuel; of all fossil
fuels produces the least carbon dioxide per unit of energy
generated and the least amount of other noxious by-prod-
ucts. It also requires less capital investment for combustion
equipment than coal or oil. The distribution system is well
developed in most parts of the country and relatively safe.
Whenever natural gas can be substituted for coal or oil, the
result is less emissions of greenhouse gases and cleaner air
and generally a cleaner and safer environment. Truck traf-
fic and rail traffic are reduced. Every increase in the use

of natural gas at the expense of other fossil fuels results in
environmental benefits.

Improvements in the quality of geophysical exploration
and in drilling technology, and in the technologies that en-
hance recovery, result in more gas produced per well and,
overall, in a smaller footprint for the production activity,
reducing the total impact on the environment. This is some-
what offset by the increased capacity to produce from more
remote regions and by the consequent increase in wells in
such regions.

Security Benefits

According to a report by the NRC (2002b), which in-
cluded attention to the security of energy systems in the
United States, the U.S. economy and quality of life require
a plentiful and continuous supply of energy. Though energy
accounts for less than 10 percent of the GNP, much of the
remaining economy will not function without energy assets.
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Global Scenario

AEOQ Reference Case High Oil and Gas Prices Carbon Constrained

Technical Risks

Technical risks were evaluated at the subprogram level and were defined as the
likelihood of achieving specific increases in economically recoverable resources (ERR)
by 2015 as a result of DOE’s R&D program. Aggregated at the program level, the
expected increase in ERR made technically possible by the DOE program in each
scenario is shown below. Numbers in parentheses represent the 10th and the 90th
percentiles of the uncertainty and assume no market risks.

17 (9, 25) Tcf | 20(11,28) Tef | 20 (11, 29) Tef

Market Risks

Program Risks

Market risks were identified for two of the four subprograms evaluated and were
defined as the fraction of the total potential addition to ERR that would be realized. The
effect of including market risks is to decrease the estimated net increase in ERR in
2015. The expected value and the 10th and 90th percentiles of ERR increase given both

technical and market risks are
13 (6.8, 19) Tef

shown.
17 (9.5, 25) Tef

17 (9.5, 25) Tef

Expected
Economic
Benefits®

$220 million at 3%
($100-$280 million)

$145 million at 7%
($68-$180 million)

$590 million at 3%
($275-$675 million)

$380 million at 7%
($180-$440 million)

$300 million at 3%
($150-$370 million)

$200 million at 7%
($100-$250 million)

Environmental
Benefits

Several elements of the program have the potential to lead to generally smaller
footprints for natural gas production, although this benefit is at least partially offset by
the increase in producibility from previously marginal regions. The net impact on the
environment in terms of disturbed area has not been estimated. The other potential
environmental benefit would be a reduction in carbon emissions if natural gas
substitutes for other fossil fuels. At the relatively modest level of increased production
envisioned for this program alone, environmental benefits are expected to be modest.

Security
Benefits

Program Benefits

1.2 Tef

Increased domestic natural gas production partially offsets gas imports. Based on
DOE’s estimates, about 50% of the increased production results directly in reductions
in imports under Reference Case prices (25% in a High Gas Prices scenario). Natural
gas imports avoided (2005 to 2025):

| 0.6 Tef

| 1.2 Tef

“Benefits are expected values, with 10th and 90th percentiles shown in parentheses. Economic benefits are present
values discounted at both 3% and 7% real. Environmental and security benefits are discounted at 3%. The net economic benefits
were calculated based on the assumption that the technology from the DOE program affects no existing gas production and that
there will be a decrease in the cost of of gas that would have been uneconomical to produce without the DOE program. DOE
(2004a) estimates the discounted , cumulative economic savings through 2025 to be $50 billion for the Reference Case, although
the panel notes this includes consumer cost savings largely offset by reduced revenue to producers and that, as such, is not

indicative of the net economic benefit to the nation.

FIGURE J-6 Results matrix of the Panel on DOE’s Natural Gas Exploration and Production Program.

Oil products provide 97 percent of the energy used in the
transportation sector, while natural gas provides over 25 per-
cent of residential and industrial energy needs. A significant
disruption to either of these basic resources for more than
a few days would have serious consequences for the U.S.
economy and the health and well being of the population
(NRC, 2002b). (Interruptions in oil supply can be mitigated
for a time by the Strategic Petroleum Reserve, but there is
no such reserve to mitigate interruptions to natural gas sup-
plies.) At the present time the United States still imports a
relatively small amount of natural gas, but projections call
for this to increase. To the extent that domestic production
can be increased, imports can be lessened. Every additional
cubic foot that is produced domestically means a cubic foot
less imported from overseas. Reducing the number of LNG

tankers delivering natural gas improves the balance of trade
and reduces the security risk of disruptions in the supply
from abroad, as well as security risks to LNG facilities.
The vulnerability of key infrastructure components is an
important component of the energy security issue. Industry
is not capable of handling extensive organized acts of ter-
rorism with weapons or explosions, cyberattacks on control
systems via the Internet, or natural disasters that impact key
elements of the energy system. Each of the natural gas R&D
subprograms examined by the panel is designed to enhance
exploration for and development of additional resources.
Though DOE R&D could enhance national security, none of
these subprograms has a goal of decreasing the vulnerability
of the U.S. natural gas economy vulnerability to disruptions
in supply. Although it did not have the resources and task
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to investigate the area of vulnerability and infrastructure
security, the panel believes there is a need for government
(probably through the Department of Homeland Security)
and industry to share the cost and execution of the needed
R&D, with the government contributing, as appropriate, its
expertise in this matter.

Increased domestic natural gas production partially off-
sets natural gas imports. Based on DOE’s estimates, about
50 percent of the increased production directly reduces
imports under Reference Case prices, and about 25 percent
of increased production offsets imports in the High Oil and
Gas Prices scenario.

SUMMARY AND RECOMMENDATIONS

The panel reviewed four subprograms of DOE’s natural
gas activities: existing fields; drilling, completion and stimu-
lation; advanced diagnostics and imaging; and Deep Trek.
It considered three global scenarios in estimating the prob-
ability of technical and market success: the AEO Reference
Case scenario; a High Oil and Gas Prices scenario, where gas
was assumed to cost twice as much as in the AEO Reference
Case; and a Carbon Constrained scenario, where a $100 per
ton carbon tax was assumed to be in place in 2012.

DOE natural gas R&D budgets are small compared to
industry natural gas R&D budgets and are likely to consist
of early development and seed funding efforts as opposed to
complete R&D through to final development and commer-
cialization. This makes assessment of the ultimate benefit of
the research efforts of DOE relative to that of private sector
efforts particularly difficult, in that numerous additional
steps must be funded and taken beyond the R&D projects
being evaluated before benefits will actually be realized. For
this program, it is also difficult to separate gas from oil R&D
in many cases: For example, drilling is relatively similar
whether for oil or for gas, and gas drilling R&D has the po-
tential to reduce drilling costs for oil resources as well. Nev-
ertheless, the panel found that the decision tree probabilistic
assessment approach was a well-organized way to convert
the expert knowledge of the panel members into quantifiable
measures. The utility of the decision tree approach was that
(1) it provided a logical template for experts in quantifying
their evaluations and (2) the results for different scenarios
could be compared since they are arrived at following a
uniform methodology.

While the panel’s estimates of ERR and the resulting
economic benefits were substantially lower than DOE’s es-
timate, the panel’s estimates show, nonetheless, a significant
and justifiable return on the modest R&D investments of
DOE, both in terms of ERR added to the nation’s resources
base and the economic benefits resulting therefrom. This
is especially true in the High Oil and Gas Prices scenario,
which seems the most likely scenario for the United States.
In addition, although it is difficult to value, the DOE program
sponsors of university research in the natural gas E&P area,
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which in turn fosters the development of a high-level techni-
cal workforce.

The panel recognized the substantial benefits of increased
consumption of natural gas relative to that of other fossil fuels
and notes that the United States, and indeed the world, is at
the threshold of a methane economy, where natural gas, both
as a clean, efficient fuel and as a source of hydrogen, is the
transition fuel to a carbon-free fuel economy. In the United
States the bulk of future additions of natural gas from the re-
source base will come from so-called unconventional natural
gas resources. Whether these resources can be available at
an affordable price will depend heavily on the development
and application of advanced technology. This is particularly
significant in North America, where production will be less
and less able to meet needs, and more and more natural gas
will be purchased by the United States. Much of this LNG will
be landed in the Gulf Coast area, and the hurricanes of 2005
have had an impact. Operational dates for much LNG landing
capacity in the Gulf Coast area are likely to be as much as 5
years as new locations, designs, regulations, and hurricane
requirements are included. This may increase the cumulative
price of North American gas over the next decade.

In North America, the only two large, yet (relatively)
untapped gas resources are low-permeability shales and
ultradeep gas. Both have major uncertainties. For low-per-
meability shales, industry estimates are currently that 8-12
percent of the gas in place can practically be recovered in
the next decade or two. If this were 2-3 percent, the quantity
of gas recovered would be very small; if it were 25-30 per-
cent, the quantity would be very large. For the recovery of
ultradeep gas, how to create and maintain permeability for
gas recovery under the extremely high stresses that prevail
remains an unsolved problem. Therefore, gas R&D oppor-
tunities are significant, so successful R&D would also be
significant. The panel concludes that the DOE program now
in place is geared to such development and application.

The panel is mindful that as the Energy Policy Act of 2005
makes itself felt, the future funding structure for federally
supported R&D in natural gas will likely differ from the
structure in place and evaluated by the panel, but it judges
that the program for developing unconventional natural gas
will follow the same basic thrust.

Finally, the matter of the accrued value of DOE’s R&D
continues to be the subject of many studies, panel discus-
sions, technical associations, and other groups. None of these
efforts—even those looking back on completed R&D and
technology successes that have occurred since the R&D was
performed—can quantify precisely the dollar return on the
R&D investment. Nevertheless, because they seem to be the
best way to grasp the benefits, such attempts at quantifica-
tion continue and their value seems to be well recognized,
as is demonstrated by the large voluntary investments that
continue to be made by industry. At a minimum, industry ap-
parently believes that investment in R&D returns at least as
much as capital spending on ongoing or new business devel-
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opment—otherwise resources would go to capital spending
as opposed to R&D investments. The panel commends the
DOE natural gas program on including risk in its estimate
of benefits but urges DOE to continue to pursue its proposed
approach to evaluating the net benefits to the nation. Follow-
ing up on and refining what the panel and the Phase Two
committee have done will help in focusing the new efforts
that come out of the EPACT-2005, Section J, initiative.

Recommendation: The DOE Office of Natural Gas should
continue to pursue its proposed methodology for evaluating
the “net benefits to the nation” of their R&D programs, so as
to develop more accurate estimates of R&D benefits.

Recommendation: As the natural gas program changes under
the EPACT-2005, DOE, in following up on the methodology
of the full committee, should use its more accurate method of
estimating R&D benefits to help focus its new R&D efforts.
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ATTACHMENT B
ESTIMATING ECONOMIC BENEFITS FOR NATURAL
GAS EXPLORATION AND PRODUCTION

The DOE natural gas E&P program aims to increase the
supply and production of domestic natural gas. DOE reports
its goals and predicts the outcomes of the program in terms
of increases in economically recoverable resources (ERR). In
its benefits analyses, DOE translates the changes in ERR into
changes in expected production, as described in the main text
of this panel report. Economic benefits accrue from changes
in the supply curve for domestic natural gas.

This attachment describes the simplified approach used
by the panel to evaluate the net consumer and producer
surplus that results from the change in the supply curve.
The approach is consistent with recommendations from the
full committee and with the preliminary approach being
proposed by DOE.8

8John Pyrdol, economist, DOE Office of Oil and Gas, “Assessing the
benefits of R&D: A framework of analysis and an application using NEMS,”
Presented to the panel on October 12, 2005.

Economic Basis

Figure J-7 shows a demand curve and two supply curves
for natural gas, where Q is the quantity of gas produced and
P is the market prices of the gas. The initial supply curve rep-
resents the supply of gas absent any technical improvements
from the program. The modified supply curve represents the
impact of making some natural gas (» Q) less costly to pro-
duce. The lower portion of the supply curve is unchanged:
It represents all natural gas production that cannot or does
not benefit from the technological advances being evaluated
in the program—that is, gas for which production costs are
unchanged. The supply curve bends, as represented by the
dotted line, at some point, representing the amount of natural
gas production that does benefit from the technologies be-
ing evaluated—that is, gas for which production costs have
decreased.

P, and P, represent the market prices of gas given the
original and modified supply curves. The area between the
P, and P, curves represents the benefits calculated by DOE
for the natural gas program: the change in the market price
of gas multiplied by the quantity consumed. To the extent
that the costs of production for most of the gas have not de-
creased, this quantity represents a transfer from producers to
consumers rather then a net economic benefit to the nation.

The net economic benefit is the difference in total surplus
(the area between the supply and demand curves) with and
without the program. The program causes a change in the
supply curve, increasing the total surplus. The additional
surplus is represented in the Figure J-8 by the area of the dark
gray triangle formed by the demand curve and the initial and
modified supply curves. The area of the dark gray triangle is
approximated by the area of triangle shown in light gray in
Figure J-8. The area of the triangle depends on (1) the amount
of gas produced at lower cost due to technical advances
from the program (» Q) and (2) the reduction in the cost of
production for that gas (s C,)). The area of the blue triangle
15 0.5%s Q*s C,,. The area of the light gray triangle represents
an upper bound on the area of the dark gray triangle: The
two areas would be equal if the market price of gas were
insensitive to the small change in supply.®

So for each year ¢, the economic benefits can be approxi-
mated as

9Equality follows from construction: The change in the supply curve is
due to reduced cost of producing gas that was previously uneconomic. The
pre-DOE program cost of this marginal gas is shown in Figure J-8 on the
supply curve to the right of the preprogram equilibrium price (P,), and its
total area is given by the light gray triangle. The cost reduction shifts the
location of this gas to the left, and. the net change in total consumer and
producer surplus is equal to the area of the dark gray triangle. Note that the
area of the shaded triangles will not necessarily be equal, differing by the
area of the triangle formed by the demand curve, the modified supply curve,
and the horizontal line corresponding to the price P,. Note further that if
there is no change in price—that is, the demand curve is horizontal—the
shaded triangles are equal.


http://www.nap.edu/catalog/11806.html

APPENDIX J

Transfer from producers to consumers due

to price change

'

Price of gas
o

169

Initial supply curve

Modified supply curve

Demand Curve

) G L e

[ ST AN W —— V-

v

Quantity of gas

FIGURE J-7 Demand curve and two supply curves for natural gas.

E=05%.0%.C,
where E, are economic benefits in year ¢, 1 QOt, is the incre-
mental gas produced in year ¢, and » C - is the change in the
costs of production for the incremental gas resulting from the
program. Total economic benefits are the discounted sum of
annual benefits.

Implementation

Estimates of 1 O, can be derived from DOE’s estimates
of incremental production attributed to the program, scaled
down to match the panel’s estimate of the increases at-
tributable to the program. These estimates are shown in
Figure J-5.

Estimating 1 C,, requires some assumptions. The section
on the drilling, completion, and stimulation subprogram
(decision tree shown in Figure J-2) provides a starting point.
Each branch on the tree corresponds to a different benefit.
Consider the top branch, or most optimistic result. The
branch posits that a 5 percent decrease in drilling costs will
resultin a 13 Tcf increase in ERR in 2015. Using the scaling
factors defined in that section on drilling, completion, and
stimulation would lead to a cumulative increase in produc-

tion of about 1.7 Tcf. Since none of this gas was produced
absent the program, its initial cost of production must have
been at least as high as the market price of gas; thus, with
the program, the cost of this gas is at least 95 percent of the
price of gas, or s« C,in 2015 is 0.05 multiplied by the market
price of gas in 2015.

For branches on the tree with a smaller reduction in drill-
ing costs, the s Cp would be smaller (specifically, 3 percent,
1 percent, or O times the market price of gas for the other
branches).

While ERR estimates are given for each of the other three
subprograms, the cost reductions due to the drilling, comple-
tion, and stimulation subprogram were not estimated directly.
It can be noted that the magnitude of ERR in each of the
programs is reasonably close to that of the drilling, comple-
tion, and stimulation subprogram. A reasonable estimate of
the cost reduction thus may be the middle value provided for
that subprogram, or 3 percent for all incremental production
attributed to the other three subprograms.

Note on Domestic Versus Foreign Production of Gas

The savings to consumers may be considered an economic
benefit to the U.S. economy to the extent that producers are
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FIGURE J-8 Change in total surplus from the change in the supply curve. The DOE program is assumed to result in a decrease in the costs
of production for » Q units of gas that were not economic to produce absent the DOE program. The cost of this marginal gas assuming
no technical improvements from the program is shown by the initial supply curve to the right of the preprogram equilibrium price (P)).
The reduction in costs of production for gas that was previously uneconomic results in a change in the supply curve (the “modified supply
curve”), and the net change in total consumer and producer surplus that results is equal to the area of the dark gray triangle. For the benefits
calculations, this area is approximated by the area of the light gray triangle, with the change in production costs, » C > taken from the panel’s
assessment of the potential changes in costs attributable to DOE research.

foreign and hence their loss does not offset consumer gains.
However, if a substantial share of gas consumed in the United
States is imported (LNG), then the price elasticity assump-
tion that underlies the DOE analysis is incorrect. According
to the NEMS statistics, ERR (in the most optimistic case)
adds 5 percent to the 2015 gas supply in the United States
and results in a price decrease of at least 5 percent (a savings
of $0.40 out of $7 to $8), implying a total price elasticity
(supply plus demand) of, at most, 1. If LNG accounts for
a substantial share of the market, then the price of gas is

determined by world supply and demand. The contribution
of the natural gas E&P program is then small relative to sup-
ply, and the market price will be much less sensitive to small
changes in domestic supply. Thus, the savings to consumers,
represented by a price change times the quantity of imported
gas consumed, is, at best, trivial. As in the domestic case,
the economic benefits of the program remain contingent
on the value added by the additional gas produced by the
program.
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Report of the Panel on DOE’s
Distributed Energy Resources Program

INTRODUCTION

This report presents an estimate by the Panel on DOE’s
Distributed Energy Resources Program of the prospective
benefits of the combined heat and power (CHP) component
of DOE’s distributed energy resources (DER) R&D pro-
gram. The charge given to the panel by NRC’s Committee
on Prospective Benefits of DOE’s Energy Efficiency and
Fossil Energy R&D Programs, Phase Two, was to apply the
methodology and approach of the Phase One committee to
estimating benefits of the CHP program. The panel applied
that methodology, taking into account technical and market
(including regulatory issues) risks, both of which affect
the program’s ability to meet its goals. The methodology
required the panel to make observations regarding program
emphasis, benefits, and other factors that might assist it in
its assessment. This report describes the panel’s work and
presents its observations about the program and suggestions
for improvement as well.!

In summary, the CHP component of the DER program is
designed to demonstrate four integrated CHP applications,
each having greater than 70 percent combined electric and
thermal efficiency, that could be manufactured and installed
(assuming commercial-scale production) cheaply enough to
result in a 4-year payback to customers by 2008. The CHP
budget request for 2006 is $20.5 million. Key findings of the
panel are (1) the 70 percent efficiency goal is achievable in

'A committee member chaired the panel and two committee members
served on the panel; however, the committee itself did not participate in
the panel’s work. The eight-member panel, represented academia, industry,
and government and possessed the balance recommended by the com-
mittee responsible for the Phase One report. Panel members’ biographies
are provided in Attachment A. Throughout its work, the panel met twice
for two days each, as recommended by the committee, and the chair had
several interactions with DOE staff regarding panel information and data
needs. The panel is grateful for the support provided by Patricia Hoffman,
program manager of the CHP program at DOE, and her contractors for their
support of the panel’s work.
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the stated time frame in the end-use applications targeted by
the program, but the payback goal is not, except in areas of
the country where electricity is constrained or costs are high
relative to natural gas; (2) the program produces a positive
net present value (NPV) economic benefit under the four
global scenarios assessed, ranging from $46 million to $83
million; and (3) the CHP program as a component of the
larger DER program is too small to be modeled accurately
using conventional models, and any further application of
the committee’s methodology should be to larger-impact
programs. For many participating facilities, originally drawn
to the CHP program for economic reasons, the protection
against blackouts provides an important value-added service.
For others, the economic benefits do not justify investment
in CHP; instead, security is the deciding factor. In any case,
security is recognized as an important benefit of CHP and
one likely to become even more critical in the future. Un-
derstanding the value that customers assign to selected CHP
attributes and the trade-offs they are willing to make and
assigning a dollar value to those attributes would go a long
way toward positioning the CHP program in the marketplace.
Monetizing the value of attributes would add to the positive
net economic benefit figures reported above in item 2.

DISTRIBUTED ENERGY RESOURCES PROGRAM:
SUMMARY AND BUDGET

The DER R&D program is designed to improve the
technology and encourage the adoption of distributed energy
technologies. Many, but not all, of the technology applica-
tions in the DER program are configured as CHP or cogen-
eration projects in which the thermal energy recovered from
the engine is used at a customer facility to provide hot water,
space heating, or cooling. Of the $56.6 million DOE budget
request for its DER program for 2006, $20.5 million, or 36
percent, is directed at the activities called “End-Use System
Integration and Interface,” which is the program area subject
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to this panel assessment.? The technologies and applications
supported within this program area are predominately CHP
projects. The DER program has the mission of improving
the prime movers (microturbines, for instance) and their
related technology development, while the CHP component
of the DER program is focused on demonstrating system
integration and application while reducing costs. DOE works
with component equipment and technology manufactur-
ers to develop and demonstrate CHP systems, that provide
both electrical power and heating or cooling at customer
sites with minimal site-specific engineering. The program
strives to standardize the technical and engineering analysis
required to install and operate CHP systems, making them
applications-ready.

