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1
INTRODUCTION

The large-scale CO2 reductions envisioned to stabilize, and ultimately reverse, global
atmospheric CO2 concentrations present major technical, economic, regulatory and policy
challenges. Reconciling these challenges with the continued growth in energy demand highlights
the need for a diverse, economy-wide approach.
This Discussion Paper provides stakeholders with a framework for developing a research,
development, and demonstration (RD&D) Action Plan that will enable sustainable and
substantial electricity sector CO2 emissions reductions over the coming decades. The technology
development pathways and specific research activities discussed in this paper provide a basis for
a detailed Action Plan to be published later this year incorporating input from participants in the
2007 EPRI Summer Seminar.
The analyses summarized in this paper address the technical feasibility for the sector to achieve
large-scale CO2 emissions reductions, the technology development pathways and associated
RD&D funding needed to achieve this potential, and the economic impact of realizing emissions
reduction targets. Given the 20- to 30-year lead-time needed to fully research, develop, and
commercially deploy technologies, it is critical for the industry to define priorities and initiate
RD&D activities.
The assessment involves three related EPRI studies:
•

The PRISM analysis, which determined the U.S. electricity sector’s potential for reducing
CO2 emissions from a purely technical perspective, based on deployment of a portfolio of
advanced technologies.

•

A technology development pathways analysis, which identified the sequence of research,
development, and demonstration (RD&D) steps needed to achieve the necessary technology
performance and deployment levels, and developed preliminary estimates of the RD&D
investment required.

•

The MERGE analysis, which assessed the economic value of deploying the full technology
portfolio analyzed in the PRISM analysis, and projected the least-cost combination of
technologies needed to meet a specified CO2 emission reduction requirement.
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2
ELECTRICITY TECHNOLOGY UNDER A CARBONCONSTRAINED FUTURE (PRISM ANALYSIS)

Based on a “bottoms-up” review of technology performance capabilities and deployment
potential, EPRI has developed a technical assessment of the feasibility for future U.S. electricity
sector CO2 emissions reductions. This so-called “PRISM” analysis (from the colorful appearance
of the graphical results) represents an estimate of the potential electric sector CO2 emission
reductions, in that it focuses solely on technical capabilities assuming no economic or policy
constraints.

The Technology Portfolio
The PRISM analysis assumes successful achievement of performance and deployment targets
associated with several advanced technologies as a basis for estimating CO2 emissions reduction
potential:
•

End-use energy efficiency

•

Renewable energy

•

Advanced light water nuclear reactors

•

Advanced coal power plants

•

CO2 capture and storage

•

Plug-in hybrid electric vehicles

•

Distributed energy resources

The technologies considered and the selection of “aggressive but feasible” analysis targets were
based on capabilities that still face substantive research, development, demonstration, and/or
deployment challenges, but for which a specific sequence of RD&D activities can be identified
that will achieve wide-scale deployment of the technologies between today and 2030.
Capabilities requiring assumption of break-through technology developments or which have
deployment timelines past 2030 were excluded from the analysis.
The Table 2-1 below compares the analysis targets used in the PRISM analysis with those in the
U.S. Energy Information Administration’s (EIA) 2007 Annual Energy Outlook Base Case [AEO
2007]. A more detailed discussion of the analysis targets can be found in Appendix A.
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Table 2-1

Analysis Approach and Key Assumptions
To estimate potential CO2 emissions reductions, the PRISM analysis calculated a different
national electricity generation mix based upon the technical targets described above, and then
calculated the change in CO2 emissions relative to the EIA 2007 Annual Energy Outlook [AEO
2007] Base Case. The emissions reduction is calculated for each technology separately over time
and graphed relative to the emissions indicated in the EIA base case. The Figure 2-1 below
schematically illustrates the analytical approach for the PRISM analysis:
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Simplified PRISM Analytical Approach
Source Data:
EIA Annual Energy
Outlook 2007

Technology Development
and
Deployment Assumptions

For each technology:
• Energy efficiency
• Renewables

Generation Changes
due to
Technology Implementation

• Advanced coal
• Nuclear
• Carbon capture and sequestration
• PHEVs
• Distributed energy resources

CO2 Emissions Reductions

Figure 2-1

Results
As shown in the Figure 2-2 below, the aggressive development and deployment of several
advanced technologies could reduce U.S. electricity sector CO2 emissions by roughly 45%
by 2030, relative to estimates in the EIA 2007 Annual Energy Outlook [AEO 2007] Base Case.
Most importantly, the PRISM analysis indicates that the rising trend in CO2 emissions from the
U.S. electricity sector can be slowed, stopped and ultimately turned around.
The aggressive implementation of advanced technologies provides a significant shift in
the generation mix compared to projections in the 2007 Annual Energy Outlook [AEO 2007]
Base Case (see Figure 2-3 below). Coal remains a critical part of U.S. electricity supply, albeit
with CO2 capture; nuclear energy and renewables expand their share; and natural gas-fired
generation declines. Also note that the estimated total electricity consumption in 2030 remains
approximately the same in both the EIA and PRISM analyses. This is due to improvements in
energy efficiency and to the movement of load to distributed generation, offset by increased
electricity demand associated with plug-in hybrid electric vehicles (PHEVs).
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Figure 2-2

Figure 2-3
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PRISM Conclusions
Several important conclusions derive from the PRISM results:
•

The emissions “profile” for the U.S. electricity sector as it aggressively implements advanced
technologies would represent a slowing, stopping, and eventually declining level of annual
CO2 emissions. Such a curve shape may be necessary to comply with future carbon policies
and to contribute to global efforts to stabilize atmospheric greenhouse gas concentrations.

•

Achieving the indicated emissions reductions requires deployment of a diverse set of new
and existing technologies, none of which will provide the majority of potential reductions.
In other words, there is no “silver bullet” that represents the bulk of emissions-reducing
potential.

•

Consequently, if one or more of these technology options are not available, even more
aggressive levels of technology performance and deployment would be necessary in the
remaining technology areas to achieve the estimated emissions-reduction potential.

•

Key enabling grid-related technologies are needed to fully realize the emissions-reduction
potential associated with end-use efficiency, renewables, plug-in hybrid electric vehicles,
and distributed energy resources.
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3
TECHNOLOGY DEVELOPMENT PATHWAYS

EPRI’s evaluation of the implications of the PRISM analysis reveals four key strategic
technology deployment challenges that must be met for the U.S. electricity sector to significantly
reduce CO2 emissions over the coming decades:
•

Deployment of smart distribution grids and communications infrastructures to enable
widespread end-use efficiency technology deployment, distributed generation, and plug-in
hybrid electric vehicles.

•

Deployment of transmission grids and associated energy storage infrastructures with the
capacity and reliability to operate with 20-30% intermittent renewables in specific regions
of the United States.

•

Deployment of advanced light water reactors enabled by continued safe and economic
operation of the existing nuclear fleet.

