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1 Introduction
Improvements to existing energy technologies and the
development of new technologies will be critical for
climate change mitigation and other national energy
goals. Public research, development, and demonstration
(RD&D) is an important engine of technological change
and therefore a key element of the United States’ climate
and energy strategy. Public decisions about RD&D include
both the overall level of RD&D funding and the allocation
among specific technologies or projects. Portfolio analysis,
both formal and informal, supports the development and
refinement of effective RD&D decision-making.
Portfolio analysis of energy technologies, as traditionally
practiced, includes three core elements: (1) collection of
information on the uncertain linkage between RD&D
investments and improvements in science and technology,
often measured by lower future technology costs or
higher performance of specific technologies (called in this
report “technology supply”); (2) assessment of the value,
or benefits, of these improvements, which might include
economic benefits, environmental benefits (including
reductions in the cost of environmental compliance), or
security benefits (called in this report “benefits analysis”);
and (3) the application of decision-analytic, portfoliobased, or other frameworks for synthesizing the first two
elements to inform decision-making (called in this report
“portfolio frameworks”).
Current research on energy technology portfolio analysis
provides an intellectual basis for applied efforts within
DOE to undertake various program- and corporate-level
analyses. However, this research currently suffers from
several limitations in the development of tools that can be
used to inform real decisions.
Limitations apply to each of the three core elements
discussed above. For example, in the first area, research
on the relationship between RD&D and technological
progress is limited by the inherent challenges in subjective
probability assessment. In the second area, quantification
of RD&D benefits has typically focused on a limited set
of economic and environmental benefits rather than
addressing the full suite of possible benefits. Finally, in
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the third area, application of formal decision-analytic
and portfolio optimization methods has been challenging
in practical applications. Moreover, there is insufficient
interaction and coordination between the communities
of researchers in all three areas, as well as between these
researchers and government decision makers. As a result,
the combined efforts to develop and apply portfolio tools
to real decisions have often lacked internal coherence as
well as close alignment between the developers of the
methods and the users of them.
On December 2-3, 2010, the Department of Energy’s
Office of Policy and International Affairs sponsored a
two-day workshop on energy RD&D portfolio analysis.
The primary objectives of the two-day workshop were:
(1) to improve coordination between disparate research
communities on elements of energy technology portfolio
analysis in academia, national laboratories, and other
research institutions, as well as between developers and
users of these techniques; and (2) to identify the current
gaps in research and develop concrete strategies for filling
those gaps in a way that could facilitate the applicability
of energy technology portfolio analysis to real decisions.
The list of participants and agenda for the meeting are
included in the appendices to this report.
This report provides a summary of the insights and
outcomes from the meeting, including discussion of the
status of the three core elements of portfolio analysis
discussed above, along with a discussion of cross-cutting
issues and identification of key research and institutional
topics for the future. However, the contents of this report
should not be assumed to represent consensus views of
the participants, nor the views of any one individual,
institution or government office or agency.
The remainder of this report is organized as follows.
The following three sections – Sections 2, 3, and 4 –
summarize the discussions of the three core elements of
portfolio analysis: technology supply, benefits analysis,
and portfolio frameworks. Section 5 highlights several
cross-cutting communication issues that were raised
during the meeting. Finally, Section 6 summarizes five
key priorities for the research community identified
during the meeting.

Community Research Priorities
A wide range of issues and suggestions for future research, both large and small, were raised during the
meeting. From this material, five key priorities emerged as the most pertinent and prominent.
1. Establish an Institutional Structure for Coordinating and Communicating Technology Supply
Research to facilitate both internal research communication and coordination and to enhance
interaction with user communities.
2. Enhance Technology Supply Tools and Data, including web-based elicitations and combinations
of expert elicitations and other sources of technology supply information (e.g., historical or
engineering analyses), in order to better utilize limited resources for expert elicitation.
3. Develop and Use Alternative Metrics for both benefits calculations and portfolio analysis beyond
aggregate economic costs, such as security and environmental benefits.
4. Continue to Explore Cutting-Edge Framework Tools such as Stochastic Dynamic Programming in
order to make these tools more viable for practical applications and to clarify important elements of
technology investments, such as the value of information.
5. Establish a Regular Forum for Interactions among Researchers and between Decision Makers and
Researchers to help researchers understand the context of their research in the larger community
and the decisions faced in the real world, and to help decision makers understand the breadth of
research in portfolio analysis.

2 Technology Supply
The first session of the workshop was devoted
to technology supply, with a focus on the effects
of government-funded RD&D on technological
advancement. Special emphasis was placed on the role
of expert elicitation, an approach that has been gaining
interest as a way to provide information about this
relationship.

2.1 Overview of Current Activities
The relationship between RD&D investment and
technological advancement cannot be known a priori
with certainty. Opinions about outcomes and the
likelihood of success can vary substantially, even among
experts. Information on technology supply must therefore
explicitly account for uncertainty. There are two primary
means to gain insights into this relationship: retrospective
analysis and forward-looking expert elicitations. The
workshop focused largely on the latter.