The stated goal of the CHP program is to demonstrate
four integrated CHP applications, each having >70 percent
combined electric and thermal efficiency, that could be
manufactured and installed (assuming commercial-scale pro-
duction) cheaply enough to give customers a 4-year payback
by 2008.3 The program is targeting four integrated systems
applications—one each in an office building, a hospital, a
college building, and a supermarket. On the one hand, the
panel believes that the 70 percent efficiency goal is not dif-
ficult to achieve, as CHP systems are available today that
meet or exceed the 70 percent efficiency goal. The attainment
of the 70 percent efficiency goal, however, is highly depen-
dent on the characteristics of the CHP system’s application,
including the electrical load and thermal load it is serving
and the profiles of both. On the other hand, it believes that
the 4-year payback criterion presents a significant challenge
owing to the high capital costs of CHP systems and the need
for sufficient thermal heating or cooling load. Moreover, the
price differential between the CHP host facility’s electric-
ity prices and CHP fuel prices can dramatically affect the
economics of CHP projects and, as a result, the payback.
The panel applauds DOE’s program focus on demonstrating
CHP applications in the broader, more challenging markets
targeted and, in particular, on demonstrating applications
that the panel believes are unlikely to be developed without
government support. If successful, the CHP program should
result in more systems being designed and installed that meet
the efficiency and payback goals, which would lead to more
rapid deployment and greater customer confidence in system
performance.

The panel heard presentations from DOE and its con-
tractors and had the opportunity to ask questions and speak
informally with program representatives at each of its meet-

2The remaining activities supported by the DER program and not
considered by the panel in its review include development of industrial
gas turbines, microturbines, advanced reciprocation engines, and related
materials and sensors.

3For the payback goal to be met, CHP installations by 2008 will provide
customers with a four-year simple return of the original investment (de-
fined as revenue realized, in the form of savings, divided by total system
first-cost).

ings. DOE provided information and data about specific
CHP system applications funded through the program, and
it shared freely with the panel problems and difficulties
with the technology and component integration as well as
program successes. For this the panel is grateful. DOE and
its contractors were also very responsive to the data requests
of the panel.

BENEFITS ANALYSIS OF THE CHP PROGRAM

DOE Estimate

DOE estimates the benefits of the entire DER program
using the U.S. Energy Information Administration’s National
Energy Modeling System (NEMS) and the MARKet ALloca-
tion model (MARKAL). DOE estimated the contributions
from its DER program through 2025, in terms of gigawatts
(GW) generated, natural gas savings, oil savings, consumer
energy savings, carbon emission reductions, and nonrenew-
able energy savings. The benefits estimates provided by DOE
are generally consistent with its Government Performance
Results Act (GPRA) reporting.* Estimates were provided
for 2010, 2015, 2020, ending in 2025 (from NEMS) and for
2020, 2030, 2040, and 2050 (from MARKAL). By providing
data for overlapping years, 2020 and 2025, the panel was able
to consider the differences in estimates from the two mod-
els. The panel decided to base its probabilities and benefits
estimate on the NEMS model, because panel members were
more familiar with it and its horizon was shorter.

Since the NEMS analysis was conducted for the DER
program as a whole, the panel requested that DOE and its
contractors develop a simplified approach for parsing out the
benefits that would likely be attributable to the CHP program
component. DOE complied with this request by first scaling
the total benefits of the DER program by the CHP proportion
of the total DER budget. Following this, benefits were further
adjusted to reflect CHP penetration in the commercial sec-
tor only and to account for the CHP program focus in office
buildings, hospitals, college buildings, and supermarkets. In-
dustrial and utility sector CHP applications are not included
in this scaling. DOE estimated that the 2.2 GW of CHP ca-
pacity added through 2025 is attributed to the CHP program
(of the total 64 GW of DER added nationally by 2025, as
used in the GPRA analysis).? The panel accepted this as a
reasonable first-order approximation for CHP penetration in
the marketplace attributable to the DOE R&D program.®

DOE’s estimates of the quantity of CHP added as a re-

4See Table 4.6 of DOE (2005b).

SFrances Wood, OnLocation, Inc.; Chip Friley, Brookhaven National Lab-
oratory; and Chris Marnay and Kristina Hamachi LaCommare, Lawrence
Berkeley National Laboratory, “Estimating benefits of EERE combined heat
and power R&D,” Presentation to the panel on October 24, 2005.

%The panel agreed with the simplified approach, viewing it as a reason-
able approximation of the benefits likely to result from the CHP program
component.
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sult of its program are based on several key assumptions:
principally, the expected costs and payback period for the
CHP applications; the estimated maximum portion of the
commercial buildings sector (new and retrofit) representing
the total potential market; and market penetration of CHP
as a function of system economics, defined by the payback
period. In its benefits analysis, DOE evaluates a “program”
case, where the technical goals of the program are assumed
to be met and the total potential commercial CHP market is
assumed to be 50 percent of new buildings and 5 percent of
buildings being retrofitted. DOE compares this to a “without
DOE” set of assumptions, where the technical and payback
goals are reached 10 years later than with the program, and
the total retrofit market is much smaller. DOE’s estimate of
the incremental capacity attributed to the DOE R&D program
incorporates an assumption that without the DOE program,
technical achievement would be delayed by 10 years.

Panel Estimate

The panel explicitly assessed the likelihood of meeting
technical and market outcomes with and without the DOE
program using the decision tree analysis prescribed by the
committee, rather than assuming a 10-year delay without the
program.” Because of this difference in assumptions, when
the panel applied the scaling method suggested by DOE for
estimating the benefits of the CHP program, it started with
the incremental installed DER capacity in the “program
case” over and above that of the NEMS reference case. The
program case analysis versus the AEO Reference Case used
by the panel begins with a DER contribution of 77 GW rather
than the 64 GW used in the GPRA analysis. The estimated
incremental contribution from the CHP program assuming
DOE’s goals are met then becomes at 2.65 GW by 2025.8

Modeling Observations

The panel found neither NEMS nor MARKAL to be well
suited for determining the benefits of such a small niche

"The panel had some difficulty initially differentiating between technical
and market success in the DOE CHP program goal—meeting the 70 percent
efficiency and 4-year payback goals. The two goals, although very different,
represent a single program goal. Improving efficiency is in its own right
a legitimate goal; the ability to meet this goal also has a bearing on the
program’s ability to meet the payback goal. The panel viewed the techni-
cal success of the program as achieving both the efficiency and payback
goals. It viewed market success as meeting the CHP program’s projected
market penetrations, as defined and used by DOE in its NEMS modeling.
The panel assigned its probabilities of technical and market success with
this understanding in mind.

8The CHP program benefit reported by DOE to the panel is greater than
the program benefit it reported in its GPRA analysis. There could be a num-
ber of reasons for this discrepancy, but the panel did not fully investigate
the reasons for it, because the panel believed it to be beyond the scope of
its charge.
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set of technologies and applications.? Since the models
are national in scope and CHP technology is likely to be
valued differently in different regions of the country, the
panel does not believe that the models are able to reflect
market penetration accurately. At the panel’s request, DOE
developed a simplified approach to parse the likely benefits
of the CHP program from the larger DER portfolio that was
modeled in NEMS, which the panel appreciated and readily
accepted. Since both models evaluate market penetration on
a national level, they provide an overly optimistic projec-
tion of the reduction in environmental emissions that results
from displacing electricity generated in coal-burning power
plants. The models also have no reasonable mechanism for
calculating the intrinsic benefits of this technology, such as
security and electric system reliability. Use of these technolo-
gies will provide greater benefits to the end-user based on
electricity reliability in the face of possible outages. Many
commercial and institutional customers consider security
and insurance-against-business-disruption factors as being
important considerations when contemplating the use of
DER—a factor that NEMS is not able to capture. The NEMS
model’s shortcomings were fully considered when the panel
developed its probabilities of CHP market adoption.

Electricity System Constraints Scenario

The methodology prescribed by the committee requires
the panel to evaluate the program under three different global
scenarios: an Annual Energy Outlook (AEO) Reference Case
scenario, a High Oil and Gas Prices scenario, and a Carbon
Constrained scenario. As allowed by the methodology, the
panel elected to define a fourth global scenario, where there
are assumed to be severe constraints on the electricity sys-
tem. The Electricity Constrained scenario captures benefits
of the CHP program where its impacts might be of greatest
value—that is, in regions of the country where electricity
service is most constrained. The scenario assumes that the
electric distribution system is unable to meet the peak elec-
tricity demand of its customers.!? As defined by the panel,
the scenario assumes that sufficient power is not available
for some extended time (weeks or months) in one or more
high-demand-load pockets in the affected regions of the
country. The critical power shortage can be mitigated by
taking several actions, including reducing voltage; imposing

9The time frames employed by both models are long and of limited use
in helping DOE to determine success in meeting near-term program goals.
The impacts of the CHP technologies themselves, as modeled on such a large
scale, are essentially small enough to be marginal at best. Since the program
goals focus on near-term acceleration of these technologies to commercial-
ization, it is not clear how longer-term models, particularly MARKAL, can
be useful for a program whose goal is to be met in 2008.

100ther reasons could be cited for severe reductions in power availability,
such as an ongoing terrorist attack on several critical links in the grid, an
accidental failure of one or more large generators in a high demand load
pocket, a reduction in fuel availability, or lack of water for hydroelectric
generation due to an extended drought.
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selected rolling blackouts; terminating supply to selected
high-demand customers with interruptible electricity service
contracts; increasing real-time electricity prices; improving
energy efficiency in the service area; and installing CHP
systems in load-constrained areas.

At the panel’s request, DOE worked with Lawrence
Berkeley National Laboratory staff to estimate the gigawatt
contribution of CHP nationally by 2025 under the Electric-
ity Constrained scenario. While the market penetration of
the CHP technologies improves under this scenario, it still
does fully capture the reliability and security value of CHP
technologies.

The Panel’s Decision Tree Analysis

To estimate the expected benefits of the CHP program, the
panel developed a decision tree representing various deci-
sion paths and technical and market outcomes, and assigned
probabilities to each uncertainty. The decision tree devel-
oped by the panel is illustrated in Figure K-1. The first node
represents a decision about DOE funding: the likelihood of
technical success and market success depends on whether
the DOE program is funded, and the benefit of the program
will ultimately be estimated as the difference between the
yes and no branches.

Since the payback period depends on local electricity
prices relative to natural gas prices (assuming that CHP sys-
tems under study burn natural gas), two types of local market
conditions were defined: locally high electricity prices and
locally low electricity prices, as represented by the second
node in the decision tree. The panel then estimated the like-
lihood of achieving specific payback periods and market
penetration rates separately for the different local market
conditions.

The third node represents three possible outcomes for
technical success, defined by the panel as the payback period
for a system with at least 70 percent efficiency (less than 4
years, 5 to 7 years, or 8 years or more). The final node repre-
sents three possible market success outcomes, defined by the
portion of the market adopting CHP technologies assuming
a 4-year or shorter payback period. High market adoption
was defined by the panel as implementing CHP systems in
50 percent of new buildings and 5 percent of existing build-
ings; moderate market adoption was defined as 25 percent
of new and 2.5 percent of existing; and low was defined as
10 percent of new and 1 percent of existing buildings. Market
penetration is a function of the payback period to customers
having installed the CHP technology. DOE gave the panel
its assumed market penetration curve (function) for use in
estimating probabilities of technical and market success.

Assessment of Technical and Market Success

Panel members estimated the probability of achieving
each specified level of technical success as defined by the

payback, both with and without DOE funding. This was
done for the two local market conditions and each of the four
global benefits scenarios described previously.

The panel discussed each member’s probability of techni-
cal success and the reasons for the assignment of the prob-
abilities, and developed consensus estimates. The panel then
developed estimates of the probability of achieving each of
the three specified levels of market success both with and
without DOE funding, under each of the two local market
conditions and for each of the four global scenarios.

The consensus estimates are illustrated in Figures K-2
though K-6, which show the cumulative probability for se-
lected payback periods for a CHP system that is 70 percent
or more efficient in a locally high-electricity-price market
with DOE funding. These figures allow comparison of the
estimated impact of the four global scenarios on technical
success. The panel estimated the highest likelihood of tech-
nical success in the Electricity Constrained scenario and
the lowest in the High Oil and Gas Prices scenario (because
higher natural gas prices will make it more difficult for CHP
technologies to achieve a shorter payback).

Figures K-4, K-5, and K-6 show the cumulative prob-
ability for various payback periods under each of the four
global scenarios and illustrate the effect of DOE funding
and of local market conditions. The panel estimated a higher
likelihood of achieving a shorter payback with the DOE
program than without it and higher likelihoods in the locally
high electricity price market than in the locally low-electric-
ity-price market.

Finally, the panel also estimated the likelihood of achiev-
ing different levels of market adoption for CHP technolo-
gies. The consensus probabilities are shown in Figure K-7.
The panel estimated a higher likelihood for strong market
adoption with DOE funding than without DOE funding. It
estimated the highest likelihood of market adoption in the
Electricity Constrained scenario.

Prospective Benefits Results

The panel estimated CHP program benefits for each of the
four global scenarios by using its probabilities for technical
and market success and DOE’s estimate of incremental CHP
capacity installed under conditions of high technical and
market success to develop an estimate of incremental CHP
capacity attributable to the DOE program. That value was
then multiplied by the dollar value per gigawatt assessed
by the panel to yield the expected economic benefits of the
program.

The estimated increase in CHP installed, given the panel’s
assessment of the technical and market risks, is illustrated in
Figure K-8. The figure shows the expected value of the CHP
that DOE estimates will be added due to its program (the
top solid line) and the panel’s estimate of the CHP that will
be added if both technical and market success are low (the
bottom solid line). For each global scenario, and for each of
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Technical Success:
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FIGURE K-1 Decision tree for combined heat and power program.
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FIGURE K-2 Assessment of technical success with DOE funding and high electricity prices.
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FIGURE K-3 Assessment of technical success for the AEO Reference Case scenario.
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FIGURE K-5 Assessment of technical success for the Carbon Constrained scenario.
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Probability of achieving specified payback or better

—&— With DOE
- 4- W/O DOE

6 8 10 12

Years to customer payback

FIGURE K-6 Assessment of technical success for the Electricity Constrained scenario. The panel assessments of the likelihood of technical
success in the locally low and locally high electricity prices market conditions were identical for this scenario, so only one set of curves is

shown.

the two local market conditions, the expected value of the
CHP addition is calculated as the probability-weighted aver-
age of all possible technical and market success outcomes
specified in the decision tree (and shown with the diamond
and cross markers). Separate estimates are shown for CHP
additions with and without the DOE program. Figure K-9
shows the uncertainty around the expected Electricity Con-
strained additions for each scenario and each local market
condition. This figure reproduces Figure K-8 but includes
uncertainty bars representing the 10th to 90th percentiles of
the estimated incremental CHP. This uncertainty is derived
directly from the estimated incremental CHP associated with
each of the technical and market success end points from the
decision tree and the panel’s estimates of the probability of
each of those technical and market outcomes.

Economic Benefits. The panel used secondary research to
assign a dollar value to CHP savings (it looked at CHP eco-
nomic analyses studies conducted elsewhere in the country).
Generally, in today’s economic climate, CHP technologies
are barely breaking even on a net economic resource ba-
sis—the present value of life-cycle benefits are roughly equal

to the present value of life-cycle costs. The panel assumed
that this situation is likely to improve in the near term as
CHP technology improves and niche applications are being
found that would provide CHP with an economic advantage
over the next-best alternative, the purchase of electricity and
thermal energy. The panel determined that CHP could easily
provide a 10 percent net benefit above its costs over the study
period, leading to a benefit-cost ratio of 1.1. While the net
benefit could be higher or lower than 10 percent, the panel as-
sumed the 10 percent was a reasonable approximation, given
that the technology is expected to improve and the economics
of CHP, given current and expected future energy costs, are
also expected to improve. This assumption translates into
a net economic benefit of approximately $230 per kilowatt
of installed CHP. This is calculated on an electricity system
avoided cost basis and takes into account for the initial CHP
investment and life-cycle operating costs.

To calculate the NPV of the economic benefits, the panel
considered the incremental capacity attributable to the pro-
gram in each year from 2006 to 2025, estimated the economic
value by year, and then calculated the NPV of that benefits
stream using a 3 percent discount rate, as recommended by
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FIGURE K-7 Assessment of market success. Solid bars represent results for the “with DOE program” case. Shaded bars represent results
for the “without DOE program” case. Numbers in parentheses are market penetration in new construction/existing buildings.

the full committee. The panel further assumed that installed
CHP would deliver economic benefits for a minimum of 10
years.

The panel’s estimate of expected economic benefit from
DOE’s CHP program is shown in Figure K-10 for each of the
four global scenarios. Net economic benefits range from a
low of $46 million in the High Oil and Gas Prices scenario to
a high of $83 million in the Electricity Constrained scenario.
This net benefit is assumed to be made available for a DOE
CHP program investment of approximately $20 million per
year. The panel estimates that the DOE CHP program pro-
vides a net economic benefit to the country under each of the
four global scenarios.

Environmental Benefits. Clean and efficient CHP has the
potential to reduce overall emissions since it uses clean-
burning natural gas as a fuel and it displaces central station
generation power and local combustion boilers and furnaces

used to generate steam, heating, or hot water. If the thermal
use of the CHP system is high, and especially if the steam,
heat, or hot water was previously produced using a less clean
burning fuel, a switch to CHP clearly confers air emissions
benefits both locally and regionally. If the displaced heat was
previously produced by burning natural gas or if the thermal
output of the CHP system is used to displace electric space
cooling, there might still be regional air emission benefits
from CHP, since the overall high fuel utilization efficiency
reduces emissions of CO, and criteria pollutants; the local ef-
fects are less clear. Even a very clean CHP unit still produces
some NO, and other gases close to loads. Whether these
small emissions are significant compared to background
emissions from cars, trucks, buses, boilers, furnaces, and
food cooking is debatable. The benefit of using less central
station power also varies depending on whether the source
is a dirty old coal plant, a modern combined cycle facility,
or a nuclear or hydro plant.
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As a practical matter, local air permits, especially in non-
attainment areas, act as barriers to CHP. Important issues
related to CHP penetration include the size of systems and
hence their need to comply with local laws and regulations,
the availability of fuels and environmental permitting for
the use of such fuels, and proximity to population. Unfortu-
nately, the parts of the country in which electric and gas rates
favor CHP also tend to be the same ones with high population
densities and air pollution concerns. The panel believes that
at modest levels of penetration, the cleaner burning CHP
systems considered in this DOE program will not materially
degrade anyone’s environment nor will they help address ma-
jor pollution concerns. At higher penetrations, CHP will help
reduce global CO, emissions and SO,, NO,, particulates,
and mercury to the degree that it displaces fuels like coal
and oil, either at central power plants or locally, to produce
steam, heat, or hot water. Even if a clean fuel such as natural
gas is displaced by a CHP installation, either centrally or lo-
cally, there will still tend to be environmental benefits. The
environmental benefits accrue from the decreased energy
use attributable to CHP systems that are more efficient than
the baseline of central power and local boilers or furnaces.
High thermal utilization and fewer emissions tend to improve
the overall environmental impact of CHP. DOE programs
to further reduce the already low emissions from CHP and
to enable even greater heat utilization with cost-effective
technologies will enhance CHP’s already overall favorable
environmental performance.

Security Benefits. Security benefits arise from the reduction
in primary energy use associated with the implementation

181

of CHP technologies. The term “security” as defined by the
panel for the CHP program has several meanings, including
(1) invulnerability to terrorist attacks and natural disasters,
(2) insensitivity to energy disruptions caused by reductions
in oil imports, and (3) customer protection from the effects
of disruptions to utility electric service. Like all energy effi-
ciency measures, CHP reduces primary energy use and helps
improve energy security of the type described in item (2)
above. However, the unique benefit of CHP is to decentralize
power production and locate it at or close to loads, providing
benefits of the types described in (1) and (3) above. Consid-
erable concern has been expressed in recent years about the
need to reduce the threat and potential costs of acts of ter-
rorism through greater use of distributed energy resources.
However, CHP has the ability to reduce the risk and costs of
many other adverse events, including utility outages from
storm events, cars hitting power poles, squirrels chewing
through wires, to more unusual but devastating outages such
as the daylong loss of power to 50 million people in the
Northeast on August 14, 2003. It must be noted, however,
that reliance on natural-gas-fired distributed generation is
also subject to terrorist attacks on pipelines.

When properly configured, CHP protects many different
customers and loads from utility service disruptions. The
least expensive type of clean, grid-connected CHP operat-
ing in parallel with the utility grid uses induction generators,
which immediately stop generating when the utility power
that supplies their excitation is removed. This automatic
safety feature makes many utilities favor induction equip-
ment. Unfortunately, the induction systems do not directly
help customers during supply disruptions. To get the benefit

0.9 1
0.8 1
_-é‘ 07 b
3
_‘8“ 0.6
s 05 | Expected value without
g - DOE program = 1.05
‘—é 0.4
3 Expected value with DOE
0.3 1 program = 1.54
0.2 1
—&— With DOE program
0.17 —4— Without DOE program
0 - T T T T T 1
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CHP capacity added by 2025 (GW)

FIGURE K-9 Uncertainty around estimated CHP additions for the Electricity Constrained scenario.
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Global Scenario

AEOQO Reference High Oil and Gas Electricity
Case Prices Constrained”

Carbon Constrained

Technical Risks

Technical risks identified as uncertainty in the ability to reach the 4-year-or-less payback
target identified by DOE (for a 70+% efficient system). Panel specified two alternative
payback periods (5-7 years, 8 years or more) as other possible technical outcomes. Estimated
likelihood of achieving a 4-year payback ranged from a low of 20% (without the DOE
program under the Reference Case scenario) to a high of 60% (with the DOE program in the
Electricity Constrained scenario).

Market Risks

Program Risks

Market risk characterized by the estimated fraction of the commercial buildings sector that
would adopt CHP technologies, given a 4-year or less payback. High market penetration was
defined as 50% of new construction and 5% of existing. Moderate market penetration was
defined as 25% of new and 5% of existing, and low market penetration was defined as 10% of
new and 1% of existing. Estimated likelihood of high market penetration ranged from a low
of 15% (without the DOE program in the High Oil and Gas Prices scenario) to a high of 55%
(with the DOE program in the Electricity Constrained scenario).