•

Deployment of commercial-scale coal-based generation units operating with 90% CO2
capture and with the associated infrastructures to transport and sequester the captured CO2.

The specific technologies associated with each of these challenges are at various stages of
development. However, common to all is the need for sustained, substantial RD&D to accelerate
commercial deployment and meet the aggressive targets established in the PRISM analysis for
2030. The following sections detail the technology development pathways associated with each
of the challenges. The research milestones and deployment targets described below represent
critical guideposts in addressing the strategic challenges. EPRI is developing a detailed RD&D
Action Plan for release in late 2007.
Challenge 1: Distribution-enabled technologies— deployment of smart
distribution grids and communications infrastructures to drive broader
commercialization of end-use energy efficiency (EE), distributed energy
resources (DER), and plug-in hybrid electric vehicles (PHEVs).
While active RD&D and commercial development is advancing the capabilities of distributionenabled technologies – such as energy efficient devices, distributed energy resources, and
plug-in hybrid electric vehicles – their widespread deployment requires a smart, interactive
infrastructure, including a range of solutions that can be integrated all along the distribution
system. To reduce both energy consumption and CO2 emissions to levels consistent with those
estimated in the PRISM analysis, greater synergy is needed between energy consuming and
producing devices and the electrical distribution system.
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Technology Development Pathways
Technology development pathways are described below for the grid-enabled technologies that
will enable widespread commercialization of EE, DER and PHEVs. The accompanying timeline
shows key research milestones and deployment targets.

Distribution Enabled Technologies

Figure 3-1

Energy Efficiency and Distributed Energy Resources
Energy-efficient technologies provide many of the most cost-effective, near-term options for CO2
emissions reduction, since many can be deployed faster and at lower cost than supply-side
options such as new central power stations. The impact of EE on CO2 emissions includes
not only the load that it directly reduces, but also the new generation that it defers, buying time
for incrementally cleaner and more efficient generation to come on-line. Distributed energy
resources deliver electricity closer to the point of use, better matching demand with supply, and
mitigating the need for new generation and transmission facilities.
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Key research milestones and deployment targets include:
•

By 2010, ensure standards for interoperability are in place, and the advanced meter
infrastructure (AMI) has the capability for real-time data acquisition and dynamic energy
management. This is the beginning of the information technology and communication
backbone of the smart distribution system.

•

By 2012, complete pilot projects to assess the capability of dynamic energy management
based upon first-generation AMI, providing real-time pricing signals and emergency demand
condition signals to smart devices.

•

By 2015, ensure that smart resources are built to standards. End-use devices and DER are
routinely manufactured with interactive intelligence built into their operating systems based
upon accepted communication standards.

•

By 2020, ensure AMI can be integrated with smart resources (smart end-use devices and
smart DER), allowing consumers to optimize energy use.

Plug-In Hybrid Electric Vehicles
Plug-in hybrid vehicles, building upon the engineering and market acceptance of traditional
hybrids, are expected to enter the U.S. market around 2010, and to gain market penetration
through 2050 because of their superior fuel performance and environmental benefits. With
parallel advances in smart vehicles and the smart grid, PHEVs will become an integral part
of the distribution system itself within 20 years, providing storage, emergency supply, and
grid stability.
Key research milestones and deployment targets include:
•

By 2012, develop advanced on-board chargers capable of handling two-way power flow,
opening the door for vehicles to become potential supply resources.

•

By 2017, deploy PHEVs to represent 10% of new light vehicle sales in the United States.

•

By 2020, ensure PHEVs can be integrated into the smart distribution system and managed
in aggregate to meet peak loads and emergencies, and to provide ancillary services.

•

By 2030, deploy PHEVs to represent 30% of new light vehicle sales in the United States.

Smart Distribution Grid
The technologies discussed above share a number of common attributes. First, they have or
will have high levels of distributed intelligence (embedded computers) built into their basic
operating structure, allowing them to become “smart resources” that are interactive with their
digital environment. Second, they incorporate standardized communication protocols, affording
high levels of interoperability with other devices through AMI. Third, they are designed to be
integrated with a smart electricity infrastructure at multiple levels – the distribution level, the
energy management systems (EMS) level, and grid operations and planning. Consequently,
while established research and commercial activities continue to develop core technologies for
efficiency, PHEVs, and DER, parallel RD&D efforts are required to transform the distribution
system into a smart enabling infrastructure.
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Key research milestones and deployment targets include:
•

By 2010, develop and deploy communication standards for AMI to ensure interoperability
with the grid.

•

By 2015, integrate AMI with smart resources, and complete pilot projects of distribution
system optimization.

•

By 2020, develop models for integrating smart resources with EMS, maximizing the energy
efficiency benefit at the system level. Ensure smart resources can be aggregated into virtual
loads and sources. Pilot projects test the management of these resources.

•

By 2025, fully integrate EMS with distribution management systems (DMS) and smart
resources. Ensure the seamless integration of smart distributed resources with distribution
system operations and with the market for energy services.
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Challenge 2: Transmission-enabled technologies—deployment of transmission
grids and associated energy storage infrastructures with the capacity and
reliability to operate with as much as 20-30% intermittent renewables in specific
regions.
Because the principal non-hydro renewable resources (i.e., wind, solar) are intermittent,
integrating large quantities into the generation mix will require significant transmission system
enhancements. Specific challenges include insufficient transmission for wind farms in remote
locations, voltage and power supply problems due to fluctuating energy output, high ramping
burdens requiring added reserves, and limited reactive power control. This section describes
the RD&D steps needed to equip the transmission system with the resiliency and flexibility
necessary to operate under conditions where potentially 20-30% of electricity generation is
produced by intermittent renewables in specific regions and/or at specific points in time.

Technology Development Pathways
Technology development pathways are described below for the transmission-enabled
technologies that will enable greater penetration of renewable energy into the U.S. grid.
The accompanying timeline shows key research milestones and deployment targets.

Transmission Enabled Technologies

Figure 3-2
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Utility-Scale Energy Storage
Because they are inherently less controllable, renewable energy resources challenge grid
operations. Wind power provides the most striking example, with potential remedies including
better wind turbines, improved fault tolerances, more accurate wind forecasting, power
electronics for stabilization and compensation, and electric energy storage. Of these, only electric
energy storage offers a comprehensive solution to the grid challenges of intermittent generation.
Decoupling intermittent generation from demand by allowing large-scale energy storage and
discharge increases resource dispatchability and allows intermittent renewable resources to
operate during periods of maximum efficiency.
Key research milestones and deployment targets include:
•

By 2017, demonstrate an energy storage plant to support widespread integration of wind
turbines.

•

By the mid-2020s, develop energy storage technology based on nano-supercapacitors.

Grid Visualization Tools
Under-investment in transmission infrastructure relative to growth in electricity demand presents
critical near-term concerns. Analytical and visualization tools can enable more accurate
forecasting of renewable energy output and its impact on grid operations, providing operators
with greater confidence in scheduling adequate capacity to meet energy requirements.
Key research milestones and deployment targets include:
•

By 2015, apply new analysis tools to optimize regulation, reserves, and load-following
requirements in regions with high penetration of intermittent resources.