Expert elicitations have been used for many years in a
wide range of applications, resulting in a deep body of
research on expert elicitations (e.g. Morgan and Henrion,
1990). The use of expert elicitations specifically to
explore energy technology RD&D across a wide range
of competing technologies is more recent, but arguably
merits further attention. Indeed, the National Academy
report, Prospective Evaluation of Applied Energy Research
and Development at DOE (NRC 2007), specifically
suggested the use of expert elicitations for this purpose.
As part of the National Academy study, elicitations were
performed on six DOE programs as part of the study.
Participants in the workshop made presentations on five
current activities in expert elicitations in the context of
energy RD&D portfolio planning. These presentations
demonstrated a robust level of ongoing activity in expert
elicitation currently underway both within government
and at other research institutions. What follows are brief
summaries of processes that were highlighted at the
meeting.
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DOE’s Office of Energy Efficiency and Renewable
Energy (EERE). DOE’s Office of Energy Efficiency
and Renewable Energy (EERE) has piloted a process
to assess RD&D portfolio benefits using expert
elicitations. The results of expert elicitations are used as
inputs to stochastic modeling exercises used to inform
RD&D priorities. Elicitations have been performed on
approximately 40 technologies.
Fondazione Eni Enrico Mattai (FEEM). The ICARUS
project at Fondazione Eni Enrico Mattai (FEEM), funded
by the European Research Council, is combining expert
elicitation and empirical analysis to better understand the
role of RD&D in innovation and diffusion of technologies
in the energy sector. European experts are serving as the
primary experts in the elicitations, and the elicitations
therefore reflect a European perspective. The application
of the results of these elicitations, however, is global. The
results of the expert elicitations are used to explore the
international implications of innovation, with specific
attention to knowledge spillovers and technology
transfers. The expert elicitations examine six categories
of technologies. In addition to expert elicitation, FEEM
is applying retrospective analysis focused on a wider set
of technologies. Retrospective analysis is mostly (but not
solely) based on the use of patent data as indicators of
technological innovation and diffusion. Retrospective
analysis is targeted at efficient and environmentally
friendly technologies.
Harvard University. The Energy Research, Development,
Demonstration, & Deployment (ERD3) Policy Project
at the Harvard Kennedy School conducted expert
elicitations in seven technology areas, covering four
supply-side technologies, two demand-side energy
technologies, and utility-scale energy storage. The
elicitations were designed to obtain the insights of experts
in academia, national laboratories, and the private
sector about the uncertainties in technical progress by
2030 under different RD&D budget scenarios. Expert
assessment of the distributions of technology costs (and
some performance metrics) was elicited by having experts
estimate their 10th, 50th, and 90th percentile assessments.
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Instead of directly eliciting the probability of particular
outcomes under different RD&D funding scenarios, the
Harvard approach allowed experts to estimate uncertain
quantities in their natural units. The elicitations captured
experts’ projections under four funding scenarios
(business-as-usual, half of experts’ recommendations,
experts’ recommendations, and ten times experts’
recommendations), and the range characterized by the
middle-of-the-road, optimistic, and pessimistic scenarios
captures the divergence of expert views at the four
budget levels. Based on the elicitations and the results of
qualitative reviews, the elicited results from one expert in
each technology area was chosen to represent middle-ofthe-road, optimistic, and pessimistic scenarios of future
technology cost and performance.
The University of Massachusetts at Amherst.
Researchers at the University of Massachusetts have
performed expert elicitations on six categories of energy
technology under a project funded by the DOE Office
of Science. In collaboration with researchers at the Joint
Global Change Research Institute (JGCRI), this data
has been used to derive probability distributions over
Marginal Abatement Cost Curves (MACs) conditional
on RD&D funding. These distributions have, in turn,
been used to explore climate change technology RD&D
strategy.
Carnegie Mellon University. Expert elicitation also
has been used in efforts to understand technology
potentials, although not specifically in the context of
RD&D portfolio planning (e.g. Rao et al., 2006). For
example, researchers at Carnegie Mellon University have
a long history of conducting expert elicitation studies
on energy and environmental topics. Although many of
these studies are not specific to energy RD&D portfolio
analysis, the tools and body of knowledge about expert
elicitation are relevant. Further, a subset of the work –
for example, an expert elicitation on the potential for
photovoltaic cells – is directly relevant to the energy
RD&D portfolio analysis problem.

2.2.1 The Expert Elicitation Process

Contacts for Research Presented
on Technology Supply, Benefits
Analysis, and Portfolio Frameworks
Brookhaven National Laboratory:
Paul Friley, pfriley@bnl.gov
Carnegie Mellon University:
Granger Morgan, granger.morgan@andrew.cmu.edu;
Inês Lima Azevedo, inesliazcmu@gmail.com
DOE’s Office of Energy Efficiency and
Renewable Energy (EERE):
Sam Baldwin, sam.baldwin@ee.doe.gov
Fondazione Eni Enrico Mattai (FEEM):
Valentina Bosetti, valentina.bosetti@feem.it
Harvard University:
Laura Diaz Anadon, Laura_Diaz_Anadon@harvard.edu
Joint Global Change Research Institute –
Pacific Northwest National Laboratory:
Leon Clarke, leon.clarke@pnnl.gov
Massachusetts Institute of Technology:
Mort Webster, mort@MIT.EDU
National Renewable Energy Laboratory:
Walter Short, walter_short@nrel.gov
The University of Massachusetts at Amherst:
Erin Baker, edbaker@ecs.umass.edu

2.2 Community Research Challenges
The next three subsections discuss research challenges
that were raised during discussion. Discussions at the
meeting largely focused on how to best use limited
expert elicitation resources, how to capture or address
the diverse drivers of technological change, and how to
improve community organization and communication of
research results.