Expected
Economic Benefits
(see note)

Expected net economic benefits are presented as the present value of the annual economic
benefit of incremental CHP capacity installed between 2006 and 2025 attributable directly to
the DOE program.

$57 million at 3%
$40 million at 7%

$46 million at 3%
$32 million at 7%

$64 million at 3%
$45 million at 7%

$83 million at 3%
$58 million at 7%

Environmental
Benefits

negligible.

The net environmental impact of CHP is not known. While CHP may result in lower
emissions at central generation facilities, the CHP systems themselves are natural gas
powered and result in local environmental emissions. At the relatively modest levels of
deployment anticipated, the environmental benefits associated with the program are

Security Benefits

program is

Program Benefits

10 trillion Btu

Security benefits arise from the displacement of primary energy use by the incremental
installed CHP capacity. This benefit is due to dispersed generation being less vulnerable to
terrorist and natural disaster events. Reduction in total primary energy use from all
incremental CHP capacity installed between 2006 and 2025 attributable directly to the DOE

8 trillion Btu

11 trillion Btu 15 trillion Btu

NOTE: Benefits are presented as the difference in the expected value with and without the DOE program. See Figure K-9 for a
discussion of the uncertainty surrounding benefits. Economic benefits are shown as present values discounted at both 3% and 7%

real; environmental and security benefits are discounted at 3%.

“Fourth scenario defined by the panel to represent a future state of the world where there are severe constraints on the
electricity system. The scenario assumes that the capacity of the electric distribution system is seriously deficient with respect to
meeting the electricity and peak demand needs of its customers in one or more high-demand-load pockets.

FIGURE K-10 Results matrix of the Panel on DOE’s Distributed Energy Resources Program.

of grid parallel operation and stand-alone capability, a CHP
system needs to use synchronous generators and more ex-
pensive automatic switchgear to provide emergency load
isolation and utility system protection. The problem becomes
more difficult and more expensive to solve if the generator
is operating on a network system, such as in New York City
and many other large urban areas, rather than on the more
common radial distribution systems.

Many critical facilities, including hospitals, nursing
homes, computer warehouse facilities, and some tall build-
ings dependent on elevators, are required to have backup

generators to carry all or part of their load during a blackout.
These are almost invariably cheap, dirty, diesel-powered gen-
erators, permitted to run a very limited number of hours in a
year. Emergency backup diesels need to be regularly started
and actively maintained if they are to be relied on during an
emergency. Such generators also often have only very limited
fuel storage on-site, making operation during an occasional
longer outage problematic. For these reasons as well as in
the interest of lower emissions, a clean, natural-gas-based
CHP system might offer a better solution than an emergency
diesel generator. Natural-gas-powered CHP would provide
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energy-efficiency-based savings during normal times and
superior reliability during an emergency. In addition, there
is usually no fuel limitation during prolonged blackouts.

For many facilities originally drawn to CHP for economic
reasons, the added protection against blackouts is an impor-
tant value-added service. For others for which the econom-
ics are not attractive enough to compel investment in CHP,
security is the deciding factor and economic benefit is a by-
product. In any case, security is recognized as an important
benefit of CHP and one likely to become even more critical
in the future. The DOE CHP program should fully recognize
this fact and direct efforts at reducing the cost and improving
the performance of interconnection technology to allow CHP
systems to safely operate both grid-parallel and grid-isolated
as well as on network systems. The current DOE systems
integration program has not emphasized security enough,
although all CHP R&D will tend to provide some security
benefit. The panel feels security should be a much more
important program goal.

PROGRAM OBSERVATIONS

In addition to applying the committee’s methodology to
DOE’s CHP program for estimating prospective benefits, the
panel also discussed at some length the focus of the program
and the projects being funded. As a result of these discus-
sions, the panel suggests that DOE consider addressing the
following items as it selects CHP projects for funding that
could improve both program payback and ultimate program
success:

1. Electrical energy is worth approximately three times
as much as thermal energy. Overall system efficiency is less
important than knowing the relative amounts of electrical
and thermal energy. A system with 38 percent electrical ef-
ficiency and 32 percent thermal efficiency creates a much
higher value and shorter payback than a system with 26 per-
cent electrical efficiency and 44 percent thermal efficiency
even though both have an overall efficiency of 70 percent.

2. In calculating payback, it is important to know the
electrical load factor. Clearly a system operating 24 hours
per day will have a much shorter payback than a system
operating 12 hours per day.

3. In calculating payback, it is important to know the
thermal load factor and how this profile coincides with the
electrical load profile. When the thermal load drops to zero,
as can happen in comfort conditioning in mild weather, the
fuel cost of electricity effectively doubles.

4. To optimize payback and load profiling (items 2 and
3 above), it might be advantageous to power only part of a
facility’s electrical load and leave the rest to be powered by
the local utility company. With fewer or smaller generator
sets online, less heat would be produced, thus more closely
matching the minimal thermal load profile. Correspondingly,
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steady electrical loads with flat load factors maximize total
kilowatt-hours produced and minimize payback. Thus, pow-
ering selective steady loads such as lighting will produce the
greatest return on investment.

5. Capital cost can be reduced by eliminating redundant
CHP units. If lighting is the load to be served by CHP, loss
of one generator set may reduce the lighting level but the
facility will continue to operate. The need for redundancy is
reduced.

6. The heat rejected from most prime movers is at a
lower temperature than the heat from a fired boiler or water
heater. As the final exhaust temperature is typically 300- F to
prevent condensation and acid corrosion, the percentage of
heat that can be recovered is less than with a fired boiler or
water heater. However, if the exhaust heat is used in a dry-
ing, baking, or preheating operation, the 300- F limitation no
longer applies and the thermal efficiency is much higher. In
addition, when the exhaust heat exchanger is eliminated, the
capital cost is lower.

DOE should consider working more closely with utilities
to encourage utility ownership of CHP systems. Paralleling
CHP with the utility grid eliminates the need for redundant
units, improves system efficiency by allowing the equipment
to follow thermal load, and improves facility security by
providing an independent source of electricity. If the utility
owns and/or operates the CHP systems, it can dispatch them
as needed to maximize overall efficiency and minimize pol-
lutant emissions. It can also use them as peaking units when
necessary. Utility ownership of distributed generation would
be consistent with the obligation of utilities to serve the pub-
lic. DOE should support replicable pilot applications where
there are offsetting capital costs for, say, standby generators
in hospitals or standby generators and uninterruptible power
systems in data centers. DOE should address the problem
of institutional barriers and work with regulatory agencies
and utilities to eliminate or reduce them. The panel further
observed that

* Funding for CHP from entities other than DOE was
fairly easily identified, with many states investing more in
CHP than DOE.

* NEMS and MARKAL are reasonable models for ex-
amining the integration of larger technologies and energy
systems into the U.S. energy markets. However, to properly
evaluate the potential of niche CHP technologies to penetrate
the marketplace, more specific models must be used. These
systems might do well to address regional issues associated
with technology use and factors related to electrical system
security and reliability.

* DOE staff and contractors made an effort to tease out
the benefits of the CHP program that the panel was interested
in (simple approach to estimating benefits), which made the
panel’s work more manageable.
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The panel reached the following conclusions on technical
risks:

* The best results of the DOE program will be realized
where CHP exhaust heat is used for drying and baking food
products, preheating combustion air for large conventional
boilers, or inputting to spray dryers. The fuel cost per kilo-
watt-hour of CHP systems is lowest in these applications, and
electrical efficiency is less critical. Equipment costs will be
less also, as there is no downstream heat transfer.!!

* The economics of a conventional CHP system with
an exhaust-heat water heater is more difficult. The cost is
significantly higher, from the addition of the downstream
heat transfer to the need for more installation engineering.
Also, either a utility interface or a redundant unit is gener-
ally required.!?

OBSERVATIONS ON THE PROSPECTIVE BENEFITS
METHODOLOGY

The panel found the prospective benefits methodology
and matrix framework to be workable and generally easy to
understand. It found the application of the methodology to be
valuable in helping to quantify the expected benefits of the
end-use system integration and interface aspects of DOE’s
CHP program. Nonetheless, the panel struggled with several
key issues that required extensive discussion and additional
information from DOE. While the overall efficiency and
payback goals of the program are clearly stated, the CHP
program strategies do not clearly align with the goals, mak-
ing it more difficult to apply the methodology to the program.
For example, the 70 percent system efficiency and the 4-year
financial payback goals by 2008 are defined for different ap-
plications in different market segments. Goals might be met
in one market segment sooner than in another. Also, without
a clear cost goal (equivalent to a CHP system cost per unit
of output), the payback goal is not well enough defined. The
DOE articulation of goals made it difficult for the panel to
consider assigning probabilities to technical achievement

Further, the recuperator, which is expensive, might be unnecessary, and
the processes to which CHP is applied generally have high load factors. A
major advantage is the ability to provide enough power to keep processes
operating if the grid fails. With air bearings, there are no lubricants in the
gas turbine to contaminate food products. A 25 percent efficient CHP sys-
tem has an operating cost of less than six cents per kWh if it is assumed
that CHP electricity generation costs 5.42¢/kWh for fuel and 0.5¢/kWh for
maintenance. If CHP displaces 16 cent electricity, the saving is 10¢/kWh,
or $800/kW per year based on 8,000 operating hours per year. This is highly
scaleable.

12The way around this is to use CHP to serve selective loads such as light-
ing; connecting just enough lights to the generator set to exactly match the
maximum continuous rating of the generator set. As a result, a CHP system
failure simply reduces the amount of lighting available rather than having
the building go dark. No paralleling, load sharing, load shedding, redundant
unit, or utility interface is needed. Lighting is a very large market with high
load factors and no step loads. Enough CHP can be installed to match the
thermal load for maximum efficiency.

and market penetration. Also, because CHP penetration will
vary depending on the relative costs of electricity and natural
gas, as well as on electricity system constraints, probabilities
were not easily assigned across the national market. The
panel suggests that DOE consider setting a system cost goal
(cost per kilowatt or per million Btu) rather than payback.
The panel also suggests that the NRC consider applying
the prospective benefits methodology to larger DOE R&D
programs, not to subprogram components.

The panel decided to expand the benefits matrix to in-
clude a fourth scenario, Constrained Electricity, which it
believes would more accurately capture the full benefits of
DER technology generally and CHP in particular. Since the
benefits of CHP are more regional than national, perhaps
CHP program goals could be specified regionally, with ap-
plications focused on particular market segments in different
parts of the country. This regional specification of the CHP
goal would have greatly simplified the probability estimates
of the expert panel members. In addition, the committee
might consider selecting for review using its methodology
DOE R&D programs that are national in scope and whose
success is not highly dependent on where they are.

ATTACHMENT A
PANEL MEMBERS’ BIOGRAPHIES

Paul A. DeCotis, Chair, is director of energy analysis at
the New York State Energy Research and Development
Authority (NYSERDA), where he oversees statewide energy
planning and policy analysis, corporate strategic planning,
program evaluation, and energy emergency planning and
response. Prior to joining NYSERDA, Mr. DeCotis was
chief of policy analysis at the New York State Energy Office.
He is the record access officer to the State Energy Planning
Board and chair of the Interagency Energy Coordinating
Working Group, made up of staffs of the New York state
departments of public service, environmental conservation,
transportation, and economic development, which is charged
with preparing New York’s energy plan. He is also a member
of the New York Independent System Operator (NYISO)
Management Committee, the Business Issues Committee,
and the Energy Working Group of the Coalition of North-
eastern Governors (CONEG). Mr. DeCotis is president of
Innovative Management Solutions, a management consult-
ing practice, specializing in strategic planning and policy
development, mediation, and organizational and executive
management training and development. He is an adjunct
professor in the MBA program at the Sage Graduate School
and in the Public Policy Department at Rochester Institute
of Technology, and was formerly at the School of Industrial
and Labor Relations at Cornell University. He is currently on
the board of directors of the Association of Energy Service
Professionals, serving as executive vice president and U.S.
Department of Energy experts review panel chair for the
Weatherization Program evaluation. Mr. DeCotis was past
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peer review panel chair of the U.S. DOE Federal Energy
Management Program, and was also a member of the Com-
mittee on Prospective Benefits of DOE’s Energy Efficiency
and Fossil Energy R&D Programs. He has a B.S. in inter-
national business management from the State University of
New York College at Brockport, an M.A. in economics from
the State University at Albany, and an M.B.A. in finance and
management studies from Russell Sage College.

James W. Dally (NAE) has had a distinguished career in
industry, government, and academia and is the former dean
of the College of Engineering at the University of Rhode
Island. Dr. Dally is Glenn L. Martin Institute Professor of
Engineering (emeritus) at the University of Maryland at
College Park. His former positions include senior research
engineer, Armour Research Foundation; assistant director of
research, Illinois Institute of Technology Research Institute;
and senior engineer, IBM. Currently, he is also an indepen-
dent consultant. Dr. Dally is a mechanical engineer and the
author or coauthor of six books, including engineering text-
books on experimental stress analysis, engineering design,
instrumentation, and the packaging of electronic systems,
and has published approximately 200 research papers. He
has served on a number of NRC committees and is currently
on the Panel on Air and Ground Vehicle Technology for the
Army Research Laboratory Technical Assessment Board and
on the Committee on Review of Federal Motor Carrier Safety
Administration’s Truck Crash Causation Study. He has a B.S.
and an M.S. from the Carnegie Institute of Technology and a
Ph.D. from the Illinois Institute of Technology.

Marija Ili¢ holds a joint appointment at Carnegie Mellon
as professor of electrical and computer engineering and
engineering and public policy, where she has been a tenured
faculty member since October 2002. Her principal fields of
interest include electric power systems modeling; design
of monitoring, control, and pricing algorithms for electric
power systems; normal and emergency control of electric
power systems; control of large-scale dynamic systems; non-
linear network and systems theory; and modeling and control
of economic and technical interactions in dynamical systems
with applications to competitive energy systems. She is an
IEEE fellow and an IEEE distinguished lecturer, as well as a
recipient of the First Presidential Young Investigator Award
for Power Systems. In addition to her academic work, Dr.
Ili¢ is a consultant for the electric power industry and the
founder of New Electricity Transmission Software Solution,
Inc. (NETSS, Inc.). From September 1999 until March 2001,
Dr. Ili¢ was a program director for control, networks and
computational intelligence at the National Science Founda-
tion. Prior to her arrival at Carnegie Mellon, Dr. Ili¢ held the
positions of visiting associate professor and senior research
scientist at the Massachusetts Institute of Technology. From
1986 to 1989, she was a tenured faculty member at the Uni-
versity of Illinois at Urbana-Champaign, where she taught
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since 1984. She has also taught at Cornell and Drexel. She
has worked as a visiting researcher at General Electric and as
a principal research engineer in Belgrade. Dr. I1i¢ has coau-
thored several books on large-scale electric power systems.
Dr. 1li¢ received her M.Sc. and D.Sc. degrees in systems
science and mathematics from Washington University in St.
Louis and earned her M.E.E. and engineering diploma from
the University of Belgrade.

Lester B. Lave (IOM) is the Harry B. and James H. Higgins
Professor of Economics and University Professor; director,
Carnegie Mellon Green Design Initiative; and codirector,
Carnegie Mellon Electricity Industry Center. His teaching
and research interests include applied economics, political
economy, quantitative risk assessment, safety standards,
modeling the effects of global climate change, public policy
on greenhouse gas emissions, and understanding the is-
sues surrounding the electric transmission and distribution
system. He is a member of the Institute of Medicine and
a recipient of the Distinguished Achievement Award of
the Society for Risk Analysis. He has a B.S. in economics
from Reed College and a Ph.D. in economics from Harvard
University.

Robin Mackay was the founder of Capstone Turbine Corpo-
ration in 1988 and served as vice president of marketing until
he retired in 1996. He also served on the board of directors
from the company’s inception until 2000, when it went pub-
lic. Prior to that Mr. Mackay spent 24 years with the Garrett
Corporation (later AlliedSignal Aerospace, now Honeywell),
where he was director of industrial market development. He
was responsible for the sale of several hundred gas turbine
generator sets into cogeneration applications, as well as
booking research contracts for advanced concepts such as
microturbines, gas-turbine-driven air conditioners, closed-
cycle gas turbines, subatmospheric gas turbines, and gas
turbines mounted on air bearings. Prior to that he spent 6
years with Boeing, where he sold, installed, and brought
on line the first all-turbine cogeneration system using two
140-kW Boeing gas turbines in 1962. Mr. Mackay graduated
from McGill University with a degree in mathematics and
economics. He holds eight patents and has two pending. He
has authored numerous papers for the SAE, ASME, AEE,
and other organizations. The most recent is a paper entitled
“High Efficiency Vehicular Gas Turbines,” presented at
SAE’s Future Transportation Technology Conference in
September. Mr. Mackay has a small company, Agile Tur-
bine Technology, LLC, in Manhattan Beach, California.
Agile cooperates with other companies who wish to use Mr.
Mackay’s patents.

Ali Nourai received his doctorate in engineering from the
Rensselaer Polytechnic Institute in 1978. He is a strategic
technology consultant in American Electric Power and is
responsible for distributed generation and energy storage
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programs. During his 26 years of activities in the utility
industry, Dr. Nourai has developed and applied many tech-
niques to improve the energy efficiency and performance of
power systems. He holds seven patents and has published a
number of technical papers. He works closely with the en-
ergy storage program in DOE’s Office of Electricity Delivery
and Energy Reliability and serves as a regular peer reviewer
for the energy storage projects of DOE. He is a registered
professional engineer in the state of Ohio and received the
Walter Fee Award from IEEE’s Power Engineering Society
for professional contributions and technical competence
through significant engineering achievements.

Terry Surles is currently director for the Pacific International
Center for High Technology Research. PICHTR’s activities
focus on the demonstration and deployment of renewable
energy technologies in Pacific island nations (PINs). These
activities also include technical training and capacity build-
ing for PIN nationals for the operation and maintenance of
renewable energy systems. Previously, he was vice president
at the Electric Power Research Institute (EPRI) and its sub-
sidiary, the Electricity Innovations Institute. Before joining
EPRI, Dr. Surles was program manager at Public Interest En-
ergy Research (PIER) and assistant director for science and
technology of the California Energy Commission. Dr. Surles
was the associate laboratory director for energy programs
at Lawrence Livermore National Laboratory, following his
time at the California Environmental Protection Agency as
deputy secretary for science and technology. Dr. Surles was
at Argonne National Laboratory for a number of years, hold-
ing a number of positions in the energy and environmental
systems area, with his last position being general manager for
environmental programs. Dr. Surles holds a B.S. in chemistry
from St. Lawrence University and a Ph.D. in chemistry from
Michigan State University. He was a member of the Phase
One committee.

Gunnar Walmet has been with the New York State Energy
Research and Development Authority (NYSERDA) for over
20 years. He has been the director of NYSERDA'’s industry
and buildings R&D programs since 1989. These two R&D
programs helped companies implement dozens of innovative,

energy-efficient, environmentally beneficial technologies
and processes. Many of NYSERDA'’s industry and building
projects have resulted in patents and awards, including “The
Best of What’s New” award by Popular Science, DOE’s Na-
tional Award for Energy Innovation, and the Governor’s Pol-
lution Prevention Award, as well as awards from such diverse
groups as R&D 100, the National Center for Appropriate
Technology, the American Society of Mechanical Engineers,
Renew America, and the U.S. Environmental Protection
Agency. The work has resulted in several new businesses,
thousands of jobs created or saved, and tens of millions of
dollars in product sales each year. Successful buildings R&D
projects include creating the internationally renowned Light-
ing Research Center at Rensselaer Polytechnic Institute; de-
veloping the nation’s first non-ozone-depleting supermarket
refrigeration and air-conditioning system; commercializing
a pulse combustion boiler and a gas-fired hydronic boiler;
developing several district heating systems; and innovative
programs in demand reduction and real-time pricing. The
industry program has been instrumental in developing a
radio-frequency induction heating system, commercializing
an adaptive controller for resistance welding, constructing
the state’s first full-scale indoor fish-production facility, an
academic center for remanufacturing technology, develop-
ing and demonstrating an environment-friendly paint booth
for solvent-based coatings, and developing an optical lens
system to monitor wafer contamination in semiconductor
production. Under Mr. Walmet, NYSERDA has also imple-
mented the nation’s most aggressive program to promote
CHP, or cogeneration, and to demonstrate superconducting
power systems. Prior to joining NYSERDA, he was an en-
gineer at GE’s R&D Center and Medical Systems Division
in Schenectady, where he helped develop a new membrane
blood oxygenator for use in open-heart surgery, helped
design the gas cleanup train for a pilot-scale coal gasifier,
and developed biogas purifying systems. His research at
GE resulted in 14 issued patents. In 2003 Mr. Walmet won
national recognition from the American Council for an En-
ergy-Efficient Economy, which named him a Champion for
Energy Efficiency. He has an M.S.M.E. from Union College
and a B.S.ML.E. from Trinity College.
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Report of the Panel on DOE’s Light-Duty Vehicle Hybrid
Technology R&D Program

Basic hybrid electric vehicle (HEV) technology is rela-
tively well established today and is reasonably well recog-
nized by consumers owing to publicity surrounding the
Toyota Prius and other hybrid light-duty vehicles now on the
market or soon to be introduced. Current market penetration
of HEVs in the United States is less than 2 percent of new
vehicles, but it is increasing rapidly, assisted by significant
federal and state incentives and to some extent by industry
subsidies such as repair/warranty cost absorption. Extensive
R&D on technologies for hybrid vehicles is being conducted
around the world by automotive companies and their sup-
pliers, as well as by government programs such as DOE’s
FreedomCAR and Vehicle Technologies (FCVT) program.