•

By 2020, develop visualization tools that more accurately reflect load and demand response
capabilities, enabling higher wind penetration.

Transmission Infrastructure
Renewable energy sites that are optimal in terms of primary energy resources are often far from
load centers, requiring additional transmission infrastructure. Further, new generation resources
and transmission lines change the topology and power flows on the grid, and intermittency leads
to a need for power electronics allowing new control strategies. Through advanced transmission
systems, novel materials, and advanced power electronics, the transmission infrastructure can be
adapted for increased renewable energy generation.
Key research milestones and deployment targets include:
•

By the mid-2020s, incorporate novel superconducting materials into a “supercable” that
provides a low-loss transmission medium and an energy storage medium that can also be
used for low-emission transportation applications.

•

By the late 2020s, develop high-voltage direct current systems incorporating power
electronics controllers that could be used to increase the use of off-shore wind farms.
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Challenge 3: New nuclear installations—deployment of advanced light water
reactors (ALWRs) enabled by continued safe and economic operation of the
existing nuclear fleet.
Nuclear power’s contribution to CO2 emissions reductions hinges on the continued safe and
economic performance of the existing fleet, which currently accounts for 73% of the emissionfree generation in the United States. Nuclear power is currently the only technologically mature
non-emitting generation technology that is proven and already deployed on a large scale. Many
of the existing or cancelled nuclear sites were originally licensed to accommodate multiple
nuclear units, so a substantial siting resource already exists for fleet expansion. Nuclear energy’s
R&D needs, therefore, span both the current fleet and new plant construction.

Technology Development Pathways
Technology development pathways are described below for the nuclear technologies that will
enable nuclear power to sustain and extend its contributions to emission-free power generation.
The accompanying timeline shows key research milestones and deployment targets.

Nuclear Technology Development

Figure 3-3
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Light Water Reactors (LWR)
The near-term technology needs for nuclear energy in the United States relate to light water
reactor (LWR) technology, which is the technology used in more than 80% of the world’s
current reactors. The existing fleet of commercial nuclear reactors in the U.S. generates
approximately 20% of the nation’s electricity at capacity factors averaging 90%. Existing U.S.
plants have already operated for 12 to 38 years, and almost half of the current fleet received their
operating licenses between 1980 and 1995. Sustaining electricity production from these plants is
critical to national efforts aimed at significant CO2 reductions. RD&D priorities are thus focused
on sustaining this high level of performance.
Key research milestones and deployment targets include:
•

By 2016, ensure that all existing plants have been granted a 20-year life extension.

•

By 2030, expand the application of digital control technology in both safety and plant control
applications.

•

By 2030, develop a new generation of highly reliable, high burnup nuclear fuel, capable of
longer outage cycles and significantly reduced volumes of spent fuel.

Advanced Light Water Reactors (ALWR)
After more than two decades of investment in design development and pre-licensing, ALWR
designs are approaching “essentially complete design” status. There are five major commercial
designs, two of which are certified by the U.S. Nuclear Regulatory Commission (the remaining
designs are under review or in the process of preparing review applications). Some ALWRs are
in commercial operation or under construction today in Japan, Korea, Taiwan, France, and
Finland. In the United States, 15 utilities have stated their intent to file a Combined
License application based on ALWR designs. Although ALWR technology is available
today, projections for earliest commercial operations of an ALWR in the U.S. are in the
2015 timeframe, due to time required for licensing and construction. The RD&D focus is to build
upon existing designs and programs, such as the U.S. DOE’s NP-2010, to enable completion of
the detailed engineering necessary for detailed ALWR cost estimates and plant construction.
Additional RD&D will ensure that ALWRs perform at high levels of safety, capacity factor, and
reliability, comparable to levels now achieved in the existing fleet.
Key research milestones and deployment targets include:
•

By 2011, resolve remaining ALWR generic regulatory issues – including instrumentation and
control design criteria, high-frequency seismic design criteria, quality assurance standards,
and fitness for duty – in support of a commercial operation goal of 2015.

•

By 2020-2025, develop enhancements to ALWR design, construction, and operations
(e.g. modular construction, advanced automated plant controls, enhanced standardization)
based on successful technology transfer of construction and operating experience from the
existing fleet and early ALWR deployments.
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Special Considerations
The analyses conducted for this Discussion Paper focused on those technologies that directly
create emissions reductions from the electricity sector. For the time horizon of interest, and the
boundary condition of electricity generation, two nuclear-energy related technology areas not
specifically analyzed in this report will nevertheless have a bearing on the commercial electricity
sector: spent fuel management and high-temperature gas reactors (HTGR).
Spent Fuel Management
Spent fuel management, although important to the long-term sustainability of nuclear energy,
does not contribute directly to CO2 emissions reductions. Today’s plants and those to be
constructed between now and 2030 will be able to store spent fuel on site. For economic, energy
security, and sustainability reasons, however, there is an imperative to establish an integrated
spent fuel management system consisting of centralized interim storage, long-term geologic
storage, and, when necessary, a closed nuclear fuel cycle (recycling, reprocessing and advanced
reactor strategies). The current analysis assumes a consensus strategy is established by 2012
for integrated and cost-effective spent fuel management. Long-term projections in the 2050
timeframe include a closed fuel cycle and deployment of “fast” reactors enabling the new fuel
cycle. While not an imperative to achieving the emissions reductions envisioned in PRISM by
2030, substantial future RD&D will be necessary to enable a successful, cost-effective transition
from a once-through to closed fuel cycle.
Key research milestones and deployment targets include:
•

By 2012, build a consensus strategy for integrated spent fuel management, spanning on-site
storage, interim central storage, long-term geologic storage, and potentially fuel reprocessing.

High-Temperature Gas-Cooled Reactors (HTGR)
Operating at much higher temperatures (700 to 950ºC) than conventional LWR technology
(300ºC), high-temperature gas-cooled reactors (HTGR) can generate both electricity and process
heat for industrial processes. Although originating from electricity sector technology, HTGRs
will provide a non-emitting technology option to reduce CO2 emissions from large industrial
energy consumers (e.g., hydrogen production, petrochemical operations, and desalination). The
Next Generation Nuclear Plant (NGNP) commercial demonstration project – the U.S.
Department of Energy’s name for the U.S. application of HTGR technology [NGNP] – is already
underway. Key research milestones and deployment targets include prototype HTGR plant
operation by 2018 and commercial HTGR introduction by the mid-2020s.
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Challenge 4: Advanced coal—deployment of commercial-scale coal-based
generation units operating with 90% CO2 capture and with the associated
infrastructures to transport and sequester the captured CO2.
Coal currently accounts for more than half of the electricity generated in the United States, and
is projected by most analyses to remain the backbone of U.S. electricity supply through 2050 and
beyond. Sustaining coal as a viable option in a carbon-constrained world entails increasing the
efficiency and reducing the capital cost of pulverized coal (PC) and integrated gasification
combined-cycle (IGCC) technologies, and bringing CO2 carbon capture and storage to the point
of cost-effective commercialization by 2020. Large-scale demonstrations will be necessary to
convince private industry that technology commercialization is feasible.