Despite the level of current activity and an established
literature in expert elicitations, many avenues remain
open for improving expert elicitations both in general
and in the specific context of the energy RD&D portfolio
problem. The workshop discussion tended to focus
on three methodological issues that were particularly
relevant to energy RD&D portfolio analysis. All three of
these issues relate to the fact that expert elicitations take
significant time and resources, which presents challenges
for the comprehensive use of this tool in assessing
technology supply issues.
The first issue is the choice of the level of technological
aggregation at which to conduct elicitations. Using
carbon dioxide capture and storage (CCS) as an example,
questions could be asked about the materials used in a
particular post-combustion capture technology; they
could be asked at a higher level about post-combustion
technologies in general; or they could be asked at a
higher level still about one category that includes postcombustion, pre-combustion, and other methods.
Identifying an appropriate level of aggregation involves
both practical resource issues and more fundamental
and psychological issues associated with biases and
heuristics common to elicitations. At a practical level,
limited resources constrain the level of detail that can be
assessed in any one study. These limited resources include
not only the time and funding of those administering the
elicitations, but also the time and patience of the experts
providing the information. Often only a small number of
experts can be used in an elicitation, and they have only
a limited amount of time to devote to elicitations. These
resource constraints tend to push toward a greater level of
technological aggregation.
Choices about the level of aggregation must also take
into account other tradeoffs. In general, the greater the
level of aggregation, the more calculations experts must
perform in their heads. On the other hand, very detailed
elicitations can be biased against scientific breakthroughs.
Indeed, technologically detailed elicitations may miss
breakthroughs altogether. Finally, it is well known
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that how any question is broken into parts can have
a significant impact on the information provided by
experts.
The second methodological issue discussed at length at
the workshop is the question of when to use elicitations
and when to use other means to assess the potential
for technological improvements and its relationship to
RD&D spending. Again, this issue is related to resource
constraints. Given limited resources, expert elicitations
should be used preferentially to gain information in
cases in which there is no other option for generating
the necessary information or where expert elicitations
can provide substantially better information than
other methods. Since elicitations are subjective and are
vulnerable to a number of biases, they will preferably be
used primarily in places where there is no other option
for generating the necessary information. For example,
if information collection is amenable to less timeconsuming historical empirical research (such as learning
curves), then it may be better to focus more heavily on
these other research methods than expert elicitations.
Similarly, engineering or other modeling tools may be
used to translate the results of elicitations on technology
characteristics into estimates of technology cost rather
than asking experts to directly provide assessments of
costs. On the other hand, there may be situations where
these other options are not particularly appropriate,
such as when obtaining probability distributions over
technological breakthroughs.
The third major methodological issue involves scaling
up of elicitations to cover a wide range of technologies at
a level of detail sufficient to support decision-making at
multiple levels. As noted above, elicitations are extremely
time-consuming to do rigorously. Moreover, only a
limited number of analysts are available to perform
elicitations, and a limited number of experts to provide
information. Traditionally, analysts have strongly
preferred individual, face-to-face meetings. However,
there is interest in trying to develop robust methods for
putting elicitations on-line – either trying to automate
the administrative details associated with elicitations,
or putting the elicitations themselves online. Many of
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the researchers present were doing on-line elicitations
and had plans for semi-controlled studies about the
differences in results between on-line and face-to-face
elicitations.

2.2.2 Relationship between Government RD&D
and other Drivers of Technological Change
Expert elicitations tend to focus exclusively on the
effect of public RD&D expenditures, and typically
applied RD&D. But a wide variety of other issues
affect technological change. These other issues are also
important to incorporate into public RD&D portfolio
analysis, and questions were raised at the workshop
about the degree to which they are being considered in
current efforts. Among the issues raised at the workshop
were (1) the role of private RD&D; (2) intersectoral and
international spillovers; (3) the interaction with other
policies, for example, policies to stimulate technology
diffusion; and (4) the role of, and interactions with,
basic research. Other issues that were raised include
interactions with learning-by-doing, returns to scale,
and the broader national system of innovation (e.g.,
intellectual property rights laws). Innovation systems are
complex enough that none of these issues is independent
from the others, but it is useful nonetheless to discuss
some of these dimensions independently.
Elicitations linking RD&D funding to technological
advancement commonly focus either explicitly on publicsector RD&D, with no explicit consideration of privatesector RD&D, or they address total RD&D, with no
consideration of the relative roles of the public and private
sectors in conducting this RD&D. In the workshop, issues
regarding private RD&D generally fell into two categories.
The first category involves questions about how public
and private RD&D investments influence and interact
with each other. Incentives have been known to go both
ways; that is, sometimes public RD&D acts as a stimulus
for private RD&D, and sometimes it appears to crowd out
private RD&D. The second category involves expectations
about the investment in and outcomes of private RD&D.
Specifically, the question arises of how to effectively
characterize data on private RD&D investments and
outcomes.