INTRODUCTION AND OBJECTIVE OF STUDY

The Panel on Prospective Benefits of DOE’s Light-Duty
Vehicle Hybrid R&D Technology Program is one of six ex-
pert panels convened under the auspices of the Committee on
Prospective Benefits of DOE’s Energy Efficiency and Fossil
Energy R&D Programs (Phase Two) to conduct a beta test
of the committee’s methodology for assessing prospective
benefits of R&D programs. The NRC-appointed panel, com-
posed of nine members with a mix of industrial and academic
experience (see Attachment A), was asked to assess the po-
tential benefits of DOE’s R&D activities that are focused on
HEYV technologies using more efficient internal combustion
engine (ICE) power trains for light-duty vehicles.

The panel met in Washington, D.C., on October 3 and 4
and November 7 and 8, 2005. Both meetings included open,
information-gathering sessions attended by DOE headquar-
ters staff and contractors. The DOE representatives briefed
the panel on light-duty vehicle R&D programs within the
Office of Energy Efficiency and Renewable Energy (EERE)
and on the approach used by DOE to estimate the prospective
benefits of these programs in accordance with the require-
ments of the Government Performance and Results Act
(GPRA).
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The panel received guidance from its parent committee in
developing its meeting agendas and applying the prospective
benefits methodology. Its work was facilitated by a consul-
tant who assisted all six panels and was, therefore, able to
ensure consistency in the application of the methodology. In
assessing the likelihood of technical success for DOE’s R&D
programs, the panel drew on its own expert judgment and on
the findings of the recent review of the research program of
the FreedomCAR and Fuel Partnership (NRC, 2005b). That
review included more detailed assessments of the current
status of and future prospects for DOE’s R&D on light-duty
hybrid vehicle technologies than were possible within the
time and resource constraints of the current effort.

The panel’s detailed comments on the prospective benefits
methodology are included later, but some observations are
made here to set the context for the remainder of this report.
The panel found that, in general, the methodology provided
a good framework for establishing upper and lower bounds
on the ultimate impact of the DOE program and for focused
conversations among panel members and DOE representa-
tives. However, the panel emphasizes that there is significant
uncertainty in the estimate of prospective benefits of DOE’s
program, measured in terms of reductions in fuel consump-
tion. These benefits depend not only on the success of the
research itself—its timely achievement of technical and
cost goals—but also on factors beyond DOE’s control, in-
cluding the outcomes of research being conducted by other
organizations around the world and the timing and rate of
commercialization of new vehicle technologies. The benefits
will also depend on the future market penetration of light-
duty hybrid vehicles, which is likely to be affected by factors
such as oil prices, emissions regulations, and fuel economy
standards. Estimates of anticipated benefits of research often
depend on expert judgment regarding numerous technical
and market factors about which there is considerable uncer-
tainty. In the present case, the number of vehicles potentially
affected is very large, because 16 million to 17 million new
light-duty vehicles are sold in the United States each year.
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Thus, relatively small differences in the probability of re-
search success or in the market penetration rate—both of
which are difficult to estimate with certainty—result in large
differences in estimates of overall benefits. Consequently,
the panel cautions that the quantitative results presented in
its report should be considered in the context of a range of
potential outcomes, not as a precise prediction of the results
and benefits of the research program.

SUMMARY OF DOE PROGRAM ON LIGHT-DUTY
VEHICLE HYBRID TECHNOLOGY

DOE’s R&D on technologies for light-duty hybrid ve-
hicles with ICE power trains is conducted under the auspices
of the FCVT program in EERE. The mission of the FCVT
program is to “develop more energy-efficient and envi-
ronmentally friendly highway transportation technologies
that enable America to use less petroleum” (DOE, 2005c,
pp- 1-13). Within the broad context of the FCVT program,
light-duty hybrids with gasoline or diesel-fueled ICE power
trains are seen as a step on the transition pathway toward
the ultimate goal of fuel-cell-powered vehicles running on
hydrogen.

Because the FCVT program comprises much more than
R&D for light-duty ICE hybrids, the panel’s first step in
analyzing the materials received from DOE was to decide
which parts of the program to include in its assessment.
The FCVT budget for R&D related to passenger vehicles
covers work on energy storage (high power energy storage,
advanced battery development, and exploratory technology
research), advanced power electronics and electric motors,
materials (automotive lightweight materials and automotive
propulsion materials), advanced combustion and fuels, and
systems.! The panel selected three of these areas on which to
base its assessment: high power energy storage, automotive
lightweight materials, and advanced combustion and fuels.

The reasons for selecting these three technical areas
are twofold. First, in the panel’s judgment, these areas are
concerned with critical technologies for more fuel-efficient
light-duty vehicles. Second, they consistently received the
largest share of the FCVT funding for passenger vehicles
in FY02, when the FCVT program was initiated, through
FYO05.2 Over that 4-year period, high power energy storage
received 20 to 22 percent of each year’s funding (a total of
$69 million), automotive lightweight materials received 18
to 21 percent of annual funding (a total of $62 million), and
advanced combustion and fuels received 25 to 30 percent of

'Ed Wall, director DOE Office of FreedomCAR and Vehicle Technolo-
gies, “Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy
R&D Programs (Phase Two),” Presentation to the panel, October 3, 2005,
Washington, D.C.

2Ed Wall, director DOE Office of FreedomCAR and Vehicle Technolo-
gies, “Prospective Benefits of DOE’s Energy Efficiency and Fossil Energy
R&D Programs (Phase Two),” Presentation to the panel, October 3, 2005,
Washington, D.C.

annual funding (a total of $88.5 million). DOE’s FY06 bud-
get request indicates a continuing emphasis on these three
technology areas.?

At the second panel meeting, DOE representatives ques-
tioned the panel’s decision to focus on three technology
areas rather than on the entirety of EERE’s R&D on light-
duty vehicles with ICE power trains. The panel considers
its approach appropriate for the purposes of the present
assessment, in which reduced fuel consumption is the met-
ric of success. The technology areas selected are critical if
light-duty hybrid vehicles are to achieve greater commercial
success. DOE’s research in these three areas could result in
faster and/or broader market penetration by hybrid vehicles,
and important fuel savings could result.* The panel sees
DOE’s role as focused on high-risk R&D on critical tech-
nologies, while leaving to others relatively low-risk technol-
ogy development and the integration of vehicle subsystems
into a marketable product.

DOE PERFORMANCE GOALS AND PANEL
ASSESSMENTS OF THE TECHNICAL AND MARKET
RISKS

DOE and its industry partners have developed perfor-
mance goals for activities under the FCVT program. These
goals comprise target dates, technical characteristics, and
cost. The panel identified this last factor as particularly im-
portant, because the biggest challenge to market acceptability
of hybrid vehicles is likely to be the incremental vehicle cost
of achieving adequate vehicle performance, safety, and dura-
bility. As noted in the recent review of the research program
of the FreedomCAR and Fuel Partnership (NRC, 2005b), the
cost savings projected to be attributable to the higher fuel
mileage of HEVs will probably not offset the higher initial
cost of the vehicle at foreseeable fuel prices. Thus, further
cost reductions may be necessary for hybrid vehicles to gain
widespread acceptance and have a significant impact on fleet
fuel mileage. The following sections identify the relevant
DOE performance goals and discuss the panel’s assessments
of technical and market risk for each of the three technical
areas identified earlier—namely, high power energy storage,
automotive lightweight materials, and advanced combustion
and fuels.’

3The next largest budget category from FY02 through FY05 was ad-
vanced power electronics and electric motors, which received 16 to 17
percent of the budget each year (a total of $54 million). Other categories
each received less than 10 percent of annual funding.

4As discussed below, improvements in energy efficiency resulting from
DOE’s program may be manifested in the marketplace as vehicle attributes
that are even more attractive to the consumer than greater fuel economy.

SThe benefits of DOE’s R&D may extend to vehicles with conventional
power trains.
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High Power Energy Storage

Hybrid vehicle drive trains use three main technolo-
gies: energy storage (batteries), electric motors, and power
electronics. Of the three, the panel chose to focus on energy
storage (batteries) as a surrogate for electric hybrid drive
technology because, in the panel’s view, battery technology
presented the largest technical and cost hurdles. Nonetheless,
significant cost and technical concerns also exist with electric
motors and power electronics.

DOE Performance Goals

DOE’s performance goal for hybrid energy storage is to
develop, by 2010, electric drive train energy storage with
15-year life at 300 Wh with discharge power of 25 kilowatt
(kW) for 10 seconds and at a cost of $20 per kilowatt (/kW)
(DOE, 2005c). DOE activities on light duty vehicle hybrid
technology aims to demonstrate technical achievements
and to use cost modeling to determine whether cost targets
could be achieved if the technology were implemented on a
large scale. The panel notes that achievement of DOE’s per-
formance goal would not eliminate technical risk or assure
market availability of the technology at the stated target, and
that several additional years (from 3 to 10) would be neces-
sary for scale-up to high-volume vehicle production.

Technical Risks

Chemical batteries and ultracapacitors are the primary
alternative devices for energy storage in HEVs. In addition
to the energy storage requirements, technical challenges
include cost, durability (number of charge cycles before
performance deteriorates), low-temperature operation, and
safety. Adequate durability (for example, 15-year calendar
life or 150,000 miles) is essential, because the cost of battery
replacement—approximately the same as replacing today’s
conventional engine—would be a serious market deterrent
to hybrid vehicles. Ultracapacitors have excellent durability,
power capability, low-temperature performance, and safety,
but are considered unlikely to achieve the cost objective in
the foreseeable future. Nickel metal hydride (NiMH) bat-
teries are relatively well developed today and commercially
available, but they are projected by DOE to have little chance
of meeting the long-term cost objective and 15-year durabil-
ity. DOE anticipates that lithium ion (Li ion) or equivalent
technology is necessary to meet the cost target of $20/kW.
Other emerging energy storage technologies, such as lithium-
sulfur batteries or a combination of batteries and capacitors,
may be necessary to achieve the cost and performance
targets.

The recent review of the FreedomCAR and Fuel Partner-
ship notes that efforts directed to the development of new
materials and electrochemical couples in DOE’s electrical
energy storage program present “the best chance to remove
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the major barriers of abuse tolerance, cost, and calendar life
for high-power batteries” (NRC, 2005b, p. 77). The panel
agrees that the fundamental research being supported by
DOE may play a significant role in identifying potential
breakthrough storage technologies.

In the panel’s judgment, DOE’s technical and cost targets
are unlikely to be achieved by 2010 because proven NiMH
technology is unlikely to achieve the cost targets and 15-
year life. The next-generation battery technology (Li ion)
still has significant limitations, including safety and low-
temperature performance, that require further development
before volume commercialization. Li ion battery technology
is more likely to be developed in an additional 10 years (i.e.,
by 2020), but even with the extended time frame, achieving
the cost targets will still be difficult. For example, achieving
adequate low-temperature performance and safety may entail
added costs for enhancing the battery system.

To reflect these important technical risks associated with
meeting DOE’s performance goal, the panel estimated the
probabilities of three alternative outcomes (see later discus-
sion of decision tree):

* Meeting the performance goal by 2010,

* Meeting the performance goal by 2020, and

* Meeting the technical targets but a less aggressive cost
target ($28/kW instead of $20/kW) in two time frames (pres-
ent through 2010 and through 2020).

Market Risks

Adequate vehicle performance is essential for market
acceptance of hybrid vehicles. The performance of well-
engineered hybrids is generally considered acceptable and
sometimes superior to that of CVs, but under some driving
conditions (e.g., up long hills) the limited battery energy stor-
age may be unable to maintain adequate performance.

Other market risks associated with hybrid vehicle drive
trains include unknown durability because of the greater
complexity associated with the battery, electric motor, and
power electronics. Adequate battery durability (15-year
calendar life) is essential, because the high replacement
cost—approximately that of replacing today’s conventional
engine—would be another serious market deterrent to hybrid
vehicles.

Automotive Lightweight Materials

The Automotive Lightweighting Materials activity covers
a broad range of structural materials for body, chassis, and
power train (engine and transmission) applications. The gen-
eral objective is to reduce the weight of passenger vehicles
without sacrificing performance, safety, or the recyclabil-
ity. Another very challenging goal is to achieve significant
weight reduction at little or no added cost. Weight reduction
can be an important enabler for reducing a vehicle’s fuel con-
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sumption, but, in general, vehicle manufacturers have been
reluctant to use advanced lightweight materials because they
are more expensive than conventional mild steel. A 5 percent
reduction in vehicle mass can yield fuel savings of between
3 and 4 percent (Sovran, 2003). But premium materials add
significant cost. For example, aluminum typically costs 1.3
to 2.0 times as much as steel, magnesium costs 1.5 to 2.5
times as much, and carbon-fiber-reinforced composites cost
2.0 to 10.0 times as much (NRC, 2005b, Table 3-7). There-
fore progress in reducing the costs of lightweight materials,
coupled with progress in reducing their fabrication and as-
sembly costs, will expand their application.

Materials activities include R&D in high-strength steel,
aluminum, and both glass- and carbon-fiber-reinforced
composites for body and chassis applications. Additional
research is focused on cast aluminum and magnesium,
aluminum metal matrix composites, titanium, and other
advanced materials for potential drive-train and power-plant
applications.

DOE Performance Goals

The specific goals for body, chassis, propulsion, and fuel
system applications have been outlined by DOE (2005c). The
embodiment of individual research objectives into systems
applications to automotive vehicles will yield reductions
in total vehicle weight. The system goals evaluation by the
panel are as follows: By 2012, develop and validate advanced
material technologies that will do the following:

* Enable reductions in the weight of body and chassis
components of at least 60 percent and overall vehicle weight
of 50 percent (relative to comparable 1997 vehicles);

» Exhibit performance, reliability, and safety characteris-
tics comparable to those of conventional vehicle materials;
and

* Enable commercially available aluminum, lightweight
metal alloys, high-strength steels, and glass- and carbon-fiber
composite materials with life-cycle costs equivalent to that
of conventional steel.

These performance improvements are referenced to a typi-
cal 1997 vehicle, for which the weight of the three primary
components breaks down approximately as follows: (1) the
complete body, 35 percent (the body-in-white—the body
shell without doors, glass, or other closures such as hoods,
trunk lids, and tail gates—is about 20 percent); (2) the chas-
sis, 34 percent; and (3) the power train, 27 percent (NRC,
2000, p. 47).

Technical Risk

Clearly, to achieve a 50 percent weight reduction of the
complete vehicle, it is necessary to make significant reduc-
tions in all three main components. If no weight reduction

can be achieved in the power train (as might be the case for
a hybrid vehicle, for example), the body and chassis weight
must be reduced by substantially more than 50 percent to
achieve an overall 50 percent weight reduction; this goal is
extremely aggressive. For that reason, the panel elected to
consider three levels of vehicle weight reduction: 10 per-
cent, 25 percent, and a stretch goal of 50 percent. The panel
assumed in each case that cost parity would be achieved
and that vehicle structural performance requirements and
recyclability goals would be met. It is logical to assume that
manufacturers will apply premium materials in increasing
order of cost/benefit. For example, it should be possible to
achieve a weight reduction of 10 percent through the applica-
tion of high-strength steels in the body and chassis. A more
aggressive application of high strength steel and the use of
aluminum for closures, as well as reductions in power-train
weight, might be necessary to achieve a 25 percent weight
reduction. Previous studies showed that extensive applica-
tion of carbon-reinforced composites in the body and chassis
would be required to achieve the very aggressive goal of
50 percent vehicle weight reduction (NRC, 2000, 2005b,
Table 3-7).

In body applications, high-strength steel has been shown
to meet mechanical performance requirements (e.g., stiff-
ness, crashworthiness). Indeed, in some production vehicles
today, the body-in-white contains as much as 50 percent
high-strength steel. Aluminum has seen extensive light-duty
vehicle application, although in more restricted volumes due
to its higher cost. Certain manufacturing issues (such as join-
ing) also mean that aluminum has been used primarily for
closures in high-volume applications. However, some lower
volume vehicles have been aluminum intensive, proving the
viability of an all-aluminum body. Carbon-reinforced com-
posites have not seen extensive application in high-volume
automotive products for several reasons. The material costs
remain very high, and there are no high-volume fabrication
and assembly systems for composite-intensive vehicles (this
issue is discussed in more detail under the next subsection
on market risks). While the panel does not believe that the
technical goal of a 50 percent reduction in vehicle weight
can be achieved by 2012, it assigned nonzero probabilities
for success in achieving intermediate goals of 10 percent and
25 percent by 2012.

DOE research in materials has contributed to the applica-
tion of high-strength steels, aluminum, and glass-reinforced
composites in vehicles and is expected to eventually con-
tribute to vehicle weight reduction. Because DOE research
in weight reduction of power-train components and other
smaller components can be used across a broad range of
vehicle applications, not just in light-duty or hybrid vehicles,
the panel believes it is more likely to lead to success and
reflected this opinion in its assignment of probabilities on
the decision tree branch with DOE funding. However, the
panel also believes that applications of high-strength steels
and aluminum in the body or chassis require little additional
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research—as noted above, these materials are already in
production. The panel expects, moreover, that material sup-
pliers and automobile manufacturers will continue to focus
on further reductions in manufacturing costs, even without
DOE participation.

Market Risks

Automobile manufacturers have been slow to utilize
lightweight materials in body and chassis applications for
several reasons. Certainly, cost has been an impediment. For
body and chassis applications, perhaps the most important
impediment is that the introduction of new materials impacts
the existing fabrication and assembly processes. Market frag-
mentation has forced manufacturers to increase their ability
to fabricate and assemble multiple body styles on a single
assembly line. This is done using advanced assembly sys-
tems and technologies that have been refined for application
to a steel body. This manufacturing footprint is amenable to
the introduction of high-strength steels with little disruption.
Furthermore, it can accommodate aluminum closures (doors,
hoods, deck lids) with minimal disruption. On the other hand,
to convert fabrication and assembly systems to accept car-
bon- or glass-reinforced composites would require a major
development activity to prove the feasibility of manufactur-
ing composite-intensive bodies in high volume. Commer-
cialization would require an enormous capital investment
for converting assembly plants. The panel is not aware of
any significant development activity that would enable such
a transformation in vehicle body manufacturing. For this
reason, it believes that extensive application of advanced
composites in vehicle bodies is virtually impossible by 2012.
This would limit vehicle weight reduction opportunities to
well below the 50 percent goal. This conclusion is consis-
tent with the findings of the Committee on Review of the
FreedomCAR and Fuel Research Program (NRC, 2005b).

In addition to capital costs, ease of implementation is
important for the introduction of new technology into high-
volume production. This explains why manufacturers have
relied primarily on continuous improvement of the power
train for efficiency improvements (NRC, 2001). For new ma-
terial systems, first applications will occur in subsystems and
components that can be easily integrated into final assembly.
Early applications will probably occur in systems that are
not safety critical until field experience can assure that the
material systems will not degrade overall product safety.
Applications to specialty vehicles can provide valuable field
experience, but low-volume production may not easily carry
over to high-volume applications unless the manufacturing
technology is scalable.

The price of fuel can influence the rate at which new
lightweight systems are commercialized. The panel noted
that light-duty vehicle weight has remained nearly con-
stant over the past several years (EPA, 2005). In fact, U.S.
vehicle fleet weight has increased with the shift from cars
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to trucks and sport utility vehicles, although this trend may
begin to reverse itself with the current relatively high cost
of gasoline. To improve overall vehicle performance, auto-
mobile manufacturers have focused more on improving the
efficiency of the power train than on material substitution
(NRC, 2001). Indeed, in the recent past, they have used the
improvements in engine efficiency to enhance performance
rather than improve fuel economy (EPA, 2005). Therefore,
a significant market risk is that weight savings through
material substitution may not be applied in high volume ap-
plications if fuel costs remain similar to those that prevailed
in the early 2000s. On the other hand, improvements in fuel
efficiency attributable only to power-plant and drive-train
improvements will eventually reach technological limits. At
that point, weight reduction technologies can provide very
important options for additional efficiency.

Finally, the panel notes that weight reduction will be an
important enabler for the market success of hybrid vehicles.
Purpose-built hybrid vehicles that optimize the entire vehicle
system for fuel efficiency will very likely achieve the greatest
market acceptance.

Advanced Combustion and Fuels

The focus of the engine, emissions, and fuels research
activities in FCVT is to support the development of improved
internal combustion engines that have the potential for high
efficiency while achieving near-zero emissions. Recognizing
that the engine and its fuel and emission control systems
are interdependent, the research also looks at potential ad-
vancements in emission control technologies and considers a
new generation of transportation fuels, both petroleum- and
nonpetroleum-based.

The ultimate goal of the FCVT program is to reduce
the U.S. dependence on petroleum-based fuels. Therefore,
particular attention is being paid to high-efficiency, compres-
sion ignition (diesel-like) engines and the trade-offs between
maximum thermal efficiency and engine-out exhaust emis-
sions, including a fundamental understanding of in-cylinder
combustion processes. Depending on the resulting level
of criteria pollutants and the chemistry of the exhaust gas,
which varies over a range of operating conditions, different
exhaust aftertreatment technologies, their conversion ef-
ficiencies, and durability issues must be considered.

However, in most cases, the fuel preparation (injection)
systems, intake air boosting systems, exhaust gas recircu-
lation (EGR) system (if needed), engine control systems
(fuel, boost, EGR, etc.), and aftertreatment systems (diesel
particulate filter, oxidation catalyst, NO -trap, selective
catalytic reduction, etc.) being researched represent signifi-
cant cost penalties compared to the port-injected, naturally
aspirated, three-way-catalyst power trains that dominate the
U.S. light-duty vehicle market, justifying the combustion,
aftertreatment, and fuels research being funded under the
FCVT program. Furthermore, the panel believes that a coop-
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erative effort between government, the automotive industry,
and the transportation fuels industry is necessary to expedite
advancements that can also be applied to more conventional
vehicles and future generations of hybrid vehicles (see also
NRC, 2005b).