Technology Development Pathways
The technology development pathways outlined in this section are intended to achieve two
key targets: first, increase the efficiency of PC and IGCC baseload plants (with CO2 capture) to
the 43-45% range by 2030; and second, ensure that all coal plants built after 2020 have the
capability to capture and store 90% of the CO2 produced. The accompanying timeline
shows key research milestones and deployment targets.

Advanced Coal With CO2 Capture and Storage

Figure 3-4
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PC Plant Efficiency and Capital Cost
Significant efficiency gains for PC technology can only be realized by increasing the peak
temperatures and pressures of the steam cycle; a 10% efficiency gain, for example, translates into
a CO2 emissions reduction of 25%. Advanced materials such as corrosion-resistant nickel alloys,
and new boiler and steam turbine designs, will be necessary to accommodate these higher
temperatures and pressures. The targets for PC plants with carbon capture are efficiencies of
43-45% (with CO2 capture) with capital cost reductions of 25% by 2030 relative to 2005 costs
documented in the EPRI/CURC Roadmap [CURC/EPRI]. It is expected that an advanced ultrasupercritical plant operating at about 1290°F (700°C) will be built during the next 7-10 years,
following the demonstration and commercial availability of advanced materials from current
research programs.
Key research milestones and deployment targets include:
•

By 2020, achieve efficiencies of 33-35% for advanced pulverized coal plants with CO2
capture.

•

By 2020, design, construct, and operate “Ultragen-I” facilities – ultra-supercritical pulverized
coal plants operating at greater than 1100°F (593°C) with 25-50% CO2 capture.

•

By 2025, design, construct, and operate “Ultragen-II” facilities – ultra-supercritical
pulverized coal near zero emissions plant operating at 1200-1300°F (649-704°C) with
50+% CO2 capture.

IGCC Plant Efficiency and Capital Cost
With aggressive RD&D, IGCC capital cost reductions are targeted at 30% by 2030 relative to
2005 costs documented in the EPRI/CURC Roadmap [CURC/EPRI], with efficiencies climbing
from 30% today to the 45% range (with CO2 capture). Expected technology advances include
development of larger gasifiers, integration of these gasifiers with larger, more efficient
combustion turbines, and use of ion transfer membrane (ITM) and/or other low-energy-demand
oxygen supply technologies. Over the longer term, warm-gas cleanup and membrane separation
processes for CO2 capture will reduce energy losses in these areas. Eventually, it is anticipated
that hybrid combined cycles using fuel cells will enable generating efficiencies exceeding the
theoretical limits of conventional combined-cycle technology.
Key research milestones and deployment targets include:
• By 2012, field test ion transfer membrane technology, leading to pre-commercial testing of
IGCC with oxy-combustion.
•

By 2012, develop and evaluate hydrogen-fired F-class gas turbines, extending to G/H class
gas turbine testing in 2020 and beyond.

•

By 2017, achieve efficiencies of 33-35% for advanced integrated gasification combinedcycle coal plants equipped with CO2 capture.

•

By 2020, demonstrate the FutureGen project with CO2 capture and storage.

•

By 2025, demonstrate G/H-class turbine IGCC plants with CO2 capture.

•

By 2030, demonstrate integrated gasification fuel cell (IGFC) plants.
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CO2 Capture Technology
The greatest reductions in future U.S. electric sector CO2 emissions are likely to come from
applying carbon capture and storage (CCS) technologies to nearly all new coal-based power
plants coming on-line after 2020. CCS technologies can be feasibly integrated into virtually all
types of new coal-fired power plants, including IGCC, PC, circulating fluidized
bed (CFB), and variants such as oxy-fuel combustion.
Pre-combustion CO2 separation processes suitable for IGCC plants are used commercially
in the oil and gas and chemical industries at a scale close to that ultimately needed for power
production. Currently, adding CO2 capture, drying, compression, transportation, and storage
capabilities to IGCC plant designs would increase the wholesale cost of electricity by 40-50%.
One promising cost-reduction pathway involves membrane technology for separating the CO2
from syngas, which could enable a 50% reduction in both the capital
cost and auxiliary power requirements.
Post-combustion CO2 capture for PC plants uses a solvent to interact with the flue gas
and adsorb the CO2. A 2000 EPRI-DOE study [EPRI 2000] concluded that the energy needed by
the current monoethanolamine (MEA) process would reduce net power by 29% and raise the cost
of electricity by 65%. Extensive research [e.g. EPRI 2007] is being done to test and develop
better solvents, such as chilled ammonia, which may reduce power consumption to as low as
10%, with an associated cost-of-electricity increase of about 25%. Alstom and EPRI are
conducting a 5 MWt pilot scale test of a chilled ammonia process at We Energies’ Pleasant
Prairie Power Station. If successful,
a 30 MW pilot will follow around 2010.
Key research milestones and deployment targets include:
•

By 2012, conduct multiple 10 MW scale oxy-combustion pilot projects, leading to precommercial demonstration around 2020 and beyond.

•

By 2015, conduct pilot projects demonstrating chilled ammonia and improved amine capture
technologies.

•

By 2020, develop new/improved processes and membrane contactors for post-combustion
capture in support of Ultragen-II demonstration (see advanced pulverized
coal section above).

CO2 Storage Technology
Geologic CO2 storage has been proven effective by nature, as evidenced by the numerous natural
underground CO2 reservoirs in Colorado, Utah, and other western states. CO2 is also found in
natural gas reservoirs, where it has resided for millions of years. Large-scale injection and
storage of CO2 produced from electricity generation, however, has not been proven. DOE has an
active R&D program, the “Regional Carbon Sequestration Partnerships,” [NETL]which is
mapping geologic formations suitable for CO2 storage and conducting pilot-scale CO2 injection
validation tests across the country. After successful completion of pilot-scale activities, the
Partnerships will undertake larger demonstrations in differing geologies, injecting quantities of
one million tons or more of CO2 over a several year period, along with post-injection monitoring
to track the CO2 plume in the target formations and to check for potential leakage.
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Key research milestones and deployment targets include:
•

By 2010, complete the validation phase of the U.S. Department of Energy regional
partnerships.

•

By 2018, complete the deployment phase of the U.S. Department of Energy regional
partnerships deployment phase.

•

By 2020, conduct 3-5 large-scale demonstrations of CO2 storage (for multiple geologies)
receiving captured CO2 from coal plants.