A long line of research makes clear that spillovers, both
among countries and among sectors, are a fundamental
driver of technological change. Discussion of these forces
in the context of expert elicitations at the workshop
generally fell into the same categories as above. That is,
there are issues related to the process of spillovers and
interactions and issues related to data, particularly on
global energy RD&D. By necessity, elicitations tend to
be very specific to energy RD&D investments relating
to a particular technology, and they focus on specific
funding levels from a specific area (the United States
or the European Union in the cases presented). To
capture the effect of international and intersectoral
spillovers, it is important to consider (1) international
RD&D investments, which raise the issues surrounding
international RD&D data; (2) the potential for spillovers
from other sectors and among countries, including the
chance of a worldwide breakthrough or improvement;
and (3) the worldwide impact of improvements in
technologies that happen in one particular region.
The effects of RD&D, as well as the incentives for private
RD&D depend on a range of other policies beyond public
sector RD&D. For example, laws regarding intellectual
property rights can have, in certain circumstances, a large
influence on private-sector RD&D investments. Policies
to stimulate demand, such as codes and standards or
portfolio standards, have a large influence not only on
private RD&D but also on the sorts of public RD&D that
might be most valuable.
Finally, participants raised the importance of basic R&D.
By linking directly to specific technology outcomes, most
of the expert elicitations to date have implicitly focused
on applied RD&D. Yet basic R&D is widely understood to
be an extremely important contributor to technological
advancement. The intellectual challenge in incorporating
basic R&D is that its benefits are diffuse. Not only is
there uncertainty about how much technological advance
might occur, but there is also uncertainty about which
technologies might ultimately be affected. In addition,
the time scales associated with basic R&D are potentially
much longer than those for applied RD&D.

2.2.3 Community Interaction, Organization, and
Communication
Although there is a growing body of research activity in
expert elicitations, current research is scattered across a
range of different institutions. The community includes
not only researchers conducting expert elicitations,
but also those using historical approaches, such as
econometric tools and qualitative historical analyses. At
present, these researchers have no forum for interaction
and coordination. In addition, much of the technology
supply research has not been published or is otherwise
not easily accessible. Several user communities would
benefit substantially from the information being collected
on technology supply. These include the energy and
integrated assessment (IA) modeling communities that
might use the information for scenario development
or benefits analysis, the frameworks community
attempting to design meaningful analyses, and decision
makers simply looking for current and projected future
technology cost and performance information. Better
dissemination is clearly needed.
Participants in the workshop repeatedly raised two
questions related to this: (1) how can the large and
growing data sources be integrated with each other
and with other relevant data on technology supply, and
(2) how can the integrated data be communicated in
ways that are useful to a variety of users, including both
government decision makers and researchers who require
expert technology supply information for their research?
Finding ways to address these two questions is a key
priority for the research community.

3 Benefits Analysis
The second session of the meeting discussed the modeling
tools available to understand the benefits of technological
improvements and different metrics that could be used to
quantify those benefits.

3.1 Overview of Current Activities
A large set of economic tools is available to analyze
technology benefits. This set of tools includes global
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IA models such as GCAM and WITCH, detailed U.S.
energy-economic models such as NEMS and U.S.
MARKAL, sector-specific U.S. models such as ReEDS,
and aggregated U.S. energy models such as SEDS. These
tools have all been used at various times by offices within
DOE, as well as by other entities, for analyzing technology
benefits. At the same time, these models are used for a
wide range of analyses beyond benefits analysis, including
analysis of energy and climate policy more generally.
What follows are brief summaries of several recent and
ongoing activities using these models for the analysis of
climate change technology benefits.

Examples of Models Used in
Benefits Calculations
GCAM – The Global Change Assessment model,
Pacific Northwest National Laboratory: Contact,
Leon Clarke, leon.clarke@pnnl.gov
WITCH – The World Induced Technical Change
Hybrid model, Fondazione Eni Enrico Mattei:
Contact, Valentina Bosetti, valentina.bosetti@
feem.it
NEMS – The National Energy Modeling System,
U.S. Energy Information Administration: http://
www.eia.gov/analysis/model-documentation.cfm
U.S. MARKAL – U.S. version of the MARKet
ALlocation modeling framework, Brookhaven
National Laboratory: Contact, Paul Friley,
pfriley@bnl.gov
ReEDS – Regional Energy Deployment System,
National Renewable Energy Laboratory: Contact,
Walter Short, walter_short@nrel.gov
SEDS – Stochastic Energy Deployment System,
National Renewable Energy Laboratory: Contact,
Walter Short, walter_short@nrel.gov
EPPA – Emission Predictions and Policy Analysis
model, Massachusetts Institute of Technology:
Contacts, John Reilly, Jreilly@mit.edu; Sergey
Paltsev, paltsev@mit.edu
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The Department of Energy’s U.S. Government
Performance and Results Act (GPRA) Analyses.
The U.S. MARKAL model and NEMS have both been
used in the past to produce estimates of the benefits of
proposed DOE program spending in the context of the
U.S. Government Performance and Results Act (GPRA)
analysis. One distinguishing characteristic of GPRA
analyses is the coordination between the modelers and
the DOE programs producing technology assumptions
for use in the models. The modelers must work directly
with the program offices to collect different assumption
sets, synthesize and manipulate this information to fit
into their respective modeling frameworks and then
produce a range of scenarios using different combinations
of assumptions. Significant effort is required to collect
and synthesize technology information and assumptions
from the many DOE programs and to manipulate this
information for inclusion into modeling frameworks.
GPRA analysis is also distinguished by the wide range of
benefits metrics that have been produced by the models
beyond simply the reduced costs of climate change
mitigation.
Harvard University. Researchers at the Belfer Center
at Harvard University are using the multi-region U.S.
MARKAL model to simulate the impacts of portfolios
of energy technology RD&D investments. They
incorporated the results of the elicitations they conducted
on the effect of RD&D investments into their modeling
work using a Latin hypercube sampling (LHS) approach
instead of a more traditional Monte Carlo approach to
reduce the total variance (without introducing bias)
in the sampled values of uncertain future cost metrics.
Because the costs they sample will serve as inputs to the
computationally expensive MARKAL model, the variance
reduction properties of LHS allow them to dramatically
reduce the total number of samples (and therefore
total number of model simulations) that are needed to
approximate the total variance in the output quantities
of interest, conditional on the input distributions elicited
from the experts. The researchers aggregated samples
from individual distributions into dependent suites of
model-ready inputs by inducing correlation in marginal
Latin hypercube samples. Where necessary, they also