DOE Performance Goals

The technical goals of the combustion, emission control,
and fuels activities are to demonstrate significant improve-
ments in engine peak- and part-load brake thermal effi-
ciencies (compared to current production, EPA-compliant,
gasoline-fueled engines) that meet Tier 2, Bin 5, emission
standards and 150,000-mile durability requirements and
can be produced at reasonable cost in high volume. Specific
targets include increasing peak brake thermal efficiency
from the levels found in production gasoline (about 33 or
34 percent) to 42 percent in 2007, 44 percent in 2009, and
45 percent in 2010. In addition, part-load—2 bar brake
mean effective pressure (bmep) at 1,500 rpm-brake thermal
efficiency is targeted to improve from about 20 to 22 percent
(for current, throttled, lambda-1-controlled power trains) to
27,29, and 31 percent in 2007, 2009, and 2011.

Technical Risks

Conversion to unthrottled, direct-injection diesel engines
has already demonstrated 40-42 percent peak brake thermal
efficiencies in light-duty passenger vehicles sold in Europe.
The technical risk is to accomplish this while controlling
full-load, lean, stratified combustion-generated particulate
and NO, emissions to stringent Tier 2, Bin 5, standards for
150,000 miles at a total power train cost of $30/kW. Further
advancements, approaching 45 percent peak brake efficiency
while minimizing the efficiency penalties associated with
existing lean-combustion aftertreatment systems, will be
extremely challenging. The technical target is to keep the
efficiency penalties associated with emissions control to
<3 percent in 2007 and <1 percent in 2009 and beyond.

The goal of achieving 45 percent peak brake efficiency
would require significant advancements in many areas,
including high-pressure, direct-injection fuel injection sys-
tems; more efficient boosting (turbocharging/supercharging)
systems; reduced friction components; reduction in parasitic
and accessory loads; higher strength/lighter weight power-
train materials to accommodate combustion pressures, which
could approach 220 bar or more; advanced fuel injection
and combustion process controls to support low-tempera-
ture combustion (LTC) processes; and new methods for
noise control. LTC methods, including homogeneous charge
compression ignition (HCCI), are interesting because they
could significantly reduce engine-out NO  emissions, which
would facilitate less complex and lower cost aftertreatments.
However, some LTC processes also produce high combus-
tion pressures, require extremely high boosting levels, and

still require aftertreatment for hydrocarbon and particulate
emissions. Since LTC has seen only limited applicability
under relatively low engine load conditions where combus-
tion stability can be maintained, the need for transition to
more conventional combustion processes under high-load
conditions may remain, which would still necessitate NO,
aftertreatment.

Additional R&D is required to define the petroleum and
nonpetroleum fuels that will facilitate the combustion per-
formance and decrease exhaust emissions needed to achieve
future fuel efficiency targets and the tightening of exhaust
emission standards. Programs must specify these fuels and
involve the fuels suppliers early on to avoid delays in com-
mercial introduction of more efficient engine systems.

For advanced conventional spark-ignited engines, higher
octane gasoline could be needed for turbocharged systems.
This could require gasoline with higher aromatics or ethanol
content, raising the question of cold-start performance in
winter. In addition, lower sulfur levels could be needed to
improve the performance of catalysts, depending on the oxy-
gen content of the exhaust gas and the potential for catalyst
poisoning. Sulfur content would be even more important if
spark-ignited LTC is employed, to minimize the potential for
particulate formation.

For HCCI-based LTC, a more volatile fuel with a higher
cetane number could be needed to enhance combustion.
Greater volatility would compensate for lower fuel injection
pressure (e.g., 100 bar), which would otherwise produce
larger droplets that inhibit mixing. This suggests the need
for a new diesel fuel with enhanced cetane number, higher
volatility, and lower sulfur content.

The desire to expand the use of non-petroleum-based al-
ternative fuels adds to the complexity of the plethora of fuel
mixtures and combinations that might be considered. Most
alternative fuels currently being considered, such as Fischer-
Tropsch-derived diesel fuel, so-called biodiesel (methyl es-
ter-based), and alcohol-based fuels, contain little or no sulfur
but exhibit other properties that could significantly influence
combustion and emissions, such as very low vapor pressure
(alcohol fuels) or low lubricity (biodiesel).

New and modified engines could also require modifica-
tions to the lubricating oils used so that lubricant require-
ments will need to be defined further as the program moves
forward. While it is directionally easier to modify commer-
cial lubricants than fuels, in part because of the much smaller
quantities involved, changes to commercial facilities could
be needed and must be anticipated.

Based on these technical risks, the panel thought it ex-
tremely unlikely that the 45 percent target could be achieved
by 2010 in a production-feasible configuration that would
also meet Tier 2, Bin 5, emission standards at 150,000 miles
and for a cost of $30/kW. However, the panel believes that
advancements beyond the state of the art will be facilitated
by the planned research activities and has assessed the like-
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lihood of reaching some intermediate performance levels,
including efficiency, emissions, and cost parameters.

In addition, the panel believes that the research being
done on advanced combustion, emissions control, and fuels
will produce advancements that can also be applied to the
power trains of conventional light-duty vehicles and produce
significant fuel consumption savings in parallel with the
planned application to hybrid vehicle platforms.

Market Risks

The market risk associated with the advanced combustion,
emissions control, and fuels activity is primarily related to
the uncertainty of achieving the target performance param-
eters at the right cost and to questions about the ability of
the advanced concepts to satisfy the durability and reliability
requirements for high-volume automotive production.

In addition, there are customer acceptance issues associ-
ated with several of the technologies currently being devel-
oped. Diesel combustion and other compression-ignition-
type processes achieve very high combustion pressures, and
the associated rate of pressure rise produces noise levels that
have historically been unacceptable for light-duty passenger
vehicle applications. Techniques to control power-train noise
without sacrificing engine efficiency, power-train weight,
and exhaust emissions must therefore be developed, as is
being done in Europe.

The durability of increasingly complex aftertreatment
systems is also a market risk that must be overcome. In ad-
dition to the requirement to achieve regulated emission levels
for 150,000 miles of consumer use, many of the techniques
currently being researched suffer from premature failures
due to wear, thermal cycling, excessive temperatures, and
variable fuel composition. These must all be overcome in
order to achieve reliability levels that are acceptable for high-
volume automotive markets.

Furthermore, variations in fuel and feedstock composition
or in handling procedures would call for significant changes
in fuel refining, formulation, and distribution. Perhaps the
most difficult change would be the introduction of an ad-
ditional fuel, especially a gaseous fuel. This would entail
either the replacement of an existing fuel or new facilities to
provide sufficient fuel distribution. The nationwide introduc-
tion of lead-free gasoline in the 1970s exemplifies not only
the ability of the fuel industry to respond but also the time
and investment required. The minimal penetration of alcohol
fuels, which were introduced in the late 1980s, is an example
of market failure (to date) of an alternative fuel strategy.

Reducing sulfur levels in any existing fuel also has im-
portant implications. Refineries would require additional
hydrotreating facilities to remove sulfur and to manufacture
the requisite hydrogen.

Higher octane gasoline would also require additional re-
fining facilities to boost aromatics and isoparaffins contents.
Higher cetane diesel fuel would require changes to reduce
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aromatics content while maintaining adequate cold flow
properties in winter. A significant change in volatility could
change the need for conversion (cracking) in refining. New
facilities would be needed to produce alternative fuels such
as alcohols or biodiesel.

All of these potential changes would involve added in-
vestment by the fuels industry and would increase the cost
of fuel to the consumer. As the trade-offs between engine
performance/cost and fuel properties are defined, refiners
will need to define preferred routes to providing alternative
fuels. From these studies, a plan and schedule for commer-
cialization could be set up. The studies would also provide
guidance on increased fuel cost, allowing the overall engine
system to be optimized from a consumer perspective.

RESULTS AND DISCUSSION

Decision Trees and Estimated Probabilities of Technical
Success

The panel used the decision analysis methodology de-
veloped by the parent committee to generate quantitative
estimates of the likelihood of achieving DOE’s performance
goals in the three key technology areas (high power energy
storage, automotive lightweight materials, and advanced
combustion and fuels) both with and without the DOE pro-
gram. The estimated probabilities of success with the DOE
program assume that sufficient funding will be available
for DOE to continue its work at current levels. Because the
research projects in the three key areas are essentially inde-
pendent and nonoverlapping, the probabilities of technical
success under each scenario were evaluated separately for
each area.

High Power Energy Storage

The panel identified two key areas of uncertainty related
to achieving DOE’s goals for the hybrid and electric propul-
sion subprogram. The first is uncertainty about the ability to
reach the battery performance and cost targets specified by
DOE: “electric drive train energy storage with a 15-year life
at 300 watt-hours (Wh) with a discharge power of 25 kW
for 10 seconds and $20/kW cost.” The second is uncertainty
about whether those technical goals can be achieved by 2010,
DOE’s target year for such improvements.

Figure L-1 illustrates a decision tree for the technical un-
certainties in battery performance. The first node represents
a decision about DOE funding of the research program.
The second node represents uncertainty about the level of
technical improvements in batteries that will be enabled by
research completed by 2010. Three levels of technical suc-
cess were defined as follows:

» High success is the achievement of DOE’s goal for both
battery performance and cost: 15-year life at 300 Wh with
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Technical Success:
Battery performance and cost

DOE Funding? 2010

2020

High success: at
DOE "goal" levels

High

100%, 100%, 100%
Moderate

11%, 10%, 9%

Moderate success:
Meet DOE perf goals,
Yes cost of $28/kW

0%, 0%, 0%

Low

0%, 0%, 0%
High

57%, 64%, 63%
Moderate

40%, 42%, 38%

Low success:
10% improvement

43%, 36%, 37%
Low

0%, 0%, 0%
High

32%, 34%, 32%
Moderate

49%, 48%, 53%

High success

43%, 47%, 49%

Low

25%, 19%, 19%
High

100%, 100%, 100%
Moderate

10%, 10%, 9%

N
° Moderate success

0%, 0%, 0%
Low

0%, 0%, 0%
High

48%, 57%, 56%
Moderate

38%, 39%, 35%

Low success

52%, 43%, 44%
Low

0%, 0%, 0%
High

28%, 31%, 30%

Moderate

53%, 52%, 56%

46%, 49%, 51%

Low

26%, 19%, 19%

FIGURE L-1 Decision tree representing the panel’s evaluation of the batteries program.

a discharge power of 25 kW for 10 seconds and $20/kW
cost.

* Moderate success is the achievement of DOE’s goals
for battery performance, but at a cost of $28/kW.

* Low success is making incremental improvements over
current levels of battery performance and costs (10 percent
incremental improvement in 2010).

The third node in Figure L-1 represents uncertainty about
the level of technical improvements in batteries that will be
enabled by research completed in 2020. The same three lev-
els of technical success were used to characterize this uncer-
tainty except that “low success” was defined as a 30 percent
incremental improvement over current performance.

Each panelist estimated the likelihood of achieving each
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of these levels of technical success in each time period, both
with and without the DOE research program, under each of
the three global scenarios. The probabilities on each branch
in Figure L-1 show the average of the panelist’s individual
assessments of the likelihood of each outcome under the
three global scenarios: AEO Reference Case, High Oil and
Gas Prices, and Carbon Constrained. In discussions, the
panelists focused first on whether and to what degree the
DOE program would increase the probability of achieving
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the higher levels of technical success and second on the
absolute probabilities of being able to achieve those levels
of success. In interpreting Figure L-1 (and similar Figures
L-2 and L-3), it is important to note that the method used
requires that the probability estimates for alternatives on
each branch sum to unity. Thus, if DOE funding increases
the probability of achieving more challenging goals, the
probability of achieving a lesser goal can appear to be lower
with DOE funding than without DOE funding. This is an

Technical Success:

Weight reduction

Relative cost of

DOE achievable based on lighter-weight
Funding? R&D completed in 2012  vehicles
2% cost increase
50% lighter than 21%, 22%, 22%
1997 vehicles 109 t increase
0%, 4%, 2% 36%, 35%, 35%
More than 10% increase
43%, 43%, 43%
] 2% cost increase
25% lighter than 39%, 40%, 40%
Yes 1997 vehicles 10% cost increase
41%, 49%, 40% 54%, 53%, 53%
More than 10% increase
7%, 7%, 7%
0 .
10% lighter than /709, “72% 71%
1997 vehicles 10% cost increase
59%, 48%, 58% — 30%, 28%, 29%
More than 10% increase
0%, 0%, 0%
2% cost increase
50% lighter than 19%, 20%, 20%
1997 vehicles 10% cost increase
0%, 3%, 1% 35%, 34%, 34%
More than 10% increase
A7%, 47%, 47%
o .
25% lighter than ge,/i’%coe,séo'/:c;i%ze
No 1997 vehicles

10% cost increase

38%, 45%,

10% lighter than
1997 vehicles

37% 52%, 51%, 51%
More than 10% increase

15%, 14%, 15%

0,
66%), 68%, 67%
10% cost increase

63%, 52%, 62%

33%, 31%, 32%
More than 10% increase
1%, 1%, 1%

FIGURE L-2 Decision tree representing panel’s evaluation of the lightweighting research program.
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Technical Success:

Peak thermal efficiency Fuel efficiency
DOE based on R&D penalty to achieve

Funding? completed in 2010 emission control

1% penalty

45% efficiency 40%, 44%, 43%
18%, 24%, 22% 3% penalty

Yes 60%, 56%, 57%
1% penalty

42% efficiency ( 41%, 48%, 43%
82%, 76%, 78% 3% penalty

59%, 52%, 57%
1% penalty

45% efficiency ( 34%, 38%, 37%
12%, 17%, 15% 3% penalty

No 66%, 62%, 63%
1% penalty

42% efficiency ( 35%, 44%, 39%
88%, 83%, 85% 3% penalty

65%, 56%, 61%

FIGURE L-3 Decision tree representing the panel’s evaluation of the advanced combustion engines program.

artifact of the method, implying that all the probabilities for
a given scenario need to be considered simultaneously when
interpreting the figures.

Automotive Lightweight Materials

The panel identified two key technical uncertainties
relating to DOE’s goals for the projects in the automotive
lightweight materials area. The first uncertainty is the weight
reduction that is technically achievable by 2012, and the
second uncertainty is the increased cost of such a lighter
vehicle. Figure L-2 illustrates the decision tree representing
the panel’s assessment of these uncertainties. Uncertainty
about weight reduction was characterized by the vehicle
weight reduction enabled by technology demonstrated by
2012 (compared to 1997 vehicle weight). Uncertainty about
the cost of lightweighting was characterized by the cost of the
lighter vehicles relative to the cost of heavier conventional
vehicles. Again, each panelist estimated the likelihood of
achieving each level of technical success in each time period,
both with and without the DOE research program, under each
of the three global scenarios.

Advanced Combustion and Fuels

The panel also identified two areas of uncertainty related
to DOE’s goals for the advanced combustion engines and
emissions control projects. The first uncertainty was identi-
fied as the peak brake thermal efficiency that is technically
achievable based on technologies demonstrated by 2010,
and the second was the fuel efficiency penalty to meet EPA
emissions guidelines. Figure L-3 represents this structure in
the decision-tree format.

Effect of Technology Improvements on Vehicle Fuel
Economy and Cost

In the model used by the panel, benefits from DOE’s
hybrid vehicle R&D program are assumed to accrue when
more fuel-efficient vehicles are adopted in the marketplace
(see later discussion). These vehicles need not necessarily be
hybrids because the benefits of DOE’s R&D may extend to
vehicles with conventional power trains. Thus, both HEVs
and CVs need to be considered when estimating benefits.

Each of the three technology areas evaluated—high-
power energy storage, automotive lightweight materials, and
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advanced combustion and fuels—would affect fuel efficiency
and vehicle cost if implemented in new vehicles. Thus, to
estimate the prospective benefits, the technical success sce-
narios had to be translated into fuel economy estimates for
vehicles (conventional and hybrid electric) implementing
those technologies. In addition, the effect on vehicle costs of
implementing the technologies had to be derived using the
estimated costs for the improved technologies.

Fuel Economy

Technical advances in the lightweight materials and ad-
vanced combustion engines areas could lead to fuel economy
improvements in both CVs and HEVs as a result of reduced
vehicle weight and improved engine efficiency. Improved
high-power battery performance could further improve the
fuel economy of hybrids by enabling increased hybridization
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benefits, such as increased brake energy capture and more
electric assist during the drive cycle. However, improvement
in hybrid fuel economy due to improvement in battery per-
formance is likely to be relatively small (perhaps 5 percent),
and better battery technology would primarily benefit HEVs
by reducing vehicle costs (see later).

The panel’s estimates of the improvements in fuel econ-
omy that could result from specific technical improvements
are summarized in Table L-1.

On the assumption that the fuel economy improvements
from each of the technical improvements are additive, the
estimates in Table L-1 were translated into estimated fuel
economy improvements for vehicles with combinations of
technical improvements, as shown in Table L-2. Table L-2
also shows the estimated probability of achieving the tech-
nical improvements associated with each combination of
technical improvements. The table shows the probabilities

TABLE L-1 Panel Estimates of Fuel Economy Improvements Relative to

Conventional Vehicles

Weight Engine Fuel Economy Penalty Estimated
Reduction®  Efficiency? Due to Emissions Control  Fuel Economy
R&D Activity (%) (%) (%) Improvement®
Advanced combustion n/a 45 1 1.25
45 3 1.22
42 1 1.15
42 3 1.12
Batteries and energy storage n/a n/a n/a 1.3
Automotive lightweighting 25 n/a n/a 1.12
10 n/a n/a 1.05

NOTE: n/a, not applicable.
4Relative to a conventional vehicle.
bBrake thermal efficiency.

TABLE L-2 Panel Estimates of Fuel Economy Improvement for Vehicles with

Specified Technical Improvements

Estimated Fuel Economy

Improvement Relative to 2006
Conventional Vehicles

Technical Improvements (%)

Probability of Achieving
Improvements

Vehicle Weight Engine Emissions Conventional Hybrid Electric With DOE  Without DOE
Reduction Efficiency Penalty Vehicles Vehicles Program Program

25 45 1 1.40 1.82 .03 .02

25 45 3 1.37 1.78 .04 .03

25 42 1 1.29 1.67 .14 11

25 42 3 1.25 1.63 .19 21

10 45 1 1.31 1.71 .05 .03

10 45 3 1.28 1.67 .06 .05

10 42 1 1.21 1.57 20 .19

10 42 3 1.18 1.53 .29 .36
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with and without the DOE program based on panel averages
for the Reference Case.

DOE uses the Powertrain Systems Analysis Toolkit
(PSAT) to estimate fuel economy and high-level, market-
relevant characteristics based on specific vehicle technical
characteristics. DOE staff provided the panel with a sum-
mary of the PSAT personal vehicle assumptions and results
from the FY2006 GPRA analysis (DOE, 2005b), which the
panel compared with its own estimates. The panel’s esti-
mated fuel economy improvements for specific technical
advances mapped fairly closely with improvements from the
PSAT analysis.

Vehicle Costs

The panel’s assessments of technical success for batter-
ies and for the lightweight materials research areas included
explicit consideration of the manufacturing costs required
to achieve the technical improvement. Thus, for every set
of technical outcomes shown in Table L-2, we can derive an
approximate assessment of the costs for a vehicle with those
characteristics, including an estimate of the uncertainty sur-
rounding the costs.

For estimating benefits, the relevant metrics are (1) the
incremental cost for HEVs over conventional vehicles and
(2) the incremental cost of lighter weight, more efficient con-
ventional vehicles over today’s vehicles (2006). To estimate
the incremental cost of HEVs associated with the batteries
research, the following assumptions were made:

* Current (2006) incremental retail costs for hybridiza-
tion are about $2,500 for a midsize vehicle® (incremental
manufacturing costs are about $1,984).

» The battery costs account for about 64 percent of the
increased manufacturing costs for hybrids.”

¢ Current (2006) battery costs are about $35/kW.

Based on these assumptions, the impact on vehicle costs of
the batteries research is to reduce the incremental cost of
hybrids by $690 if battery costs are reduced to $20/kW, by
$320 if battery costs are reduced to $28/kW, and by $160 if
battery costs are reduced by 10 percent.

To estimate the incremental costs of lighter, more efficient
conventional vehicles, the panel used the incremental costs
defined as part of the assessment of technical success for
automotive lightweighting: a 2 percent increase, a 10 percent
increase, and an increase of >10 percent. The panel noted
that if the vehicle costs for lightweighting increase more
than 10 percent, the technologies would not be implemented
because they would not be viable in the market.

%Based on EPA (2005b).
"Based on EPA (2005b).

Additional Unquantified Benefits

Work on electric-hybrid drive technology—batteries,
power electronics, and electric motors—may also yield fuel
economy benefits for conventional and, in the future, fuel
cell vehicles. For example, this work may help to reduce
costs and improve the performance of integrated starter-al-
ternator and 42-volt systems, which provide fuel economy
benefits and are in the process of being commercialized
today. Also the work supports the development of fuel cell
vehicles that will require similar motor and power electron-
ics and (probably) battery technology. For the purposes of
the approximations in Tables L-1 and L-2, the estimated fuel
economy improvement associated with battery technologies
reflects only the greater fuel economy of hybrids compared
to conventional vehicles. The improvements resulting from
increased hybridization benefits and the implementation
of better batteries, electric motors, and power electron-
ics in conventional vehicles were not quantified for this
assessment.

The estimated vehicle cost reductions associated with
the success of work in the batteries and energy storage area
are based solely on the estimated reductions in battery costs
and therefore do not include any cost reductions that might
be associated with other advances in power electronics and
electric motor technologies resulting from DOE’s electric
hybrid drive technology program.

Effect of Technology Improvements on Market Risk

Fuel economy is not the only real or perceived benefit
of hybrids. However, it is generally believed that fuel cost
savings must pay back the incremental vehicle cost to the
consumer within a few (3-6) years for hybrids to achieve
substantial market penetration, and the panel believes, ac-
cordingly, that the greatest challenge to substantial market
penetration of hybrid vehicles is their incremental cost.