•

By 2020, demonstrate commercial availability of CO2 storage capable of supporting new coal
plants capturing 90% of CO2.
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Estimated Funding Needs for Technology Pathways
The commercial availability of the technologies described above will require an expanded
and multi-decade RD&D program. This RD&D must include expanded, yet well-coordinated
programs in both the public (government) and private sectors. Although advances are needed all
along the RD&D chain – basic science, applied research, development and demonstration – a
significant portion of the funds will be needed for large-scale demonstrations. The figure below
illustrates the timing and relative level of investment typically associated with the critical stages
of the technology development cycle. Mature technologies with low R&D costs are depicted on
the right, while novel technologies with uncertain commercial prospects are depicted on the left.
RD&D costs are highest for technologies at the demonstration stage, where private industry has
not yet accepted commercial viability.

Figure 3-5

EPRI assessed several technology roadmaps to estimate recommended RD&D funding levels for
applied engineering research, including the Coal Utilization Research Council/EPRI Roadmap
[CURC/EPRI], often cited by DOE’s Fossil Energy Office; and the INL/EPRI Nuclear Energy
Development Agenda [INL/EPRI]. Assessments were also made of international experience in
several technology areas. Based on these evaluations and EPRI’s own research, EPRI domain
experts developed high-level estimates of RD&D funding to enable the development and
deployment of technologies discussed in this report. These estimates were developed by making
a preliminary estimate of the funding needs in each of the phases of RD&D depicted in the figure
above, for 5 year intervals between 2005 and 2030. Table 3-1 displays estimates of annual
funding needs in five-year increments. These estimates are incremental to existing public/private
funding. All of the technology challenges require significant and sustained funding. These
estimates will be further developed based on the more detailed RD&D action plan to be
published later this year.
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Table 3-1

Distribution
Enabled
Technologies
Transmission
Enabled
Technologies
Nuclear
Advanced
Coal + CO2
Capture/
Storage

2005-2009

2010-2014

2015-2019

2020-2024

2025-2030

Average
Annual
(2005-2030)

$250M/yr

$220M/yr

$140M/yr

$240M/yr

$240M/yr

$220M/yr

$100M/yr

$130M/yr

$120M/yr

$70M/yr

$60M/yr

$100M/yr

$500M/yr

$520M/yr

$370M/yr

$370M/yr

$400M/yr

$430M/yr

$830M/yr

$800M/yr

$800M/yr

$620M/yr

$400M/yr

$690M/yr

$1,700M/yr

$1,700M/yr

$1,400M/yr

$1,300M/yr

$1,100M/yr

$1,400M/yr

All figures rounded to 2 significant digits.
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4
ECONOMIC ASSESSMENT (MERGE)

The MERGE analysis assesses the economic impact of the technologies defined in the PRISM
analysis, tied to a specific CO2 emissions constraint. MERGE [RICHELS, et al] is a general
equilibrium economic model that has been used for more than a decade to analyze the cost of
CO2 emissions mitigation as a function of technology cost, availability, and performance.
MERGE models long time horizons to capture economic effects of potential climate change and
encompasses all major greenhouse gases and all emitting sectors of the economy. Using
technology descriptions and policy constraints as inputs, the model outputs not only energy
production by technology, but also prices for wholesale electricity and carbon emissions.
The linkage between the PRISM and MERGE analyses facilitates an economic assessment of
aggressive deployment of a full portfolio of advanced technologies. As discussed below, the
MERGE analysis clearly shows the enormous economy-wide benefit of investing in the
RD&D needed to commercialize the technologies described in the PRISM analysis.

Analysis Approach
Conceptually, MERGE estimates the least-cost combination of technologies necessary to
provide the economy’s energy services with or without a CO2 emissions constraint. For
this analysis, MERGE contrasts two technology scenarios: a “Limited Portfolio” scenario
representing incremental technology improvements, and a “Full Portfolio” scenario representing
the electricity technology advances described in the PRISM analysis. Comparing the economywide cost of meeting a CO2 constraint between these two scenarios provides a basis for assessing
the value of the RD&D investment needed to assure the levels of technology performance
described in the PRISM analysis.
The Limited Portfolio scenario is designed to represent modest improvement beyond the current
technologies, but without the availability of carbon capture and storage. The Full Portfolio
scenario is designed to represent substantially more improvement in performance and costs
for a range of technologies, thus allowing more widespread economical deployment of these
technologies.
The tables 4-1 below illustrate the key differences between the two scenarios. Note that costs
do not include any production or investment tax credits for any technologies. Appendix B
provides detailed information forming the basis of these scenarios
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Table 4-1

For both the Limited Portfolio and Full Portfolio scenarios, demand-side improvements in
energy requirements occur due to both technological progress (end-use efficiency) and structural
changes in the economy (energy intensity). In the Full Portfolio scenario, MERGE simulates
accelerated technology progress by assuming that the average rate of demand growth in the
electricity sector is 20% lower than in the Limited Portfolio scenario.
The MERGE analysis considers three CO2 emissions constraints representative of possible future
emissions policies. In all three cases, the United States meets its goal of reducing greenhouse gas
st
intensity during the first decade of the 21 century.
Policy A:

Reduce carbon emissions by 2% per year through 2050
(starting in 2010)

Policy B:

Stabilize carbon emissions at 2010 levels through 2020
Reduce carbon emissions by 3% per year through 2050

Policy C:

Stabilize carbon emissions at 2010 levels through 2020
Reduce carbon emissions by 2% per year through 2050

Note that these constraints do not imply endorsement of any particular proposal or set of
proposals. They have been chosen for two reasons: first, they are indicative of the types of
proposals currently being discussed by policymakers; and second, they provide insight into
the rate and magnitude of reductions associated with various technology choices. As noted
previously, such economy-wide emissions constraints serve as inputs into MERGE. The model
then allocates emissions reductions across the economy in a manner that minimizes the economic
abatement costs.
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MERGE Results
Policy Constraints
CO2 emissions reductions policies will create a cost to the U.S. economy. Reducing CO2
emissions will require fundamental changes in how we produce, transform and use energy. The
costs of emissions abatement will be determined through a combination of making investments
today to ensure ample supplies of low cost, low emissions intensity energy alternatives in the
future and reliance on higher cost substitutes in the interim. This analysis shows the implications
of different paths.
The economic impact determined by the MERGE model is measured in terms of the change in
gross domestic product (GDP); a smaller negative number corresponds to lower economic costs
and a more beneficial economic outcome. As shown in the Figure 4-1 below, the economic
impact for all three policy cases through 2050 is reduced by the availability of advanced
technologies. With Policy Case B, for example, the $1.5 trillion GDP impact associated with
the Limited Portfolio scenario can be reduced by $1.0 trillion through the implementation of
advanced technologies in the Full Portfolio scenario.