developed new modules for MARKAL to represent
technologies not currently considered by the model (e.g.
utility-scale storage).
Joint Global Change Research Institute – Pacific
Northwest National Laboratory. The GCAM IA model
and other IA models have been used for over a decade to
explore the implications of different technology pathways,
primarily with a focus on the outcomes under policies
to stabilize the global climate. As with the Harvard
project, GCAM has been used in conjunction with
expert elicitation, in this case incorporating research by
researchers at the University of Amherst. A distinction
between this work and the Harvard work is the focus
on global effects rather than U.S benefits. Again, due to
the constraints on the development of expert elicitation
information by individual researchers, these studies
have generally been conducted on a technology-bytechnology basis.
Recent research with GCAM has focused on conducting
large ensembles of model runs, varying assumptions
for all major technologies, to gain an understanding of
how different technology or policy parameters interact.
One challenge associated with the generation of large
ensembles is the computing requirements. These sorts
of ensembles cannot be produced on workstations
or laptops, even for relatively quick models such as
GCAM. Hence, these large ensemble exercises have been
conducted on large clusters or supercomputing resources.
A recent ensemble of approximately 150,000 runs was
produced on the National Energy Research Scientific
Computing Center (NERSC) supercomputer. Pacific
Northwest National Laboratory (PNNL) will be able
to continue this research on the new Evergreen cluster
located at the Joint Global Change Research Institute
(JGCRI) in College Park, Maryland.
Fondazione Eni Enrico Mattai (FEEM).The WITCH
model, developed by researchers at FEEM, is also a global
IA model that has been used extensively to analyze the
implications of climate policies on technology portfolios
as well as the benefits of technological improvements
in deterministic and stochastic settings. Research at
FEEM has investigated the effects of different sources of

uncertainty, such as unknown carbon prices or uncertain
RD&D outcomes. Because the model accounts for the
externalities associated with innovation and technology
adoption, it has also been used to explore the double
externality problem – the presence of two market failures,
one associated with the climate externality and one
associated with market for innovation – that characterizes
climate-related innovation.
National Renewable Energy Laboratory. The need to
explicitly incorporate uncertainty was the motivation
for the development of the SEDS model. SEDS contains
less detail than MARKAL, NEMS or GCAM. This
reduction in detail was a conscious decision to facilitate
the ability to quickly generate large ensembles of runs
for analysis of uncertainty. In addition, SEDS explicitly
takes as input uncertainty distributions on technology
parameters along with a range of other parameters that
define the environment in which energy technologies are
deployed. This approach is different from the ensemble
runs generated using GCAM because of the explicit
inclusion of uncertainty distributions on assumptions and
the use of sampling techniques to generate ensembles of
scenarios. In contrast, the GCAM analyses have simply
applied several distinct assumptions for each technology
without defining underlying probability distributions.

3.2 Community Research Challenges
In comparison to the other two elements of energy
technology portfolio analysis, benefits analysis is far more
developed. The models used to develop benefits have a
long history of development and application. Many of
these applications are not associated with RD&D benefits
analysis per se – for example, they are used for energy
policy analysis or to explore the general interactions
between human activity and Earth systems – but the
underlying model development has increased their ability
to explore the implications of technology advancement.
The development of these models is supported by
their utility in a wide range of applications, so they are
continually under development. In addition, there are
already institutional structures for model comparison
and improvement, including, for example, the Energy
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Modeling Forum (EMF) and the Integrated Assessment
Modeling Consortium (IAMC).
Nonetheless a number of methodological issues
remain. Areas for improvement raised at the workshop
included the following: (1) better representations of
the various elements of technology diffusion processes;
(2) better representations of change in end use sectors,
including behavioral drivers; (3) development of
models that are more amenable to the treatment of
uncertainties, for example, by reducing run-times; (4)
better representations of economies in transition or
economies that stray far from economic equilibrium;
(5) better representations of institutions and regulations
that influence the ability to take up new technologies;
(6) representations of agriculture and land use and the
relationship to bio-energy; and (7) representations of
infrastructure, for example, the electricity transmission
grid or biomass transport in scenarios with dramatic
increases in bioenergy consumption.
Beyond continued improvements to the models
themselves, the most prominent research priority to
emerge from the meeting was the need to improve the
models’ abilities to produce alternative metrics that can
help to span the range of benefits from energy technology
advancement. Virtually all energy-economic or IA models
are capable of producing some economic indicators of
the benefits of energy technology improvement. Costs of
climate mitigation are a common indicator produced by
most models, and these costs have served as a primary
output from a wide range of studies. Models differ in
terms of the way that costs are expressed. They can be
expressed in GDP changes, total mitigation costs (e.g.,
the area under the marginal abatement cost [MAC]
function), or more direct welfare measures used by
economists such as consumption loss or equivalent
variation. Many models can also calculate changes in
GDP or welfare indicators from technology alone, absent
efforts to mitigate climate change.
However, efforts to provide alternative benefits metrics
related to security, employment, and environmental
benefits other than those related to climate change
have been relatively limited. Several modeling groups
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have produced these metrics. For example, the models
involved in the GPRA analyses for DOE have produced
an array of metrics, including security-related indictors
such as oil consumption and prices. Other models and
studies have also pushed in this direction. Nonetheless,
aggregate economic benefits and the costs of CO2
mitigation remain the main foci of analysis, and there is a
need to both develop new metrics and to bring alternative
metrics already in use into analyses. The inclusion of
alternative metrics in portfolio analysis will also raise the
issue of how to compare or weight different objectives, as
will be touched on briefly in the next section.