HEVs have penetrated less than 2 percent of the U.S.
market for new vehicles, but this penetration is increasing
rapidly, assisted by significant federal and state incentives
and somewhat by industry subsidies (such as repair/warranty
cost absorption). Large financial subsidies by government or
industry are unlikely to be viable in the long term, however,
and alternatives to hybrids for similar fuel savings—such as
more fuel-efficient conventional engines—are under devel-
opment and may be preferred if the price of hybrid vehicles
does not drop sufficiently.

In determining the benefits of R&D on hybrid tech-
nologies, it is necessary to project when and to what extent
vehicles with these new technologies will enter the vehicle
fleet. The DOE target years represent the time by which
DOE expects to demonstrate technical success incorporated
into cost modeling that predicts that cost targets could be
achieved if the technology is implemented in high volume.
The panel recognizes that this definition of success does not
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eliminate technical risk or assure market availability of the
technology at the stated target, and that several additional
years (from 3 to 10) would be necessary for scale-up to
volume vehicle production.

The panel does not presently have adequate information
to determine if DOE’s cost and performance targets will
allow HEVs to penetrate the market or if DOE-projected
fuel economy benefits are reasonable. Recent vehicle fuel
economy modeling by DOE (2005b) suggests that the fuel
economy benefit of hybrid vehicles versus advanced conven-
tional vehicles may have been overstated in DOE’s previous
NEMS and MARKAL models. This would increase the
market risk and cost challenge for hybrid vehicles.

Quantifying Benefits

The economic, environmental, and security benefits of
DOE’s research in light-duty vehicle hybrid technology de-
pend on the degree to which the technical goals are reached
and to which the technologies penetrate the marketplace.
Specifically, the research, if successful, will lead to more fuel
efficient vehicles in the market and on the road, which will
result in reduced gasoline consumption. The reduced gaso-
line consumption leads directly to other benefits: economic
benefits from reduced consumer expenditures for gasoline,
environmental benefits from reduced carbon dioxide and
other emissions, and security benefits from reduced demand
for oil.
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To quantify these benefits, the panel needed to estimate
the reduction in gasoline consumption over time that could
be attributed to the light-duty vehicle hybrid technology pro-
gram. The model used by the panel is adapted from a vintage
stock model developed by the Committee on Alternatives and
Strategies for Hydrogen Production and Use (NRC, 2004b).
It produces estimates of the total vehicle miles driven by
year and by vehicle type based on assumptions about the
vehicle sales and average vehicle lifetime (14 years and
about 142,000 miles). Combined with estimates of the num-
ber of HEVs in the fleet, the panel used this model to derive
estimates of the total number of vehicle miles per year for
conventional vehicles and HEVs.

The panel considered two different “market success” sce-
narios for HEVs: one where sales of HEVs were estimated
to grow relatively quickly (“High HEV”) and one where
that market growth is significantly slower (“Low HEV”).
Figure L-4 shows the fraction of new vehicles of each type
(conventional and HEV) sold in each year under the two
HEV market success scenarios. Figure L-5 shows the frac-
tion of total vehicle miles driven by each type of vehicle
by year.

The panel’s three decision trees (Figures L-1 through
L-3) identified many different possible outcomes of research
on light-duty hybrids, all of which could be translated into
estimated changes in fuel economy and estimated changes in
vehicle costs. Overall, the trees specify 145 different possible
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FIGURE L-4 Fraction of new vehicles purchased that are conventional and hybrid electric, for two HEV market scenarios.
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FIGURE L-5 Fraction of total vehicle miles driven by year by vehicle type, for two HEV market scenarios.

outcomes (hereinafter called “cases”) for fuel economy and
costs for conventional and HEVs.?

For each of these cases, the benefits model calculates the
total fuel consumption, emissions, and consumer expendi-
tures on vehicles and gasoline by year for each year through
2050. Attachment B describes the model and these calcula-
tions in more detail.

The panel’s assessments result in two probabilities that
can be assigned to each of the 145 cases: the probability of
the outcome with DOE’s research, and the probability of the
outcome without DOE’s research.

Economic Benefits

The expected economic benefits of DOE’s research
are calculated as the difference in expected value of total
consumer expenditures with and without the program. For
example, Figure L-6 shows the expected value (the prob-
ability-weighted average) of consumer expenditures for
vehicles and fuel in the Low HEV market scenario assum-
ing Reference Case prices, with and without the program,

8Twelve possible outcomes for fuel economy improvements based on
the results of lightweighting and the engine efficiency research, multiplied
by two possible outcomes for the costs of lightweighting, multiplied by six
possible outcomes for the costs of batteries, which impact the incremental
cost for hybridization, results in 144 possible outcomes. The 145th outcome
is associated with incremental vehicle costs of more than 10 percent, judged
by the panel not to be viable in the market. In that outcome it is assumed
that the technologies are not implemented and that the benefits are not
realized in the market.

as well as the uncertainty about those expenditures.’ The
expected economic benefit of the program is the difference
in the expected value with and without the program: about
$5.9 billion. Results of these benefits calculation for the two
different HEV market success cases and for the three global
scenarios are shown in the results matrix in Figure L-7.

Environmental Benefits

The primary environmental benefits anticipated from
this research are a reduction in total carbon emissions as a
result of having more fuel-efficient conventional vehicles
and HEVs on the road. The benefits model estimates the total
carbon emissions associated with each case by multiplying
the total fuel use by 3.04 kg carbon per gallon of gasoline
burned.!? As with the economic benefits, the model produces
an estimate by year of the total carbon emissions from au-
tomobiles for each case, and the expected environmental
benefit of DOE’s program is the difference in the expected
value of total emissions with and without the program. Using
a 3 percent annual discount rate, the total carbon emissions
reduction attributable to the program in the Reference Case

9Annual expenditures from 2006 through 2050, discounted at 3 percent
real, as recommended by the full committee. Note that the summary matrix
includes economic benefits calculated at two different discount rates.

10t is assumed that a gallon of gasoline, when used in an internal
combustion engine, would release 2.42 kg of carbon (or 8.87 kg of carbon
dioxide). The supply chain (reservoir to pump) for gasoline is about 79.5
percent efficient. Therefore, about 3.04 kg of carbon is released into the
atmosphere per gallon of gasoline consumed (3.04 is calculated as the ratio
of 2.42 to 0.795).
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program is the reduction in the expected total consumer expenditures.

is about 28 million metric tons. Results of these benefits
calculations for the two different HEV market success cases
and for the three global scenarios are shown in the results
matrix (Figure L-7).

Security Benefits

The primary security benefits anticipated from this research
derive from a reduction in gasoline use and, as a result, a
lower demand for imported oil. As described above, the
benefits model produces and estimate of the total amount
of gasoline consumed in each case evaluated. The security
benefit of DOE’s program can be estimated by the reduc-
tion in the expected total gasoline demand with and without
the program. Using a 3 percent annual discount rate, the
expected value of the total reduction in gasoline consump-
tion from 2006 to 2050 attributable to the program is about
9.8 billion gallons in the Reference Case. Results of these
benefits calculation for the two different HEV market suc-
cess cases and for the three global scenarios are shown in
the results matrix (Figure L-7).

FINDINGS

Benefits of DOE’s Light-Duty Hybrid Vehicle R&D

Finding 1: DOE’s light-duty hybrid vehicle R&D program
is likely to yield important technology advances that could

improve the fuel economy for light-duty vehicles in the
United States.

The panel notes that the technology advances resulting
from DOE’s program will not necessarily be used to improve
the fuel economy of new vehicles. Depending on regulatory
requirements and market drivers, automobile manufactur-
ers may choose to use new and improved technologies to
enhance vehicle performance and other attributes that are
more attractive to consumers than improved fuel economy.
Accordingly, while DOE’s program will probably make it
possible to achieve higher fuel economy, there is no guaran-
tee, under existing regulations that the desired reduction in
petroleum use will result. Demand-side policies to comple-
ment supply-side technology development are likely to be
critical in achieving fuel economy benefits.

Finding 2: The methods currently used by DOE to assess
the potential fuel economy benefits of its light-duty hybrid
vehicles R&D tend to be overly optimistic in estimating the
impact and timing of technology advances.

When DOE estimates the potential fuel economy benefits
of its light-duty hybrid vehicles R&D efforts, it assumes
that the program’s very ambitious performance and cost
goals will be met by the relevant target date(s). In contrast,
the panel considered it unlikely that any of DOE’s R&D
efforts in electric hybrid technology, lightweight materials,
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Global Scenario

AEO Reference Case | High Oil and Gas Prices | Carbon Constrained”

Technical risks

Evaluated for four subsets of projects in the program. Technical risks identified as
uncertainty in the level of technical advancement, uncertainty in the vehicle cost
impact of the new technologies, and, for batteries, uncertainty in the time that the new
technologies would be market-ready. See decision trees for the probabilities of
technical success in each area.

Market risks

Program Risks

The panel addressed two types of market risks: market acceptance of more fuel-
efficient conventional vehicles and market acceptance of HEVs. The market
acceptance of more fuel-efficient conventional vehicles was assumed to be strictly a
function of the trade-off between increased capital costs and decreased lifetime fuel
costs. To address the market acceptance of HEVs, two HEV market conditions were
defined. Inthe Low HEV condition, HEV sales increase linearly from 2003 market
share to about 12% of new vehicle sales in 2050. In the High HEV condition, HEV
sales increase exponentially from 2003 and account for about 40% of new vehicle
sales in 2050.

Expected economic
benefits

Economic benefits are calculated as the reduction in the expected consumer
expenditures for vehicles and fuel from 2006 to 2050 attributable to the DOE
program.

In the Low HEV market
condition:
$5.9 billion at 3%
$3.7 billion at 7%
In the High HEV market
condition:
$7.2 billion at 3%
$4.2 billion at 7%

In the Low HEV market
condition:
$27.5 billion at 3%
$15.7 billion at 7%
In the High HEV market
condition:
$28.2 billion at 3%
$15.9 billion at 7%

In the Low HEV market
condition:

$7.3 billion at 3%

$4.7 billion at 7%
In the High HEV market
condition:

$8.5 billion at 3%

$5 billion at 7%

Environmental
benefits

is shown. .

Environmental benefits are calculated as the reduction in total carbon emissions from
vehicles from 2006 to 2050 that can be attributed to the DOE program. Difference
between Low HEV and High HEV market conditions is less than 2%; only one value

28 million metric tons | 51 million metric tons | 32 million metric tons

Security benefits

Program Benefits

Security benefits arise from reduced gasoline consumption and associated reduction in
oil imports. The estimated reduction in gasoline use by vehicles from 2006 to 2050
that can be attributed to the program for Low HEV and High HEV market conditions
are shown:

9.2 to 9.4 billion gallons | 16.7 to 17 billion gallons | 10.4 to 10.6 billion gallons

NOTE: Benefits are presented as expected values. Economic benefits are shown as present values discounted at both 3% and 7%

real; environmental and security benefits are discounted at 3%.

“For the Carbon Constrained global scenario, the panel assumed Reference Case prices for oil and gas. The differences
in expected benefits come from differences in the probability of technical and market risks.

FIGURE L-7 Results matrix of the Panel on DOE’s Light-Duty Vehicle Hybrid Technology R&D Program.

and combustion would achieve the ambitious (stretch) goals
within the specified time frames. As discussed later, partial
success could certainly result in important benefits, albeit
more modest than indicated by DOE’s estimates.

In the panel’s judgment, DOE underestimates both the
lead time required for new technologies to be implemented
in production vehicles and the time associated with commer-
cialization ramp-up. A lead time of several years is required
to introduce a new technology into a production vehicle. For
technologies that are radically different from those in use,
the lead time can be far longer, particularly if major changes

in manufacturing and assembly processes are needed, as
would be the case with the use of carbon-fiber-reinforced
composites for body and chassis applications. Such radical
changes are likely to require large capital investments by
the automobile manufacturers. Thus, market penetration of
new technologies is likely to be slow unless there are clear
opportunities for manufacturers to amortize their invest-
ments over a relatively short period or unless new regulatory
requirements (e.g., more demanding emissions standards)
drive the implementation process.

The panel experienced some difficulty in establishing
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what baseline DOE used in its benefits assessment. For
such an assessment to be useful, the baseline for the com-
parison needs to be clearly defined. In the present case,
selecting an appropriate baseline presents some challenges.
If a late-1990s vehicle is the starting point, the anticipated
incremental improvements in such a vehicle over time need
to be taken into account. If no allowance is made for these
improvements, then the benefits of DOE’s program will be
overestimated. However, some parts of DOE’s program,
notably in the advanced combustion and fuels area, are
likely to contribute to the incremental improvements in the
efficiency of conventional (nonhybrid) vehicles and should,
therefore, be included when assessing the overall benefits of
the program.

Finally, the panel noted that DOE does not distinguish the
R&D it funds from R&D funded by others, including private
industry and research organizations within the United States
and overseas. All outcomes “associated with” the types of
technologies DOE is investigating are used in the agency’s
benefits calculations. Because no attempt is made to extract
the benefits directly attributable to DOE’s program, the ben-
efits of the program are overestimated.

Finding 3: Important fuel economy benefits could accrue
even if DOE’s R&D on light-duty hybrid vehicles fails to
achieve its ambitious cost and performance goals.

Advances in the three areas of DOE’s hybrid vehicle R&D
program examined by the panel—electric hybrid technology,
lightweight materials, and combustion and fuels—could re-
sult in improved fuel economy for conventional ICE vehicles
even if there are only relatively modest improvements in
performance and cost. Incremental technological improve-
ments may be more readily incorporated into production
vehicles than more ambitious advanced technologies and
could have important benefits because the number of ve-
hicles potentially affected is larger and the time required for
significant implementation is shorter. Incremental innovation
rather than radical innovation is a special skill of industry,
and DOE’s industry partners will play a key role in guiding
the R&D.

As noted in the recent review of the FreedomCAR and
Fuel Partnership (NRC, 2005b), R&D in the advanced com-
bustion and fuels area appears particularly likely to yield
commercial benefits. Improvements in engine and aftertreat-
ment technologies could be incorporated into new vehicles
quite rapidly, and even relatively small incremental improve-
ments could have an important impact on the nation’s fuel
consumption when implemented in the 16 to 17 million new
light-duty vehicles sold in the United States every year.

Finding 4: DOE’s R&D on light-duty hybrid vehicles has
benefits above and beyond the potential for improved fuel
economy.

203

Although the potential for improved fuel economy was
the only metric used by the panel for quantifying the prospec-
tive benefits of DOE’s R&D, other benefits have resulted, or
are likely to result, from the program. For example, improve-
ments in vehicle reliability, recyclability, and performance
can be anticipated. Also, hybrid vehicles with ICE power
trains are one step on what might be a transition pathway to
hydrogen-fueled fuel cell vehicles, and some of DOE’s R&D
may find application in those more futuristic vehicles.

Other benefits are harder to measure but nonetheless
important. The program provides educational and training
opportunities for researchers and contributes to their profes-
sional development. There is also a widely held view that one
of the most important benefits of DOE’s advanced vehicle
technology programs in general has been the leverage pro-
vided by joint government-industry research.

DOE programs are a small fraction of the worldwide ef-
fort being applied toward hybrid vehicle technologies. In the
panel’s view, DOE efforts are likely to have been a catalyst
for some non-DOE development, although it is difficult to
substantiate this assertion or to assess the benefits derived
from such a catalyst function.

Methodology Used by the Panel to Assess Prospective
Benefits

Finding 5. The prospective benefits assessment methodol-
ogy used by the panel to assess DOE’s light-duty hybrid
vehicle R&D offers value for managing this and similar
research programs and for reviewing progress. In particular,
the methodology

* Provides a framework for efficient and focused conver-
sations between the reviewers of a research program and its
proponents;

* Makes the decision process more transparent; and

» Helps to focus the attention of managers and reviewers
on the most valuable program elements.

Applying the prospective benefits methodology to DOE’s
light-duty vehicle hybrid technology R&D program required
the panel to specify key items that were not always apparent
from the documents and information provided by DOE. In
particular, some of the program goals were not described
explicitly and completely. For example, setting a cost target
of $28/kW for a battery by the year 2010 does not describe
the objective adequately for assessment purposes. Does the
cost target mean a customer could actually buy a battery at
that cost? Does it mean that the technology exists that in
principle would allow a commercial firm to make such a
product? Does it mean the 500,000th production unit or the
first? All these conditions must be specified for the assess-
ment method to succeed, and both reviewers and proponents
are forced to state their goals quite explicitly.
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Equally important, the method focuses much of the
conversation between reviewers and DOE staff around the
goals. The template for presenting evaluation results and the
decision trees used for technical and market risks provide
a framework for structured conversation between program
managers and their reviewers. This framework highlights ar-
eas of disagreement and so helps to focus the discussions on
the key issues. The same holds true when program managers
use the evaluation method as a management tool.

The structured conversations do not dispense with the
need for informed, subjective judgment in evaluating the
research. The method requires the judgment of knowledg-
able professionals at every step. Indeed, the program being
evaluated could not be considered research if all elements of
judgment were replaced with fact.

LESSONS FOR FUTURE APPLICATIONS OF THE
METHODOLOGY

The panel offers six practical considerations, which may
be useful for future applications of the methodology:

1. A review group unfamiliar with this approach will
probably require a skilled facilitator to guide the members
in applying it.

2. The use of conditional probabilities requires continued
mental discipline on the part of the panel members.

3. Panel members who were more knowledgeable about
a particular program element tended to be less optimistic
about its probability of success, perhaps because they are
more familiar with its problems.

4. The method requires that probability estimates for
alternative options sum to one. This can make it difficult to
interpret the decision trees. For example, if DOE funding in-
creases the probability of achieving more challenging goals,
the probability of achieving a lesser goal can appear to be
lower with DOE funding than without DOE funding. This is
an artifact of the method and means that reviewers must look
at all the probabilities simultaneously to understand what the
trees really mean. DOE also commented on this feature when
completing the decision trees.

5. A research program can offer value if it achieves only
a part of its goals. The method does not capture this well
because the analyst must specify the partial achievement in
advance and include that probability as an extension of the
decision tree analysis.

6. Successful research can pay for itself by providing
a range of benefits. This method, however, focuses on fuel
economy as the single desideratum and does not quantify
ancillary benefits—greater safety, superior vehicle perfor-
mance, and so forth. However, these benefits can help the
product embodying the technology to gain market share.
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develops new catalytic technologies for the petroleum and
chemical industries. Prior to joining Catalytica, he was
general manager of Exxon Corporate Research and earlier
was director of the Exxon Fuels Research Laboratory. Af-
ter leaving Exxon, he was chief executive officer of Fuel
Tech, N.V., a company developing new combustion and air
pollution control technology. Mr. Epperly has authored or
coauthored over 50 publications on technical and managerial
topics, including two books, and has 38 U.S. patents. He has
extensive experience in fuels, engines, catalysis, air pollution
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control, and R&D management. He served as a member of
the NRC’s Standing Committee on Review of the Research
Program of the Partnership for a New Generation of Vehicles
(PNGV), which was a government-industry R&D program
from 1993 to 2001 developing advanced vehicle technolo-
gies. He received an M.S. in chemical engineering from
Virginia Tech.

David Friedman is the research director, Clean Vehicles
Program, Union of Concerned Scientists (UCS), in Washing-
ton, D.C. He is the author or coauthor of more than 30 tech-
nical papers and reports on advancements in conventional,
fuel cell, and HEVs and alternative energy sources, with an
emphasis on clean and efficient technologies. Before joining
UCS in 2001, he worked for the University of California at
Davis in the Fuel Cell Vehicle Modeling Program, develop-
ing simulation tools to evaluate fuel cell technology for auto-
motive applications. He worked on the UC Davis FutureCar
team to build a hybrid electric family car that doubled its
fuel economy. He previously worked at Arthur D. Little
researching fuel cell, battery electric, and hybrid electric
vehicle technologies, as well as photovoltaics. He served
as a member of the NRC Panel on the Benefits of Fuel Cell
R&D of the Committee on Prospective Benefits of DOE’s
Energy Efficiency and Fossil Energy R&D Programs (Phase
One) and is currently a member of the NRC Committee on
National Tire Efficiency. He earned a bachelor’s degree in
mechanical engineering from Worcester Polytechnic Insti-
tute and in 2005 was a doctoral candidate in transportation
technology and policy at UC Davis.

Larry J. Howell is a consultant to industry and govern-
ment, specializing in the management of R&D for business
innovation, automotive technology, telematics, and vehicle
structures and materials. Previous positions include execu-
tive director, science, General Motors Research and Devel-
opment Center, in which capacity he served as chief scientist
for GM, overseeing the GM R&D Center’s six science
labs: Thermal and Energy Systems; Electrical and Controls
Integration; Materials and Processes; Enterprise Systems;
Chemical and Environmental Sciences; and Vehicle Analy-
sis and Dynamics. Dr. Howell had global responsibility for
joint research with universities, government agencies, and
GM’s alliance partners. He also served as secretary to GM’s
Corporate Science Advisory Committee, which reports on
technology issues to the General Motors board of directors.
Other positions at GM included director of body and vehicle
integration at GM Research; member of the General Motors
Research Laboratories; and head of the Engineering Me-
chanics Department at GM Research. Prior to joining GM,
he worked for General Dynamics Corporation as a principal
investigator of research related to the structural dynamics
of the space shuttle. In 1984, he completed the Executive
Program at Dartmouth’s Amos Tuck School of Business
Administration. He is a member of the American Institute of
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Aeronautics and Astronautics (AIAA), the American Society
of Mechanical Engineers (ASME), the Society of Automo-
tive Engineers (SAE), and Sigma Xi. He served on an NRC
study on the use of lightweight materials in 21st century
army trucks, and has served on the College of Engineering
advisory boards of the University of Illinois and Western
Michigan University. He represented GM as a member of
the Industrial Research Institute (IRI) and has served on the
IRI board of directors. He is now an emeritus member of IRI.
Dr. Howell earned his bachelor’s, master’s and doctoratal
degrees in aeronautical and astronautical engineering at the
University of Illinois, Urbana.