Figure 4-1

The figure 4-1 also demonstrates the benefits of timing flexibility in policy design. Comparing
Policy Case A with Policy Case B, emissions reductions are required sooner, but at a slower rate,
so that the overall environmental benefits are roughly equal. That is, Policy Case A is less
flexible with respect to the timing of emissions reductions. The result is that policy costs are
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increased in both the Limited Portfolio and Full Portfolio cases, but the value of technology
remains the same. While the long-term requirements do not change, more work is required in
the short term before new technologies become available.
Comparing Policy Case C to Policy Case B, reductions are required at the same time, but at a
slower rate, so that the target is actually less stringent (and results in a smaller environmental
improvement). Here the policy cost is reduced in both cases, due to the relaxed policy, but the
value of technology is also reduced because the magnitude of the problem has been reduced.
These results are consistent with previous research by EPRI and others showing that time-based
flexibility in imposing constraints can reduce policy costs.
Individual Technology Impact
Considered together, the suite of technologies included in the Full Portfolio scenario provides a
significant economic benefit. The Figure 4-2 below examines the economic impacts of the
individual technologies for Policy Case B, which most closely resembles the emissions profile
resulting from the PRISM analysis. The first bar shows the $1.5 trillion aggregate economic
impact without the implementation of advanced technologies. Moving to the right,
the red portions of the bars illustrate the economic benefit of incorporating each technology
individually. Note that the relationship between these individual benefits and the benefit of
implementing all technologies is not additive, due to complex interactions between different
economic sectors and how they use energy.

Figure 4-2
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Generation Mix and Wholesale Electricity Prices
Technology availability has a large impact on the U.S. generation mix. The Figure 4-3 below
compares the generation mix under Policy Case B for the Limited Portfolio and Full Portfolio
scenarios. In the Limited Portfolio scenario, emissions reductions require large reductions in
electricity demand, which places severe constraints on economic growth. In contrast, for the
Full Portfolio scenario, the availability of CCS and nuclear generation provide large-scale,
supply-side emissions reductions so that the electricity market is preserved and constraints on
economic growth are limited. Consequently, the availability of advanced generation technologies
results in a substantially lower projection for wholesale electricity costs – reaching $65/MWh in
2050, compared to $160/MWh if emissions reductions are met under the Limited Portfolio
scenario.

Figure 4-3

Natural Gas Prices
The extent of advanced technology development and deployment also influences natural gas
usage and pricing in the context of meeting policy constraints. As shown Figure 4-4 below, in the
Limited Portfolio scenario, achieving emissions reductions would require a significant amount of
fuel switching to natural gas for electricity generation and large accompanying reductions in
electricity demand. These effects place severe constraints on economic growth and drive natural
gas prices up. By 2050, natural gas consumption in the electric sector is more than five times
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higher in the Limited Portfolio scenario than in the Full Portfolio scenario, at prices more than
$3.00/Mcf higher.

Figure 4-4

Electrification of the Economy
An important insight of the MERGE analysis is the opportunity for electricity to provide lowcarbon energy throughout the economy. In particular, advanced technology allows the electricity
price to remain relatively stable while CO2 prices continue to rise, providing incentives for
decarbonization of the overall economy. The Figure 4-5 below shows the growth in electric
energy production relative to non-electric energy production. The electric to non-electric
production ratio is normalized to 1 in the year 2000, so that any values greater than 1 depict
substitution of electricity for traditionally non-electric services. While there is a natural trend
toward electrification even in the Limited Portfolio case with no carbon policy (red dashed line),
this trend is accelerated in the Full Portfolio case (blue dashed line), particularly in the later
decades once deployment has scaled up.
The difference between the red and blue dashed lines represents the effect of new technology on
the relative importance of electricity. This effect, which is independent of the carbon policy,
indicates that many non-electric emissions reductions forced by policy in the Limited Portfolio
scenario will happen of their own accord in the Full Portfolio scenario. When a carbon policy is
enforced in the Full Portfolio scenario (blue solid line), there is an even greater substitution
effect as electricity becomes an attractive low-carbon fuel for many applications.
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Figure 4-5
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5
CONCLUSIONS

The prospect of CO2 emissions policies, coupled with sustained growth in electricity
consumption, present the electricity sector with unprecedented technical challenges. Through
three separate but inter-related analyses, EPRI has investigated the technical capability and
economic feasibility of achieving substantial CO2 emissions reductions from the U.S. electricity
sector. The analyses encompass an assessment of the CO2 emissions reduction potential of a
portfolio of advanced technologies; an assessment of the national economic impacts associated
with deploying these advanced technologies; and an assessment of the research, development,
demonstration and deployment pathways necessary for these technologies to reach prescribed
performance goals.
Four major conclusions emerge from these studies:
•

The strategy for reducing sector emissions will be technology-based. A technology-based
strategy is sustainable, minimizes costs to the U.S. economy, and creates opportunities for
decarbonization beyond the electricity sector and ultimately beyond the United States.

•

A diverse portfolio of advanced technologies will be required. No single technological
“silver bullet” will suffice. Rather, a full portfolio is needed that includes efficiency,
renewable energy resources, nuclear, coal with carbon capture and storage, and other
technologies enabled by expanded transmission and distribution system capabilities.

•

Significant RD&D is needed over a sustained period, and technology development lead
times require starting now. An investment in RD&D investment (public and private) will
lower the cost of emissions reductions on the order of $1 trillion.

•

Near- and long-term RD&D activities will be needed to enable significant emissions
reductions. The proposals discussed in this paper are designed to elicit discussion from
industry stakeholders about how best to develop the technology capabilities to substantially
reduce the electricity sector’s CO2 emissions.

This Discussion Paper provides a framework for developing a research, development, and
demonstration (RD&D) Action Plan that will enable sustainable and substantial electricity sector
CO2 emissions reductions over the coming decades. The Action Plan will be published later this
year and incorporate input from participants at the 2007 EPRI Summer Seminar.
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A
PRISM ANALYSIS TARGETS

A more detailed discussion of the PRISM analysis is presented here. The flow chart Figure A-1
below outlines the PRISM analysis approach. Each of the technology performance and
deployment targets and their rationale is discussed below.

Overview of PRISM Analysis
Energy Information
Administration Data from
2007 Annual Energy
Outlook

Nuclear/Renewables Analysis

Adv Coal/CCS Analysis

Assumptions Regarding
Development and
Deployment of Adv Coal
and CCS Technologies
End Capacity Analysis

Assumptions Regarding
New Nuclear and
Renewables Capacity
Targets

Generation Change Due to
Nuclear/Renewables

Efficiency Analysis

Nat Gas, DER, T&D, and PHEV
Analysis

Generation and Reductions
Data from All Other
Sectors and Assumptions
Regarding Growth Rate of
Efficiency

Assumptions Regarding
Technological
Advancements (e.g.,
Efficiency) and
Application Rates*

Efficiency CO2
Reductions

Nat Gas, DER, T&D, and
PHEV CO2 Reductions

Net Generation
Adv Coal/CCS CO2
Reductions

Nuclear/Renewable CO2
Reductions

Total Adjusted Generation

End Capacity with
Generation Share
Percentage

CO2 Emissions Analysis

(for each technology)

CO2 Emissions Reductions

(for each technology)

Figure A-1
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PRISM Analysis Targets
End-Use Efficiency
Based on the Energy Policy Act of 2005 [EPAct 2005] mandate of a 20% intensity improvement
for federal buildings, an assumption was made that this level of improvement would be achieved
for all electricity consumption within the three major consumption sectors. This assumption
equates to an average electricity demand growth over the period 2005-2030 of 1.1%, which is
about 30% lower than the EIA [AEO 2007] assumed demand growth rate of 1.5%. This was
implemented in the analysis via the following technical assumptions:
•

Electricity intensity of new demand for residential, industrial and commercial sectors reduces
by 2%/yr starting in 2007, achieving 20% intensity improvement by 2016, after which
intensity improvement remains constant.