4 Portfolio Frameworks
The third session was devoted to portfolio or
decision frameworks. Frameworks are here defined
as methodologies or approaches for synthesizing
information on technology supply and benefits, and
communicating this information in such a way that it
effectively supports decision-making.

4.1 Overview of Current Activities
The frameworks being explored by the community span
a wide range, from relatively simple applied approaches
to cutting-edge research using new tools and concepts.
From a methodological perspective, the techniques can
be split into two categories. One category of analysis
focuses on characterizing uncertainty using a range of
methods, including Monte Carlo analysis, data mining
techniques known as robust strategies, and deterministic
explorations of the full solution space. The other category
of analysis focuses explicitly on the nature of an optimal
portfolio. Optimization methods, including stochastic
dynamic programming, are being explored for this
purpose. In general, research on optimization approaches
as applied to the energy RD&D portfolio problem is in
the early and exploratory stage.
Massachusetts Institute of Technology. Researchers
at MIT are pursuing an intertemporal optimization
approach. An important reason to employ an
optimization approach is that a number of key insights

cannot be gained without optimization, particularly
insights about the value of information. Researchers are
developing a scaled-down IA model that can be used with
approximate dynamic programming to obtain insights
about the best near-term actions, given a sequential
decision-making framework. For example, researchers
have used a set of individual runs from the EPPA IA
model in a decision analysis tree framework. This work
focused on a simple invest/don’t invest example. These
researchers are also exploring a more comprehensive
framework to support decision-making: optimal RD&D
investment over multiple technologies, including the
timing of investments to adapt to information over
time. To do this, an approximate dynamic programming
approach is being pursued. This semi-heuristic method
makes some headway toward getting around the curse
of dimensionality – the notion that decision problems,
as well as other problems, can become mathematically
intractable as the number of the variables increases. Even
with this, however, the full EPPA IA model is too detailed,
so a scaled-down IA model will be required. The benefits
are a sophisticated set of results about the timing of
investments and the value of information.

development of these methods. The Harvard team also
placed particular emphasis on metrics for communicating
the benefits of RD&D. For example, one metric they
presented was the probability that the carbon price would
not exceed $30/ton in 2030.

Fondazione Eni Enrico Mattai (FEEM). The FEEM
group is also planning to use an optimization approach
by implementing stochastic programming in the WITCH
IA model. Future possible states of technologies will
be described by a scenario tree, formulated using the
information gathered during expert elicitation. This
effort will present serious computational challenges,
and the scope of analysis will be limited by the curse of
dimensionality. Their current work involves deterministic
analysis of technology scenarios derived from experts’
judgment to explore the solution space.

Joint Global Change Research Institute – Pacific
Northwest National Laboratory and the RAND
Corporation. Researchers at PNNL and at RAND
Corporation have been exploring the uncertainty space
through the implementation of large ensemble runs of
the GCAM . Recent work has included up to 150,000
runs of GCAM based on varying assumptions about key
mitigation options. In most applications of this approach,
no uncertainties have been assigned to assumptions,
so the insights are developed through an exploration
of the possible space rather than an assessment of the
likelihood of outcomes. A range of methods has been
used to communicate results, from diagrams to more
sophisticated data mining techniques known as robust
strategies. Results have generally been communicated in
terms of total primary energy requirements and the costs
of mitigation.

Harvard University. The Harvard team had a special
focus on dependencies in technology costs. They derived
rank (Spearman) correlations across technologies from
structured discussions among the team’s researchers in
order to formalize these dependencies. The researchers
also developed and tested questions to elicit correlations
directly from experts; the group expects to continue

University of Massachusetts at Amherst. Researchers
at UMass Amherst are using a multi-model optimization
approach. Using multiple models allows for the
technological detail in the larger IA models to be
combined with more detailed and sophisticated
probabilistic analysis. This team elicited technology
endpoints to derive MACs using the GCAM model. These
were then combined with the elicited probabilities to
create probability distributions over MACs conditional on
RD&D funding. The resulting probabilistic curves were
then used to represent technical change in the smaller,
simpler DICE IA model. A stochastic programming
approach was used to determine the optimal RD&D
portfolio under a number of different assumptions
and policy environments. Using their elicited data, the
optimal portfolio was very robust to a number of different
emissions policy scenarios as well as to risk scenarios.
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4.2 Community Research Challenges
Overall, participants noted that the development of
tools and insights from frameworks is less advanced
than the development of tools and insights from the
technology supply and benefits research. Thus, research
on frameworks needs to be developed more fully before
it plays a large role in decision support. Two general
categories of community research challenges were
raised at the meeting: those associated with continued
advances in methodologies and associated tools and those
associated with communicating research results that can
be highly technical and that are fundamentally about
uncertainty.