Allan D. Murray is president of Ecoplexus Inc., an auto-
motive technology services company. Previously, he spent
most of his career and has held a number of positions at Ford
Motor Company, including technology director for the Part-
nership for a New Generation of Vehicles (PNGV) program,
a government-industry partnership to develop advanced,
affordable fuel-efficient vehicles; and manager, technology
strategy, Plastic and Trim Products Division. As technology
director of the PNGV program, he led government-industry
research and development teams pursuing advanced vehicle
construction, power trains, fuel cells, batteries, and power
electronics. In his other positions he also led leading-edge
automotive plastic and composite products, processes, and
methodologies. He has extensive experience in bringing ad-
vanced automotive technologies and products from concept
through production and has a broad-based knowledge of
automotive systems and economics. He served as chairman
and president of the nonprofit Michigan Materials and Pro-
cesses Institute, the first automotive engineer elected a fellow
of the Society of Plastics Engineers, and is a member of the
Society of Automotive Engineers. He served as a member of
the Panel on Benefits of Fuel Cell R&D for the Committee
on Prospective Benefits of DOE’s Energy Efficiency and
Fossil Energy R&D Programs (Phase One). He has a Ph.D.
and an M.S. in metallurgical engineering and materials sci-
ence, Carnegie Mellon University; a B.S. in metallurgical
engineering, University of British Columbia; and an M.B.A.,
Wayne State University.

William F. Powers (NAE) is retired vice president, research,
Ford Motor Company. In his approximately 20 years at Ford
he served as director, Vehicle, Powertrain and Systems Re-
search; director, Product and Manufacturing Systems; pro-
gram manager, Specialty Car Programs; and executive direc-
tor, Ford Research Laboratory and Information Technology.
Prior positions include professor, Department of Aerospace
Engineering, University of Michigan, during which time he
consulted with NASA, Northrop, Caterpillar, and Ford; re-
search engineer, University of Texas; and mathematician and
aerospace engineer, NASA Marshall Space Flight Center. He
is a fellow, Institute of Electrical and Electronics Engineers;
member, National Academy of Engineering; foreign member,
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Royal Swedish Academy of Engineering Sciences. He has
extensive expertise in advanced research and development of
automotive technology. He is a member of the NRC’s Board
on Energy and Environmental Systems and recently served
on the Committee on Alternatives and Strategies for Future
Hydrogen Production and Use. He has a B.S. in aerospace
engineering, University of Florida, and a Ph.D. in engineer-
ing mechanics, University of Texas, Austin.

Gary W. Rogers is president, chief executive officer and sole
director, FEV Engine Technology, Inc. He is also president,
FEV Test Systems, Inc. His previous positions included
director, Power Plant Engineering Services Division, and
senior analytical engineer, Failure Analysis Associates,
Inc.; design development engineer, Garrett Turbine Engine
Company; and exploration geophysicist, Shell Oil Com-
pany. He has extensive experience in research, design, and
development of advanced engine and power train systems,
including homogeneous and direct-injected gasoline engines,
high-speed direction injection (HSDI) passenger car diesel
engines, heavy-duty diesel engines, hybrid vehicle systems,
gas turbines, pumps, and compressors. He provides cor-
porate leadership for a multinational research, design, and
development organization specializing in engines and en-
ergy systems. He is a member of the Society of Automotive
Engineers, is an advisor to the Defense Advanced Research
Projects Agency on heavy-fuel engines, and sits on the advi-
sory board to the College of Engineering and Computer Sci-
ence, Oakland University, Rochester, Michigan. He served
as a member of the NRC Committee on Review of DOE’s
Office of Heavy Vehicle Technologies Program, and served
on the NRC Committee on the Effectiveness and Impact of
Corporate Average Fuel Economy (CAFE) Standards. He
also recently supported the Department of Transportation’s
National Highway Traffic Safety Administration by con-
ducting a peer review of the NHTSA CAFE model. He as a
B.S.M.E. from Northern Arizona University.

James Lee Sweeney is professor and former chairman, De-
partment of Engineering-Economic Systems and Operations
Research, Stanford University. He has been a consultant, a
director of the Office of Energy Systems, a director of the
Office of Quantitative Methods, and a director of the Of-
fice of Energy Systems Modeling and Forecasting, Federal
Energy Administration. At Stanford University, he has been
chairman, Institute of Energy Studies; director, Center for
Economic Policy Research; and director, Energy Modeling
Forum. He has served on several NRC committees, including
the Committee on the National Energy Modeling System, the
Committee on Impact and Effectiveness of Corporate Aver-
age Fuel Economy (CAFE) Standards, and the Committee
on the Human Dimensions of Global Change. He served on
the Committee on Prospective Benefits of DOE’s R&D on
Energy Efficiency and Fossil Energy (Phase One), helping
to develop the framework and methodology that committee

applied to evaluating benefits. His research and writings
address economic and policy issues important for natural
resource production and use, energy markets including oil,
natural gas and electricity, environmental protection, and
the use of mathematical models to analyze energy markets.
He has a B.S. degree from the Massachusetts Institute of
Technology and a Ph.D. in engineering-economic systems
from Stanford University.

ATTACHMENT B
DESCRIPTION OF THE BENEFITS MODEL

Model Description

To quantify economic, environmental, and security
benefits, the panel used a simple model that tracks fuel use
and costs, incremental vehicle costs, and carbon emissions
from the light-duty vehicle fleet. The model used by the
panel is adapted from a vintage stock model developed by
the Committee on Alternatives and Strategies for Hydrogen
Production and Use (NRC, 2004b). This model includes as-
sumptions about the total vehicle miles driven by year as a
vehicle ages (14 years and about 142,000 miles over that life,
with more miles on newer vehicles), about total vehicle sales
per year (assumed to grow at about 2 percent per year starting
in 2004), and about current and future trends in vehicle fuel
economy. Based on these assumptions, the model produces
estimates, by year, of the total vehicle miles driven, the aver-
age fuel economy of vehicles on the road, the total gasoline
consumed, and the total carbon emissions. The model covers
the period from 1987 through 2050; the panel was concerned
only with the projections from 2006 through 2050.

The panel modified the model by including three types of
light-duty vehicles that are assumed to compete for the total
volume of light-duty vehicles sold in each year. Base case con-
ventional vehicles (CVs) are defined as having fuel economy
performance that increases by about 10 percent between 2005
and 2015 and then increases slowly over time at about 1 percent
per year. New CVs are defined as CVs that incorporate new
technologies aimed at improving fuel efficiency, typically at
some increased cost over the base case conventional vehicles.
The fuel economy associated with new CVs is based on the
results of the panel’s decision tree assessments: Overall, 145
different fuel economy improvements and incremental vehicle
costs “cases” were identified. Finally, the model also includes
hybrid electric vehicles (HEVs). HEVs are assumed to have
30 percent better fuel economy than the CVs on which they
are based. There are also incremental costs associated with
HEVs: In 2006 that incremental cost is assumed to be $2,500;
in future years, the incremental cost depends on the results of
R&D on batteries. The total fuel consumption depends on the
type and quantity of light-duty vehicles that are on the road in
any given year.

Rather than explicitly model the competition between
HEVs and CVs, the panel chose to define two HEV market
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conditions and evaluate the benefit of the program under both
conditions. In the Low HEV market condition, HEV sales in-
crease linearly from today’s market share to about 12 percent
of new vehicle sales in 2050. In the High HEV condition,
HEV sales increase exponentially from today and ultimately
account for about 40 percent of new vehicle sales in 2050.
The market acceptance of new CVs was assumed to be
strictly a function of the trade-off between increased capital
costs and decreased lifetime fuel costs. To determine which
type of CV would be purchased in any given year, a simple
cost comparison is made of the total capital and fuel costs
assuming a 14-year vehicle life, annual vehicle mileage over
the life of the vehicle, and a consumer discount rate of 7 per-
cent. Whichever vehicle has the lower discounted total cost is
assumed to capture the entire market for CVs in that year.

Calculating Fuel Usage, Fuel Expenditures, Incremental
Vehicle Cost, and Carbon Emissions for a Given Set of
Vehicle Characteristics

Based on the market assumptions (total vehicles sold,
fraction of total vehicles that are HEVs, and fraction of
CVs that implement new technologies) and fuel economy
estimates for the three vehicle types, the model produces
an estimate of annual gasoline usage by light-duty vehicles
annually from 2006 through 2050. The estimated gasoline
usage is then translated into economic expenditures and
carbon emissions.

Economic expenditures on gasoline are estimated based
on the projected price of gasoline (excluding taxes) by year
and the total volume of gasoline used. The price of gasoline is
estimated based on the price of oil: Refining and distribution
are assumed to add about 42 cents per gallon to the crude
oil price. The price of oil is defined by the global scenarios
being considered: the 2005 Reference Case prices and twice
those prices for the High Oil and Gas Prices scenario. The
price of oil in the Carbon Constrained scenario is assumed to
be the same as in the Reference Case. Prices were assumed
to be constant after 2025 through 2050.
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Annual carbon emissions are calculated based on the total
gasoline usage and an estimated 3.04 kg carbon emitted per
gallon of gasoline consumed.

Finally, HEVs and new CVs will cost the consumer more
than base case CVs, and those incremental costs must be
accounted for in the estimate of the total economic impact
of the new technologies. In 2005, HEVs cost approximately
$2,500 more than comparable CVs. As with the fuel econ-
omy estimates, the incremental costs of HEVs and of new
CVs are defined for the specific case being evaluated. The
incremental per-vehicle costs are multiplied by the number
of vehicles of each type that are sold to produce an estimate
of the incremental vehicle costs by year.

Estimating the Benefit of the DOE R&D Program

As described above, the panel’s discussion and assess-
ment of the technical risks associated with DOE’s R&D
activities resulted in the identification of 145 “cases,” or dif-
ferent possible outcomes for fuel economy and incremental
vehicle cost for new CVs and HEVs. The assessment also
results in two probabilities for each case: the probability of
that outcome with DOE’s research program and the prob-
ability of the outcome without DOE’s research program.

The expected economic benefit of the DOE program is
the difference in the expected value of total consumer ex-
penditures on vehicles and fuel with the program and those
expenditures without the program. The expected value of
total consumer expenditures in each case is calculated as the
probability-weighted average of the expenditures in each of
the 145 cases. The total consumer expenditures is calculated
as the discounted net present value of fuel costs and incre-
mental vehicle costs between 2006 and 2050, discounted at
3 percent or 7 percent real.

Similar calculations for the difference in the expected
value of carbon emissions and gasoline consumption yield
values for the expected environmental and security benefits
of the DOE program.
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Report of the Panel on DOE’s Chemical Industrial
Technologies Program

INTRODUCTION

The Committee on Prospective Benefits of DOE’s Energy
Efficiency and Fossil Energy R&D Programs, Phase Two,
is applying a methodology for benefits evaluation that it
developed in its Phase One study. The purpose of Phase Two
is to give decision makers useful information on selected
programs. Phase Two is also intended to refine the meth-
odology developed in Phase One. The committee selected
six programs for this purpose, one of which is the Chemical
Industrial Technologies Program, the subject of this report.

The panel’s assignment was to estimate the benefits of
the Chemical Industrial Technologies Program, taking into
account technical and market risks. The panel also was asked
to make observations regarding program risks, benefits, and
other factors that could help decision makers in evaluating
the program. This report describes the work of the panel and
presents its conclusions and recommendations on both the
methodology and the program.

The panel members included persons from academia,
industry, and government having extensive experience in
chemicals processing. In addition, two members of the full
committee served on the panel, one as chair. A consultant
experienced in decision analysis assisted the panel. Biogra-
phies of panel members are presented in Attachment A.

The panel met twice for 2 days each time. On October
10-11, 2005, the panel received information on the program
from DOE program representatives and the contractor who
assists DOE in estimating benefits for the Chemical In-
dustrial Technologies Program. At that meeting, the panel
examined several of the program’s individual projects in
detail and from that examination determined how to apply
the recommended methodology to this specific situation.
Before the next meeting, which occurred on November 3-4,
2005, each panel member independently developed techni-
cal and market risk estimates for each of the 22 projects that
currently make up the overall Chemical Industrial Technolo-
gies Program. At the second meeting, the panel reviewed its
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risk estimates and calculated the gross risk-adjusted benefits
of the program. Following the second meeting, the panel
developed a procedure for calculating net benefits. Mem-
bers of the panel drafted sections of this report, circulated
them electronically, and on January 9, 2006, conferred by
telephone on the draft report. Based on the results of this
conference call, the report was redrafted and circulated for
further comment.

The panel is especially indebted to Dickson Ozokwelu,
DOE’s manager of the Chemical Industrial Technologies
Program, and to Energetics, Inc., the program’s technical
assistance contractor, for outstanding support of the panel’s
work.

SUMMARY OF THE DOE PROGRAM

The Chemical Industrial Technologies Program, a subpro-
gram of the DOE Industrial Technologies Program, has as
its objective to reduce energy use in the chemicals industry.
The chemical industry is a major energy consumer, account-
ing for 23.5 percent of the energy! among those industries
included in DOE’s Industrial Technologies Program.> The
goal of the Chemical Industrial Technologies Program is to
implement a successful strategy for DOE research that helps
the chemical industry to achieve a 20 percent reduction by
year 2020 in energy usage relative to its 2001 energy con-
sumption of 6.6 quadrillion British thermal units (quads).
This translates into a reduction in the chemical industry’s
energy use by 1.3 quads per year in 2020 and a proportional
reduction in emissions.

To achieve its goal, the Chemical Industrial Technologies

Dickson Ozokwelu, U.S. Deparment of Energy, “Overview of the chemi-
cals subprogram,” Presentation to the panel on October 11, 2005.

2ITP is focused on energy-intensive materials and process industries that
account for over 55 percent of U.S. industrial sector energy consumption.
These industries include aluminum, chemicals, forest products, glass, metal
casting, mining, and steel (DOE, 2005¢).
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Program has a portfolio of relatively small projects, all of
them competitively awarded and all of them involving 30-50
percent cost sharing. The amount of cost sharing increases
as the projects get closer to commercial readiness. Industry
partners are involved in planning and funding the research
program. DOE has worked with a committee of 15 large
chemical producers, the Chemical Industry Vision 2020
Technology Partnership, to select the projects to be funded
in the Chemical Industrial Technologies Program. The part-
nership focused on 10 individual areas of future promise,
such as computational fluid dynamics and ionic liquids. An
exergy analysis® identified the major opportunities for energy
savings in the chemical industry, focusing DOE project se-
lection on those areas with the largest potential savings. This
joint industry-government partnership is ongoing in helping
DOE to select and evaluate projects. The primary selection
criterion is energy savings in the United States.*

Twenty-two projects are currently being funded at $7
million per year. These projects, if they all were funded to
completion and all were successful, are estimated by DOE to
achieve a saving of 0.303 quads per year, or 23 percent of the
overall program goal for the Chemical Industrial Technolo-
gies Program. Previous successful projects and new projects
yet to be started will increase the savings.

The current Chemical Industrial Technologies Program
as administered by DOE funds projects in three subprogram
areas:

* Reactions (13 projects). This area includes oxidation
catalysis, microreactors, new process chemistry, and bioca-
talysis. The total energy saving goal in the reactions area is
650 trillion British thermal units (TBtu) by 2020, 242 TBtu
of which is accounted for by current projects. In several of
the funded projects, reaction and separation are carried out
in the same step, thus attempting to gain substantial saving
in both energy consumption and capital equipment. This
work is part of the current worldwide trend toward process
intensification.

* Separations (4 projects). This area includes distillation
hybrids, crystallization (not funded at the present time),
and membrane separations. The total energy saving goal in
separations is 420 TBtu, of which 40 TBtu is represented
by current projects. This area also includes projects that
combine separation and reaction (e.g., catalytic distillation)
in the same equipment.

* Enabling technologies (5 projects). This area includes
materials of construction, with an emphasis on corrosion,
computations to improve the efficiency of dense fluidized
beds, industrial energy systems such as an energy-conserv-

3The exergy content of a system indicates its distance from thermody-
namic equilibrium.

“4For a more complete description and evaluation of the strategic planning
process of the Chemical Industrial Technologies Program, see NRC (2004a).
The report presents a positive evaluation of the strategic planning process
for the Chemical Industrial Technologies Program.
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ing burner design, and sensors and control equipment. The
total energy saving goal in this area is 260 TBtu, 21 TBtu of
which is in current projects.

The budget of the Chemical Industrial Technologies Pro-
gram has shrunk drastically. From $13 million in FY03, the
budget decreased to $9 million in FY05 and $7 million in
FYO06. There is a clearly apparent contradiction between the
ambitious goals of the program and the dwindling resources
available to pursue them. The DOE management team seeks
to cope with this situation by continuing its portfolio review,
described below.

There have been a number of accomplishments from com-
pleted projects in FY03-05 in the Chemical Industrial Tech-
nologies Program. Examples include in situ analysis, distil-
lation column flooding prediction, dimpled heat exchanger
tubes, catalytic hydrogen retrofit reactors, and new alloys
for ethylene cracker tubes.’ All of these, with the possible
exception of the retrofit reactor, have relatively specialized
applications that will produce positive but modest benefits.

However, the program is also pursuing sweeping changes
in process design in the hope that they can yield big energy
savings. To focus their shrinking budget on the highest pay-
off projects, the DOE management team is trying to stimulate
industry research and to fund projects that would not be pos-
sible without federal assistance, and is accelerating progress
on projects that might be funded by industry sometime in the
future. The portfolio is under continuing review, with the
objective of ending projects that are not progressing or that
promise only small energy savings.

A major new element complicating the management
problem in this program is the surge in energy prices in 2005.
This increase worsens the trend that few if any commodity
chemical plants consuming large amounts of energy will
be built in the United States in the foreseeable future. DOE
intends to respond to this trend by emphasizing technologies
that can be retrofitted to existing plants to increase their ef-
ficiency and lower their costs.

TECHNICAL AND MARKET RISK ASSESSMENT

In assessing the probabilities of technical success for the
overall program, the panel needed to decide on whether to
proceed from the top down or to rely on the project evalu-
ations to build the program evaluation from the bottom up.
Because of their number and heterogeneity, all 22 existing
projects were assessed individually. The panel estimated the
probability of technical and market success and estimated
the benefit for the program as a whole by rolling up the proj-
ect assessments. The panel was reasonably confident of its
technical risk estimates but found market acceptance harder

SDickson Ozokwelu, U.S. Deparment of Energy, “Overview of the
Chemicals Subprogram,” Presentation to the panel, October 11, 2005.
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Probability of market acceptance

o
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FIGURE M-1 Probability of technical success, probability of market success, and value of benefits if the project is successful. The area of
a bubble is directly proportional to the estimated benefit for its associated project.

to evaluate because a number of the factors are difficult to
predict at an early stage of research.

Although energy savings is the driver for DOE investment
in these research projects, market acceptance of the technolo-
gies is determined by many additional factors. For example,
industry also considers the total capital involved and its cost,
the status of the industrial partners’ manufacturing capacity
at the time the technology is ready for consideration as a
retrofit or possibly for use in a new plant, future raw mate-
rial costs and availability, and principal market areas to be
served. If all these factors are favorable, company managers
will seek to convince themselves that an acceptable rate
of return several years after a plant has started up can be
achieved (usually about 20 percent return on investment for
a new plant and often much more for a retrofit).

Notwithstanding these complexities, the panel believes it
arrived at reasonable, and reasonably consistent, estimates
of technical and market risk for all projects. The initial esti-
mates from all the members were relatively close,® and the
few outliers were quickly reconciled during the discussions
of each project. This was aided by the fact that most projects
were in areas where one or more committee members had
familiarity or experience.

The initial estimates were made between the first and second panel
meetings and discussed at the second meeting.

Overall, the panel assessed the projects in each category
to be high risk and thus consistent with DOE’s program
strategy. Probability of technical success ranged from 5
to 50 percent, with market success from 10 to 70 percent.
Combining these assessments the range for success for the
entire portfolio is between 1 and 35 percent with an average
of 7.5 percent.” Figure M-1 is a bubble chart that graphically
summarizes the risks and potential benefits of each project.
Each project is represented by a bubble on the chart: the
size of the bubble is proportional to DOE’s estimated gross
economic benefit of the project if it is successful, and the
location of the bubble indicates the technical and market
risks assessed by the panel for that project.

RESULTS AND DISCUSSION

As noted in the Introduction, above, the Phase Two
methodology suggests that an evaluation of the benefits of
a specific program should explicitly consider (1) the role of
DOE funding, (2) the technical and market risks that can af-
fect the outcome and value of the program’s activities, and

"This result is consistent with research into the success rate of projects
of this type. For example, in its presentations DOE compared the Chemical
Industrial Technologies Program to studies that found an overall success rate
of 16 percent for projects at a similar stage in the research chain.
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(3) the net economic, environmental, and security benefits
that will result from the portfolio. The methodology also
requires that benefits be estimated under three global sce-
narios, representing three different possible future states of
the world. The panel considered each of these considerations
in their evaluation.

Technical and Market Success

As noted above, the panel estimated a probability of tech-
nical success and a probability of market success for each
project in the Chemical Industrial Technologies Program. In
the panel’s judgment, the probabilities that might be assigned
to the technical and market success for the projects would be
the same for each of the three global scenarios—that is, in
the AEO Reference Case, High Oil and Gas Prices scenario,
and the Carbon Constrained scenario.

Benefits Estimation

The economic, environmental, and security benefits of the
Chemical Industrial Technologies Program derive directly
from the energy savings resulting from the projects. To the
degree that energy usage in the chemical industry is reduced,
there are net economic benefits to the nation in the form of
lower energy demand and lower energy prices, environmen-
tal benefits in the form of reduced environmental emissions,
security benefits in the form of less use of oil and natural gas
and the associated diminished reliance on imports.

Benefits estimation thus begins with an estimate of the
energy saving that would result from successful technology
development and adoption. DOE’s contractor, Energetics,
uses a formal procedure to estimate the energy savings of
a project, from which the gross economic benefit can be
calculated. The procedure also estimates the reduction in
the emissions of criteria pollutants. The panel reviewed this
procedure and concluded that it was applied consistently for
all projects and that it produced a reasonable estimate of the
future energy savings for projects that are in the early stage
of research.