•

Electricity intensity of a fraction of existing demand improves at a rate of 2%/year for the
same period cited above. The fraction of existing demand to which this improvement rate is
applied is 2% (starting in 2007), and increases at a rate of 2%/year to a maximum of 20%
retrofit (by 2016).

Available efficiency potential corresponds to both new technologies as well as current
technologies that have not been deployed to the maximum degree possible [SS 2006]. Factors
affecting
the rate at which efficiency technologies are deployed include relatively long timescales for
wide-spread improvements to building and equipment efficiencies and the need for advanced
infrastructure capabilities (e.g. distributed computing, communications networks, distributed
sensors and advanced metering) to enable automated control of electricity consumption on
scales capable of significantly affecting CO2 emissions.
Renewables
Based on the presence of renewable portfolio standards (RPS) in nearly half of the states and
experience from Europe with large deployments of intermittent renewables, an assumption was
made that the capacity additions prescribed collectively by the existing RPS would be realized.
This capacity was estimated to be about 50 GW (excluding hydroelectric power) by 2020, a date
which encompasses the horizon of nearly all of the existing RPS. A further assumption was made
that non-hydro renewables deployments would continue to grow at a rate of 2 GWe/year between
2020 and 2030, resulting in a target total deployment of 70 GWe by 2030. This assumption
represents more than doubling the EIA projection of 30 GW by 2030. In the context of the
PRISM analysis, renewables exclude large scale hydroelectric power, which is assumed to
follow the growth pattern projected in the EIA 2007 Annual Energy Outlook [AEO 2007] base
case. For purposes of the PRISM analysis, all renewables were assumed to be non-emitting,
without specifying a particular combination of technologies. With this approach, avoided
emissions can be calculated based on displacing emitting generation with renewables-based
generation.
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Nuclear
Estimates of the U.S. nuclear fleet’s capability to expand are addressed in a strategic assessment
jointly developed by Idaho National Laboratory and EPRI [INEL/EPRI]. This assessment
developed critical research priorities and timeframes, and discussed deployment capabilities.
Based on a consideration of this strategic assessment combined with recognition of the
substantial number of brownfield sites available at existing U.S. nuclear sites, an analysis target
of 64 GWe of new nuclear capacity in 2030 (including the EIA assumption of 12.5 GWe) was
assumed. An additional assumption was that all of the existing nuclear plants continue to operate
through 2030 based on the assumption of successful plant life extensions to 60 years. While the
above deployment assumption roughly constitutes a 50% expansion of the current nuclear fleet,
this was viewed as a technically feasible analysis goal because: (a) most of this capacity could be
sited at existing nuclear sites, (b) the advanced light water reactor (ALWR) technology that
would be the basis of these new plants has been built several times overseas, is a well-developed
commercial technology, and (c) the goal of the analysis is to explore the impact of aggressive
deployment assumptions.
Advanced Coal Plant Efficiency Improvements
Advanced coal plants principally consist of two technologies: advanced pulverized coal
combustion (PC) and integrated gasification and combined cycle (IGCC). Both technologies
are addressed in a well-developed technology strategy plan jointly developed by the Coal
Utilization Research Council (CURC) and EPRI [CURC/EPRI]. The EPRI/CURC roadmap lays
out a series of performance milestones extending to 2025 for the thermodynamic performance
and heat rates of both the PC and IGCC technologies. Based on this roadmap, the PRISM
analysis target was a thermodynamic efficiency of 49% for all new coal plants by 2025. The
efficiency is assumed to improve linearly between 2005 and 2025, and then remain constant. For
coal plants existing as of 2005, an assumption was made that annually 1% of these plants would
be uprated to efficiencies equal to new plant efficiencies. Increased efficiencies result in lower
heat rates, which become the basis for calculating avoided emissions. The PRISM analysis does
not differentiate between coal types or plant locations – average emissions intensities (metric
tons CO2/MWh) are used.
CO2 Capture and Storage
The CURC/EPRI technology strategy plan [CURC/EPRI] cited above also identifies
performance targets for increasingly efficient CO2 capture technologies. Based on evaluation of
this roadmap, the PRISM analysis target assumes that by 2020, 90% of all new coal plants are
capturing and storing 90% of the CO2 that they generate. Implicit in this assumption, therefore, is
availability at commercial scale of CO2 transport and storage in 2020 and thereafter. For
purposes of the PRISM analysis, it is presumed that the large scale CO2 storage demonstration
program sponsored by the U.S. Department of Energy will be successful and on schedule.
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Plug-In Hybrid Electric Vehicles (PHEVs)
PHEVs are somewhat unique in that they represent assets owned by end-users, not utility
companies, and any reduction in their emissions perhaps should be attributed to the
transportation sector. The effect of PHEVs was analyzed in the PRISM to address widespread
questions regarding the magnitude of their potential contribution to CO2 emissions reductions.
To assess how significant PHEVs could be, aggressive assumptions were made regarding the
percentage of new light vehicle sales that would be PHEVs: 16% by 2020 and 39% by 2030.
Assumptions for PHEV performance, emissions intensity, and percentage of electric operations
were taken from EPRI PHEV studies [PHEV]. Avoided emissions calculations account for added
emissions created by the added electricity load associated with PHEV recharging.
Distributed Energy Resources (DER)
As with PHEVs, DER also represents assets not owned or controlled by utilities. However,
there is much interest in the potential impact on emissions reductions deriving from a potentially
significant deployment of DER. Consequently, the PRISM analysis target for DER was 5% of
total electricity generation. The DER heat rate was assumed to equal that for the EIA combinedheat and power unit (to reflect the average efficiency of the portfolio of CHP possibilities) from
the EIA 2007 Annual Energy Outlook [AEO 2007]. By comparing this improved heat
rate/efficiency to the existing fossil unit mix, potential CO2 emissions reductions can be
estimated.
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• 2010 – not available
• 2020
• Levelized cost of electricity = $57/MWh
• Efficiency = 36%
• 2030 - 2050
• Levelized cost of electricity = $44/MWh
• Efficiency 42%

• Not available

Coal + CO2
capture and
storage
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• 2010
• Levelized cost of electricity = $45/MWh
• Efficiency = 38%
• 2020
• Levelized cost of electricity = $37/MWh
• Efficiency = 42%
• 2030 - 2050
• Levelized cost of electricity = $30/MWh
• Efficiency 46%