4.2.1 Methodological Issues
Given both the level of sophistication in portfolio tools
and the fact that efforts to apply these tools to energy
technology portfolio applications are relatively recent,
it is not surprising that a large range of methodological
challenges confront researchers. Challenges that cut
across methodologies include challenges (1) in developing
and assigning probabilities (which are linked to
developments in technology supply); (2) in determining
the level of aggregation at which analyses are conducted,
balancing detail with tractability; (3) in representing
all relevant uncertainties and not just a subset (e.g.,
only representing technological uncertainties and not
climate, policy, and socioeconomic uncertainties); and (4)
associated with the dynamic incorporation of uncertainty,
the curse of dimensionality, and correlations among
different potential advances.
In addition to these general challenges, participants raised
two additional issues of particular importance. As with
the discussion of benefits, participants raised concerns
over the limited set of metrics often used in portfolio
frameworks. Optimization frameworks are often based on
the paradigm of a social planner with a single, cost-based
objective, for example, minimizing the cost of meeting
particular CO2 emissions reductions targets. Participants
suggested that researchers consider metrics that better
align with the actual objectives of energy policy, such as
analyzing how US RD&D funding is likely to affect US
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economic competitiveness. This would require combining
environmental, economic and security metrics. It would
also require interactions with benefits researchers to
develop tools that could provide those metrics.
Participants also raised questions about the
characterization of risk preferences. It was suggested
that an important goal of government RD&D is to cut
off the tail of the distribution; that is, to reduce the
largest risks so that technologies become attractive to
the private sector. It was noted that the pharmaceutical
industry tends to use a cut-off probability approach. If the
probability of success for a particular project is too low
in relation to potential payoffs and costs, then firms do
not pursue the project. Government RD&D could adopt
a similar approach to risk. For example, if the probability
is very low for a project, then the government would not
pursue, but if the probability is very high, the government
would also not pursue, leaving it instead to the private
sector.

4.2.2 Communication of Uncertain Research
Results
Participants in the workshop were quick to point out
that the challenges facing frameworks research are not
just methodological. Communication was raised as
one of the most important challenges. Communication
of uncertainty has already proven challenging. New
and innovative strategies are needed in this regard.
In addition, because they are normative rather than
descriptive, optimization approaches have the weakness
of appearing to tell decision makers precisely how they
should act. As the participants pointed out, this is not the
intention. Optimization-based approaches are aimed at
producing insights intended to support decision-making
more generally. Some of the types of insights that can be
gained are about the level of diversification of a portfolio,
how projects can be balanced in terms of lower and
higher risk, the value of gathering more information, and
the robustness of results to key parameters. Finding a way
to communicate these general insights and at the same
time to gain acceptance of optimization methods will be a
major challenge.

5 Communication as a
Cross-Cutting Theme
Throughout conversations at the meeting, communication
emerged as an important cross-cutting issue. Although
communication issues do indeed intersect with those
raised in the three sections above, they proved common
across all areas of portfolio analysis and therefore deserve
to be highlighted and briefly discussed as a distinct set of
issues.
One focus of discussion concerned communication
and interaction among researchers. For example, it will
be important for researchers on technology supply to
interact and present a community product that can
be used for a wide variety of applications. This should
not just include data from elicitations but should also
integrate historical empirical data from a number of
sources. Moreover, one of the key applications for the
technology supply data will be to support energy and IA
modeling. Thus, the technology supply researchers and
the energy and IA modelers need to communicate and
interact. This interaction would allow the technology
supply researchers to better understand what is needed
by the modelers. Such interactions can also help identify
which specific pieces of data are crucial to collect from
expert elicitations, versus which data can be reasonably
simulated or modeled.
The second context in which communication was
raised was in the interaction between researchers and

the user community. Much of the work in the portfolio
analysis community takes place outside the context of
actual decision makers, who are an important audience
for their research. All of the results presented at the
workshop – on supply, benefits and frameworks –
need to be communicated to decision makers in such
a way as to provide useful information that explicitly
acknowledges and communicates uncertainty, but
that is still understandable and meaningful to nontechnical decision makers. Some suggestions around
communication included producing highly reduced-form
models that allow decision makers to interact and see the
effects of specific assumptions or objectives; producing
papers and reports at multiple levels (academic, policyoriented, popular) to get messages across; and being
extremely clear about what models can and cannot do.
Since decision makers at different levels have different
perspectives, it may be necessary to have results at
multiple levels or to communicate results in a variety of
complementary ways.
One important suggestion was to continue annual
meetings such as this workshop that include both
researchers and decision makers. These meetings would
compare results and discuss means of going forward.
Each meeting might have a particular, more narrowly
scoped focus. Another suggestion was simply to query
decision makers to more clearly assess their needs. For
example, the government participants in the workshop
were asked what they wanted most from the researchers.
Below is a summary of the answers that they provided:

Desired Information or Tools

Category

The acquisition of good, valid data quickly and with little overhead to our people

Technology Supply

The relationship of private industry research to other sources of technological change;
the basic and applied research split

Technology Supply

Model comparisons, including of elicitations

Technology Supply, Portfolio Frameworks

Quantification of barriers, specifically market barriers

Technology Supply, Benefits Analysis

Consumer behavior changes in response to policies and changing prices

Benefits Analysis

Evaluations of specific policies from 1st best to 2nd, 3rd best world, or even an ad hoc
policy world

Portfolio Frameworks, Benefits Analysis

Models that can be run quickly and iteratively in order to look at the impacts of timing
(i.e., delays in achieving goals)

Portfolio Frameworks

More productive and efficient information exchanges

Communication
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6 Conclusion: Key Research
and Institutional Priorities
The previous sections highlighted key community
research challenges. Along with these challenges,
participants raised a wide range of suggestions, both large
and small, for addressing these challenges. From this
material, five key priorities emerged as the most relevant
and prominent.