Since the DOE estimates assume 100 percent success of
each project, the panel calculated the expected total benefit
of the portfolio by applying its probabilities of technical
and market success to DOE’s estimates of energy savings
for each project in the portfolio and rolled up the individual
project estimates into an expected value of gross benefits for
the overall program.

To get some insight into the uncertainty surrounding this
expected value, a probability distribution of the economic
benefits of the portfolio was generated using the risk esti-
mates for individual projects. Each project was assumed
to succeed with the net probability estimated by the panel
(technical and market success) and to yield the full benefits
calculated by DOE if successful and no benefits if not suc-
cessful. By simulating many cases using these probabilities
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it was possible to create a distribution of expected benefits.
The panel recognizes this is a simplification that does not
match actual outcomes—each research project could partly
succeed and simply yield lower benefits than estimated. It
believes, however, that the simplification is a reasonable
first-order approximation.

Finally, the panel considered the benefits estimates for
each of the global scenarios prescribed by the committee.
Although the economic benefits of the research depend on
the global scenarios, which have different energy prices, the
environmental and security benefits are considered to be con-
stant in all three global scenarios.® The panel thus calculated
economic benefits using the procedure described above but
plugged in energy prices appropriate to each scenario.

Role of DOE Funding

In developing their benefits estimates for each project,
DOE assumed that the research being funded will acceler-
ate the development and implementation of the identified
technology, but that the technology would eventually have
been developed by industry if DOE were not supporting
the research. The benefit of DOE support is then defined as
the energy and other savings that are realized by having the
technology available earlier. The acceleration period was es-
timated technology by technology in the analysis performed
by Energetics. For the projects evaluated in this report, they
estimated the acceleration usually at about 3 to 5 years; one
project claimed a 10-year acceleration, and one a 20-year
acceleration.

The panel agreed that in almost all cases DOE support
would be a significant accelerating factor, mainly because
there are high risk projects. Indeed, in today’s worldwide
competitive chemical industry, companies are less likely to
spend money on the early exploration of high-risk technol-
ogy with a low expectation of a large benefit than on safer
R&D to gain incremental advances. For this reason, some
members of the panel believed that industry is reluctant
to make investments in the kind of projects funded by the
Chemical Industrial Technologies Program. If so, the ac-
celeration of energy savings due to DOE investment would
be much greater. Additionally, some projects in the DOE
portfolio, such as developing an industry-wide database on
corrosion management, are unlikely to be sponsored by a
single company. On balance, the panel concluded that DOE’s
acceleration estimates were reasonable and in some cases
probably conservative. Accordingly, the panel adopted these
estimates as a basis for calculating benefits.

8Arguably, the market penetration of energy efficient technologies would
increase in the High Oil and Gas Prices scenario. On the other hand, higher
prices would have the effect of driving domestic chemical production off-
shore. The panel did not believe the net change in quantities would be small
enough to ignore for the purpose of this analysis.
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Decision Tree

In developing the decision tree required by the Phase Two
methodology, the panel considered two issues. The first was
to estimate the benefits associated with the “no DOE fund-
ing” branch of the tree. Because the benefits of the “DOE
funding” branch were calculated as the incremental benefit
arising from technology acceleration, the “no DOE funding”
branch was assigned a value of zero.

The other issue was whether to develop a decision tree and
assess probabilities of technical and market success for the
overall program as a whole (from the top down) or to rely on
the project evaluations to build the program evaluation from
the bottom up. As described above, the panel implemented
the bottom-up approach, evaluating each project individually
and calculating the portfolio-level benefits directly from the
project evaluations. To characterize the uncertainty in the
benefits of the portfolio as a whole, the panel developed a
probability distribution of expected total economic benefits
of the portfolio based on the simulation described above.
Figure M-2 illustrates the results of this evaluation of un-
certainty in portfolio benefits. From this simulation and the
assumptions regarding the role of DOE funding, an overall
decision tree representing the benefits analysis was derived
(Figure M-3). Both figures use gross economic benefits es-
timates, since the panel determined that net benefits can best
be adjusted at the program level.

In the evaluation performed between the two meetings,
panelists did estimate the likelihood of each subprogram
achieving various levels of technical success. This top-down
analysis was compared to the results of the bottom-up analy-
sis described above. For the two smaller subprograms—
separations (four projects) and enabling technologies (five
projects)—the expected benefits estimated at the portfolio
level were quite close to the benefits for the subprogram
derived from the individual project evaluations (within 5
percent for the separations projects and within 15 percent
for the enabling technologies projects). For the Reactions
subprogram, however, with 13 projects, the estimate of
benefits at the subprogram level was 10 times greater than
the estimate derived from the project-level evaluation. The
discrepancy is believed to be partly an artifact of the assess-
ment questions asked, where very low subprogram benefits
were not an option, and partly a result of the cognitive dif-
ficulties in aggregating a large number of unrelated project
evaluations. Based on this result, the panel concluded that
bottom-up methodology was more useful for the analysis of
a portfolio of diverse and unrelated projects.

Net Economic Benefits Calculation

The economic benefits estimated above, like those es-
timated by DOE, represent the gross economic benefits of
the program—that is, the estimate includes all the benefits
potentially flowing from the research but not the full costs

of achieving those benefits. Net economic benefits could be
estimated for each project by reducing the gross benefits by
the R&D costs, the additional development costs of bringing
the technology to a point where it could be commercially
implemented (weighted by the likelihood the R&D would
lead to further development), and the costs of implement-
ing the technologies should a decision be made to do so
(weighted by the likelihood a commercialization decision
would be made). However, because these projects are at such
an early stage of R&D, the panel did not estimate the future
development and commercialization costs, nor did it believe
it had the information necessary to estimate those costs for
each project.

Therefore, a simplified method was employed to estimate
net economic benefits from the gross economic benefits
calculated by DOE. First, it is assumed that for any technol-
ogy that reaches market success, a decision will have been
made by private industry to implement it. Such a decision is
typically made on an economic basis, with the project pass-
ing some internal hurdle rate for financial return. A typical
hurdle for a cost-reducing project would be a 3-year payback
period. Therefore, the panel simply assumed that for any
project that “succeeds,” investment costs no more than the
net present value of the economic benefits for first 3 years
were required.

The net result of these assumptions is to reduce the gross
benefits of each project by an amount equal to that associated
with a 3-year delay in the gross benefits stream. Accord-
ingly, the net economic benefits are taken as 91.5 percent of
the gross economic benefits, corresponding to a decrease in
benefits associated with a 3-year delay.’

Results Matrix

Figure M-4 summarizes the results of the panel’s esti-
mation of the benefits of DOE’s Chemical Industrial Tech-
nologies program. Benefits are calculated as described in
the report, for all three scenarios. Only the net economic
benefits change in the three scenarios, as they are partially
dependent on energy prices. The figure presents both the
probability-weighted average of the net economic benefits
(the statistical expectation) and the uncertainty around that
estimate. Figure M-4 also presents the panel’s observations
about the program.

SUMMARY AND CONCLUSIONS

The panel believes that the benefits estimation methodol-
ogy developed for Phase Two has successfully applied to the

9This reduction in estimated benefits is largely modest, because the
payback assumption embodies a relatively high private sector hurdle rate,
while public benefits are discounted at a lower rate (between 3 percent and
7 percent). The delay of 3 years at the lower public discount rate changes
the benefits estimate only slightly.
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Technical and Market

Success Level of R&D

Incremental Benefit of

DOE Funding? Portfolio DOE Funding
High
25 $1,905 million
Yes Moderate Estimated reduction
$240 million !N €NEMYY
5 consumption and
Low emissions
05 $0 million
High
$0
(Incremental benefit of
No Moderate DOE program is
incorporated directly in the
calculation)
Low

FIGURE M-3 Implied decision tree representing panel’s evaluation of the ITP—Chemicals portfolio. This tree is derived from the simulation
of total portfolio benefit described in the report. There are several ways to derive a discrete distribution for a decision tree from a continuous
distribution. For this figure, a well known shortcut for the bracket-mean approach was used, where the 10th, 50th, and 90th percentiles of
the continuous distribution are selected to represent the full distribution and given weights of .25, .5, and .25 respectively.

Chemical Industrial Technologies Program. On the basis of
its evaluation, the panel also concludes that the Chemical
Industrial Technologies Program is addressing an important
opportunity to produce energy savings in a major industrial
segment by supporting early-stage research that industry is
unlikely to support. However, to realize its potential benefits,
the program must adapt to a seriously constrained budget and
a changing domestic industrial environment. The following
sections discuss more fully these conclusions about the pro-
gram and the benefits estimation methodology.

Program Conclusions and Recommendations

As noted earlier in this report, the Chemical Industrial
Technologies Program faces a very tight and rapidly declin-
ing budget. In addition, it seeks to accelerate energy savings
in a dramatically changing U.S. chemical industry, notably
one in which very few greenfield plants are being constructed
in the United States but instead are going overseas to be
closer to growth markets and/or raw materials. Rapidly
increasing costs for energy and petroleum-derived raw ma-
terials could exacerbate these trends. DOE says it is moving
toward the view that technologies that can be implemented
as retrofits to existing plants will be favored so as to allow
this country to directly reap most of the energy-saving ben-
efits. Retrofits are subject to the same financial return tests
as greenfield plants, with the possible exception that they are

expected to generate earnings sooner after start-up since the
primary objective is cost savings, not increased volume.

Against this background, and based on the experience
of its members in managing and conducting research in
the chemical industry, the panel wishes to underscore how
essential it is for DOE management to focus its limited re-
sources on the most promising opportunities available to it.
The danger is more than just that of wasting funds on less
promising projects. Equally if not more significant is the
possibility of losing the benefits of high-priority projects
because they were not pursued aggressively enough. This
danger is particularly great for early-stage research of the
type being funded by DOE, since such projects depend on
a few creative and motivated individuals. If these persons
cannot work on a project of importance to DOE, they will
work on something else—with the result that the project may
not be restarted when DOE has the funds to do so.

The panel recognizes that DOE has been pursuing projects
in the Chemical Industrial Technologies Program that are of
very high risk, but having high payoff. Faced with its severe
budget constraint and the changing nature of the domestic
industry, DOE should adhere to this fundamental strategy
more closely than ever. Based on its members’ experience
with similar projects in industry, the panel suggests that DOE
frequently review the projects in its portfolio to ensure that
each is pursued just long enough—time, and money—to
demonstrate feasibility. If it is judged at any time that the
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Global Scenario”
AEOQ Reference Case | High Oil and Gas Prices | Carbon Constrained
Technical Risks Evaluated for each project in the portfolio. Most projects had technical risks
associated with scale-up from laboratory-scale to commercial-scale applications.
g Estimated probability of technical success for the projects ranges from 5% to 50%.
go ;4: Market Risks Evaluated for each project in the portfolio. Estimated probability of market success
& & for projects ranges from 10% to 70%.
Expected Economic benefits are calculated as the expected value of energy savings benefits
Economic Benefits | from 2006 to 2030 resulting from the research portfolio, in 2003 dollars. Ranges
shown are for the 10th and 90th percentiles:
$534 million at 3% $950 million at 3% $550 million at 3%
(%0 to 1,550 million) (30 to $3,000 million) (30 to $1,600 million)
$215 million at 7% $390 million at 7% $223 million at 7%
(30 to $640 million) (30 to $1,250 million) (30 to $700 million)
Environmental The same quantity of energy savings, and therefore the same environmental
Benefits benefits, will be achieved under all three scenarios. Anticipated environmental
benefits are estimated emission reductions from 2006 through 2030:
CO: 15,100 (0 to 11,800) metric tons”
CO,: 1.7 (0-5.4) MMTCE
SO,: 9,200 (—2,000 to 30,000) metric tons®
NO,: 14,000 (0 to 42,000) metric tons
Particulates: 180 (=50 to 600) metric tons
é VOCs: 340 (0 to 1,000) metric tons
% Security Benefits The same quantity of energy savings, and therefore the same security benefits, will
Mm be achieved under all three scenarios. Anticipated security benefits are the
g reduction in oil and natural gas consumption from 2006 through 2030:
go Natural gas: 89 (0-330) billion cubic feet
& Petroleum: 1.3 (0-0.01) million barrels.?

NOTE: Benefits are presented as expected values, with 10th and 90th percentile benefits in brackets. Economic
benefits are shown as present values discounted at both 3% and 7% real; environmental and security benefits are discounted at

3%.

“The panel concluded that the scenarios would produce insignificantly small changes in the volumes of oil and gas
saved; therefore, the physical quantities reported for environmental and security benefits are the same for all scenarios. Economic

benefits differ because prices differ among the scenarios.

CO reduction benefit derives primarily from a single project. This skews the distribution of benefits such that the

expected value is higher than the 90th percentile.

“Several projects were estimated by DOE to result in increases of various types of emissions. For SO, and particulates,
there were a sufficient number of these projects that the 10th percentile of the range of impacts represents an increase in

emissions.

“Distribution on the reduction in petroleum usage is similarly skewed by a single project accounting for most of the

reduction.

FIGURE M-4 Results matrix of the Panel on DOE’s Industrial Technologies Program—Chemicals.

quality of the personnel and/or other resources being applied
is not up to the task, or that progress is not up to expectations,
the work should be terminated. The freed funds may then be
applied elsewhere.

A model for the administration of projects of this kind
might be the way Small Business Innovation Research grants
(SBIR) are awarded and funded. Following this example, it
might be appropriate to view the first year of funding of the
chemical industrial projects as a first phase whose purpose
is to define and assess the critical technology roadblocks that
are potential showstoppers. In the second year-long phase,

funds would be applied exclusively to address the most criti-
cal of these. Successful outcomes would trigger a request for
further and often major increases in funding to demonstrate
the approach. Sharing of funding and other resource com-
mitments from industry should increase from phase to phase,
reflecting growing confidence. The panel understands that
DOE management is thinking along these lines.

Finally, the panel notes that a credible industry com-
mitment to commercialization is crucial to the decision to
move from the first phase to the second and third phases.
In particular, the third phase must have industrial partners
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willing to commit considerable resources and have assur-
ances from higher-level company management that there is
a good probability of going forward to market. A marketing
plan from the commercial partners should be available at
this time. Absence of such a commitment should be cause
for terminating the project.

Results Matrix

The panel believes it successfully applied the recom-
mended methodology to this portfolio of small projects.
This experience suggests that methodology could be ap-
plied to other situations in which a portfolio of diverse and
technologically unrelated projects is to be evaluated. The
panel made several judgments in applying the methodology,
however, which should be considered when applying it to
similar portfolio analyses. Specifically,

* The bottom-up analysis described above is more time
consuming than a top-down approach, but the panel believes
that it provides a more reliable estimate of expected benefits.
The distribution of expected benefits at the program level
can be inferred from the probability distributions developed
by simulating the outcome of the program based on project-
level risk estimates. Figure M-2 shows the result of this simu-
lation for the Chemical Industrial Technologies Program.

 For early-stage research, as in the Chemical Industrial
Technologies Program, a simplified calculation of the costs
of commercialization is appropriate. The panel selected
a simple payback model for this purpose. For portfolios
comprising of nearer term research, direct calculation of
commercialization costs may be more appropriate. °

The methodology developed for Phase Two spells out
the information needed from DOE at the beginning of the
project. Through its contractor, Energetics, the Chemical
Industrial Technologies Program provided a one-page sum-
mary of the essential information about each project (see
Figure M-5 for an example). This summary proved to be
invaluable to the panel because it presented each project
in a brief, consistent format, thus simplifying the review of
22 projects. The panel recommends that a similar summary
be required for other projects being evaluated. It would be
helpful, as well, to add to the summary sheet DOE’s opinion
of the technical and market risks and their distribution, the
key drivers of uncertainty behind this risk assessment, and
the metrics that would be useful for monitoring the progress
of research in reducing risk.

Finally, although the Phase Two methodology suggests
that benefits be evaluated every 3 years, a more frequent
review of projects composed of early-stage research would

107¢ is important to note that the early-stage research considered here
is nonetheless intended to produce discrete technologies to be brought
to market. These are not curiosity-driven basic research projects, and the
methodology used by the panel would not apply to such projects.

be useful. This is because the projects are relatively short
in duration and because less successful projects must be
weeded out as quickly as possible.

Uncertainty about Portfolio Benefits

Figure M-2 illustrates the uncertainty about the total
economic benefit of the research portfolio, based on a simu-
lation of project-level risk evaluations. In the top chart, for
any given portfolio value along the x-axis, the corresponding
value along the y-axis shows the probability that the portfolio
value will be equal to or less than that value. For example,
there is about a 50 percent probability the value of the
portfolio will be $250 million or less. The bottom chart dis-
plays a probability density function. The height of each bar
represents the relative likelihood that the total portfolio value
will lie in the range represented by the column. For example,
it is about twice as likely that the total portfolio benefit lies
between $0 and $150 million than between $150 million and
$300 million.

Comments and Observations

The goal of the Chemical Industrial Technologies Pro-
gram is to implement a successful DOE research program
that helps the chemical industry to use 20 percent less energy
in 2020 than in 2001. This translates into a reduction in en-
ergy use by the chemical industry of 1.3 quads per year in
2020 and proportional reduction in emissions. To achieve its
goal the program has a portfolio of relatively small projects,
all of which are competitively awarded and all of which
involve 30-50 percent cost sharing. Twenty-two projects are
currently being funded at a total of $7 million per year. If all
projects were funded to completion and all were successful,
DOE estimates they would achieve a saving of 0.303 quads
per year, or 23 percent of the overall program goal for the
Chemical Industrial Technologies Program.

The panel believes that the Chemical Industrial Technolo-
gies Program is seizing an important opportunity to produce
energy savings in a major industrial segment by supporting
early-stage research that industry is unlikely to support.
However, to realize its potential benefits, the program must
adapt to a seriously constrained budget and a changing do-
mestic industrial environment. Cutting-edge research that
can be done within the limited budget will probably continue
to produce valuable but relatively small-scale advances.
However, the program is also pursuing sweeping changes
in process design in the hope that they can yield big energy
savings.

The current portfolio of projects has an expected net eco-
nomic benefit between $215 million and $534 million in the
AEO Reference Case. Because the program is composed of
early-stage research projects, the range of benefits is between
$0 and $1.55 billion. Benefits in the High Oil and Gas Prices
and Carbon Constrained scenarios are somewhat higher.
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SUMMARY OF PROJECT IMPACTS
Chemical Reactions — New Process Chemistry/Synthesis

Project Title: Purification Process for PTA (Novel, Highly Efficient and Economic
Purification Process Revolutionizing PTA Production)

Description: Purified terephthalic acid (PTA) is a chemical intermedizate in the production of
polyester. Two million tons are produced in the .S, each year, for a vanety of products
including =oft drink bottles, clothing and construction materials. The new process under
development involves a two-step crystallization technigue which can uzs less-pure feedstocks,
can run at reduced tfemperature and pressure, eliminates use of hazardous chemical bromine,
now deemed essential to processing, and requires 25% less capital investment than
conventional technology, while reducing energy consumption.

Market Information

IMarket Segment Ethylene- Palyesier

Annual Markst Production 2 Million Tons per year (2000}

Unit Size Plant producing 770 million lb PTA per year
Number of Plants Operating 11

Market Annual Growth Rate 3%

Ultimate Potential Accessible Market | 80%

Likely Technofogy Market Shars T0%, 10 year market saturation curve
Commercial Profctype 2006

‘Wear of Commercial Infroduction 2008

Energy Consumption Data

Conventional Technology Electricity: 0.055 billion k\Wh; Matural ga=:0.368 billien

ft*: feedstocks:1.33 trillion Btu; waste:0.579 trillion Btu
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MNew Technology Electricity: 0.0611 killion kK\Wh; Matural ga=:0.704 billion

ft*; feedstocks:1.20 trillion Btu: waste:D.0174 trillion Btu

Technology Impacts
2010 2015 2020 2025 2030

Market Penetration® (%) 3 21 7 96 a9
Energy Savingay'ear (trillion Btu) A 0.y 27 35 1.6
Energy Cost Savings/vear {3MM) a8 1.59 B.22 8.3 39
Maotes

a percent of “likely technology market share” impacted, not the ultimate markat.

Market Penetration Curve
for Purification Process for
PTA (assumes 10 year
acceleration of technology
with Federal funds)

4 af Markst Share

e

Ll gt
B T R 1 BT B R = e 1 e B

impacts Summary for Industrial Technologies Program (ITP)

Chemicals RED Portfolio

FIGURE M-5 Sample project information sheet.

Technical and Market Risk Assessment

The panel assessed all of the projects in this program to
be high risk and thus consistent with DOE’s program strat-
egy. Probability of technical success of individual projects
ranged from 5 to 50 percent, with market success from 10
to 70 percent. Combining these assessments, the range for
success for the entire portfolio is between 1 and 35 percent,
with an average of 7.5 percent.

Benefits Estimation

The economic, environmental, and security benefits of the
Chemical Industrial Technologies Program derive directly

from the energy savings realizable from the projects. DOE
estimates that the research will accelerate the development
and implementation of the identified technology by 3 to
5 years. The panel agrees that in almost all cases, DOE sup-
port would be a significant accelerating factor. It calculated
the expected total benefit of the portfolio by applying its
probabilities of technical and market success to DOE’s esti-
mates of energy savings for each project in the portfolio and
rolled up the individual project estimates into an expected
value of gross benefits for the overall program. Net benefits
are calculated by assuming that for any project that “suc-
ceeds,” investments on the order of the net present value of
the economic benefits for first 3 years will be required.
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Program Observations

Based on the experience of its members in managing
and conducting research in the chemical industry, the panel
wishes to underscore how essential it is for DOE manage-
ment to focus its limited resources on the most promising
opportunities available to it. The danger is more than just
the wasting of funds on less promising projects. Equally if
not more significant is the possibility of losing the benefits
of high-priority projects because they were not pursued ag-
gressively enough. The panel suggests that DOE frequently
review the projects in its existing portfolio to ensure that each
project is pursued for as little time and money as it takes to
demonstrate feasibility or infeasibility.
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