• 2010
• Levelized cost of electricity = $45/MWh
• Efficiency = 38%
• 2020
• Levelized cost of electricity = $37/MWh
• Efficiency = 42%
• 2030 - 2050
• Levelized cost of electricity = $30/MWh
• Efficiency 46%

Full Portfolio Scenario

Coal

Limited Portfolio Scenario

MERGE Technology Input Assumptions

• Values are averages across
pulverized coal, integrated
gasification combined cycle
technologies and across
bituminous and sub-bituminous
coal types
• Values correspond to nominal 600
MW plant capacity, 80% capacity
factor
• Costs in 2006 $
• Costs are exclusive of fuel costs
(fuel costs separately modeled in
MERGE)
• 90% CO2 capture efficiency
• Transport + storage cost =
$10/metric ton CO2

• Values are averages across
pulverized coal, integrated
gasification combined cycle
technologies and across
bituminous and sub-bituminous
coal types
• Values correspond to nominal 600
MW plant capacity, 80% capacity
factor
• Costs in 2006 $
• Costs are exclusive of fuel costs
(fuel costs separately modeled in
MERGE)

Notes

2010 – no new plants
2020 – levelized cost of electricity = $44/MWh
2030 – levelized cost of electricity = $43/MWh
2040 – levelized cost of electricity = $42/MWh
2050 – levelized cost of electricity = $41/MWh
Nominal 3%/decade improvement post-2020

•
•
•
•
•
•

• 2010 – 2050
• Levelized cost of electricity = $14.5/MWh
• 2010
• Efficiency = 49%
• 2020
• Efficiency = 55%
• 2030-2050
• Efficiency = 60%

• 2010 – not available
• 2020 - 2050
• Levelized cost of electricity = $33/MWh
• 2020 – Efficiency = 39%
• 2030 - 2050 - Efficiency 42%

• 2010 – no new plants
• 2020 - 2050
• Levelized cost of electricity = $45/MWh
• New nuclear plant construction balances
retirements of existing plants, preserving
100 GW fleet size.

• 2010 – 2050
• Levelized cost of electricity =
$14.5/MWh
• 2010
• Efficiency = 49%
• 2020
• Efficiency = 55%
• 2030 - 2050
• Efficiency = 60%

• Not available

Nuclear

Natural Gas

Natural Gas +
CO2 capture
and storage

Renewables

Full Portfolio Scenario

Limited Portfolio Scenario

Costs in 2006 $
Capacity factor = 90%
Efficiency = 33%
Existing nuclear plant life = 60
years
Added non-market cost =
~$10/MWh (at current generation
share for nuclear); scales with
increasing nuclear generation
share.
Costs in 2006 $
Costs are exclusive of fuel costs
(fuel costs separately modeled in
MERGE)
Nominal plant = 400 MW
Capacity factor = 80%
90% CO2 capture efficiency
Transport + storage cost =
$10/metric ton CO2
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• Maximum penetration of
intermittent renewables = 20% of
total generation
• Maximum penetration of all nonhydro renewables = 30% of total
generation

• Costs in 2006 $
• Costs are exclusive of fuel costs
(fuel costs separately modeled in
MERGE)
• Nominal plant = 400 MW
• Capacity factor = 80%
• 90% CO2 capture efficiency
• Transport + storage cost =
$10/metric ton CO2

•
•
•
•

•
•

•

•
•
•
•

Notes

MERGE Technology Input Assumptions

• 2010 – 2050
• Levelized cost of electricity = $250/MWh

Solar
Photovoltaic
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• 2010 – 2050
• Levelized cost of electricity = $160/MWh

• 2010 – 2050 – Capacity factor = 32.5%
• 2010 – Levelized cost of electricity =
$96/MWh
• 2020 - Levelized cost of electricity =
$93/MWh
• 2030 - Levelized cost of electricity =
$90/MWh
• 2040 - Levelized cost of electricity =
$87/MWh
• 2050 - Levelized cost of electricity =
$85/MWh
• 2010 – 2050
• Levelized cost of electricity =
$96.5/MWh

Solar Thermal

Biomass

Wind

Limited Portfolio Scenario

MERGE Technology Input Assumptions

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•

50 MW fluidized bed combustion
Costs in 2006 $
Capacity factor = 85%
Advanced case
80 MW site
Capacity factor = 34%
No energy storage
Costs in 2006 $

•
•
•
•
•
•
•
•

2010 – Levelized cost of electricity = $97/MWh
2020 - Levelized cost of electricity = $92/MWh
2030 - Levelized cost of electricity = $87/MWh
2040 - Levelized cost of electricity = $82/MWh
2050 - Levelized cost of electricity = $77/MWh
Nominal 3%/decade improvement post-2020
2010 – Levelized cost of electricity = $160/MWh
2020 - Levelized cost of electricity = $80/MWh
2030 - Levelized cost of electricity = $78/MWh
2040 - Levelized cost of electricity = $75/MWh
2050 - Levelized cost of electricity = $73/MWh
Nominal 3%/decade improvement post-2020
2010 – Levelized cost of electricity = $250/MWh
2020 - Levelized cost of electricity = $210/MWh
2030 - Levelized cost of electricity = $170/MWh
2040 - Levelized cost of electricity = $130/MWh
2050 - Levelized cost of electricity = $90/MWh
Nominal 3%/decade improvement post-2020

• Distributed resource
• Includes energy storage
• Costs in 2006 $

• 100 MW wind farm
• All costs exclude any reductions
due to production or tax incentives
• Costs in 2006 $

Notes

2010 – Capacity factor = 32.5%
2020 – 2050 – Capacity factor = 42%
2010 – Levelized cost of electricity = $96/MWh
2020 - Levelized cost of electricity = $75/MWh
2030 - Levelized cost of electricity = $73/MWh
2040 - Levelized cost of electricity = $71/MWh
2050 - Levelized cost of electricity = $69/MWh
Nominal 3%/decade improvement post-2020

Full Portfolio Scenario

• Not available

• 2010
• $4000/vehicle premium
• Max 3% of passenger vehicle fleet
• 2020
• $3000/vehicle premium
• Max 16% of passenger vehicle fleet
• 2030
• $2000/vehicle premium
• Max 39% of passenger vehicle fleet
• 2040
• $1000/vehicle premium
• Max 60% of passenger vehicle fleet
• 2050
• $0/vehicle premium
• Max 100% of passenger vehicle fleet

Full Portfolio Scenario

Sources:
• EPRI CoalFleet for Tomorrow R&D Program and EPRI/CURC Technology Roadmap [CURC/EPRI]
• EPRI Generation Options Study, Energy Technology Assessment Center

Plug-In Hybrid
Electric
Vehicles

Limited Portfolio Scenario

B-5

• PHEVs assumed to operate 50% of
time in electric mode.
• Growth of PHEV fleet calibrated to
fit PRISM analysis targets in 2020,
2030.

Notes

MERGE Technology Input Assumptions
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