6.1 Establish an Institutional Structure
for Coordinating and Communicating
Technology Supply Research
One strong recommendation from the workshop was to
develop an institutional framework for the technology
supply community. Current research on technology
supply is scattered among a range of different institutions.
The community includes not only researchers conducting
expert elicitations, but also those using historical
approaches, such as econometric tools, and qualitative
industry analysis. At present, these researchers have no
forum for interaction and coordination. An institutional
framework could facilitate both communication and
interaction. An appropriate model might be the Energy
Modeling Forum (EMF) framework that has been
successful in bringing together the integrated assessment
(IA) and other energy modeling communities. The EMF
framework has allowed these communities to coordinate
efforts in a way that helps to make the totality of research
both more robust and more relevant for policy-making.
An institutional framework could also enhance
interaction with user communities and communication
of research results to these communities. Much of the
technology supply research has not been published or is
otherwise not easily accessible. Several user communities
would benefit substantially from the information being
collected on technology supply. These include the
energy and IA modeling communities that might use
the information for scenario development or benefits
analysis, the frameworks community attempting to

16

design meaningful analyses, and decision makers simply
looking for current and projected future technology cost
and performance information. Better dissemination
is clearly needed. An institutional framework could
support publication of coordinated research efforts
for these communities and also facilitate interaction
between the technology supply community and other
user communities, including the decision-making and
the energy and IA modeling communities. In addition to
meetings and journal or technical publications, a specific
suggestion for communicating research was the use of a
Wikipedia-like tool for disseminating energy technology
data.

6.2 Enhance Technology Supply Tools
and Data
There was a broad consensus at the workshop that
application of expert elicitation tools to this area
of research needs to continue as a means to both
develop more information and address many of the
methodological challenges associated with expert
elicitation, such as those associated with aggregation,
scaling up, and incorporating other drivers of
technological advance. However, the discussion focused
not on these general methodological issues but on how
to best utilize limited resources available for collection
of expert elicitation information. These limitations apply
not just to the researchers conducting expert elicitations
but also to the experts providing information to these
elicitation processes. A number of suggestions were made
at the meeting for developments that would enhance
the collection of expert elicitation information given
these resource constraints. Among the most prominent
suggestions was the suggestion to develop web-based
tools for conducing elicitations. These tools could reduce
the enormous time commitment required to conduct
elicitations and might expand the pool of experts that
could be brought into any single elicitation. Another
important suggestion was to better combine other
sources of information, such as engineering studies and
historical empirical research, with expert elicitations.

This combination would allow expert elicitations to be
better focused in areas where they are most advantaged,
but it would also require research efforts targeted at
methods for bringing these different sorts of information
together. There was also a broad consensus, captured
in the community research priority above, that better
coordination among research groups would allow these
groups to design their efforts to be most complementary
of one another.

6.3 Develop and Use Alternative
Benefit Metrics
The need to explore and develop a range of alternative
metrics that can help to span the range of benefits from
energy technology advancement was raised in discussions
of both benefits and portfolio frameworks. Virtually all
energy-economic or IA models are capable of producing
several aggregate economic indicators of the benefits of
energy technology improvement. For example, the costs
of climate mitigation are a common indicator produced
by most models, and these costs have served as a primary
output from a wide range of studies. Not surprisingly,
portfolio framework analyses have also typically focused
on this small set of metrics. However, efforts to provide
alternative benefits metrics, such as security, employment,
and environmental benefits other than those related to
climate change, have been relatively limited. Given the
importance of these metrics in addressing other national
priorities, their development and use is considered a
major community research priority.

6.4 Continue to Explore Cutting-Edge
Framework Tools
Actual implementation of portfolio or decision
frameworks is at an early stage in comparison to tools
used for benefits analysis and for expert elicitation.
This is an enormously challenging research area, but
the benefits could be substantial if additional progress
could be made. These tools will ultimately not be used to
give specific advice about RD&D portfolio investments,

but rather to highlight key insights that might be useful
in real RD&D portfolio processes. For example, these
tools can give insights into the value of information or
to highlight the particular roles of certain technologies
in the portfolio (for example, as a hedge against specific
risks). To use these tools, certain fundamental questions
will need to be addressed, including questions about
how and when to apply these tools and how to interpret
results ways that will be most useful to multi-actor, multiobjective decision-making processes. These fundamental
questions can only be answered through continued efforts
to develop and apply the tools. There are a number of
exploratory avenues for research that should be pursued.
This includes Monte Carlo analyses, large ensemble sets,
dynamic uncertainty modeling, multi-model approaches
and stochastic dynamic programming.

6.5 Establish a Regular Forum for
Interactions among Researchers and
between Decision Makers and
Researchers.
One of the primary weaknesses of portfolio research
outside of the government context is a limited connection
to the processes by which such analyses and information
are actually used by decision makers. Similarly, many
decision makers are not aware of the breadth of research
activities taking place that might inform decision-making.
Finally, many researchers may be unaware of portfolio
research being undertaken by others and therefore unable
to use this knowledge to improve their own research or
to enhance the research of others. This workshop proved
exceptionally successful at bringing these communities
together and opening a meaningful dialogue.
Continuation of this sort of forum is recommended
to maintain the dialogue. More broadly, participants
suggested that it would be useful and interesting to have
more interactions with other groups that do portfolio
analysis outside of the energy context. In particular, the
pharmaceutical industry came up often in discussion.
Both the decision makers and the portfolio researchers
from those industries could provide valuable insights for
energy RD&D decision makers and researchers.
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