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2018 CURC-EPRI Roadmap Key Takeaways

The CURC-EPRI Roadmap represents a plan for delivering low- or zero-carbon emission, fossil-fueled
power plant technologies between 2025-2035 that can be cost-competitive with other sources of
electricity under future market conditions.
Several technologies identified in the Roadmap are readying for large-scale pilot testing and a few are
preparing for commercial demonstration. It is critical that a program for piloting and demonstrating
these technologies be implemented for these technologies to be successfully commercialized. This means
annual federal budgets should increase in the next several years to support the scale-up effort.
The macroeconomic benefits to the U.S. and the global environmental benefits far outweigh the federal
investment recommended in the Roadmap.
There is historical evidence of public-private partnerships developing new energy technologies that
resulted in significant emissions reductions and are estimated to have resulted in a $50 billion economic
benefit through 2005.
Nearly 75% of the technology developments identified in the Roadmap will support both coal and natural
gas power generation applications, which can result in a diverse portfolio of cost-competitive, lowcarbon generating options in the future.

Executive Summary
Background

Our nation’s fossil fuels play a significant role in the global and domestic energy economy as they
provide easily accessible, reliable and low-cost energy. Domestically, coal and natural gas comprised
43% of total U.S. energy consumption and 47% of our net electric generation in 2017 (see Figure ES-1
and Figure ES-2). 1 The U.S. Energy Information Administration (EIA) estimates that coal and natural gas
will provide 56% of total U.S. net electricity generation in 2040. Globally, consumption of coal and
natural gas are projected to supply 50% of total global energy consumption by 2040. The use of fossil
fuels is projected to grow as many emerging economies increase their demand for electricity to fuel
their economic growth.
Figure ES-1 - Domestic and International Fossil Fuel Consumption

Because of the value fossil fuels contribute to our economy, the U.S. has invested in technologies to
improve the use coal and natural gas in electric power generation. The U.S. has made significant strides
in the development of advanced coal and natural gas technologies over the last two decades. Similar to
how a new car today can travel further on a single gallon of gasoline than one built in the 1980s, the
most advanced coal units operating in the U.S. today are 25% more efficient than the previous
generation of coal units. With further technology improvements, additional efficiency gains of similar
magnitudes can be achieved for both coal and natural gas combined cycle systems.

1

See Energy Information Administration, Annual Energy Outlook 2017 with Projections to 2050 (Jan. 5, 2017) (EIA
AEO 2017, https://www.eia.gov/outlooks/aeo/pdf/0383(2017).pdf; Energy Information Administration,
International Energy Outlook 2017, at 19 (Sept. 14, 2017) (EIA IEO 2017),
https://www.eia.gov/outlooks/ieo/pdf/0484(2017).pdf.
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Figure ES-2 - U.S. Net Electricity Generation 2

New technologies have also resulted in significant emissions reductions since the early 1970s, even
while fossil use substantially increased. Additionally, technology has substantially reduced the use and
discharge of water from fossil fueled power plants (see Figure ES-3).
Figure ES-3 - Historical Improvements in Coal Plant Emission Reductions 3

2

Energy Information Administration, Annual Energy Outlook 2018 with Projections to 2050, at 89 (Feb. 6, 2018)
(EIA AEO 2018), https://www.eia.gov/outlooks/aeo/pdf/AEO2018.pdf.
3
National Energy Technology Laboratory, Department of Energy, Large Demonstrations, Coal-Fired Generation
Emission Rates: https://www.netl.doe.gov/research/coal/large-scale-demonstrations
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There is increasing international consensus that technologies to address the growing use of fossil fuels
must be developed and deployed to reduce the carbon footprint of fossil fuels. Models show the need
for technologies that significantly reduce carbon dioxide (CO2) emissions profiles to meet global climate
targets. Yet cost-effective, commercially-tested technologies to enable a transformational change in the
conversion of fossil fuels to electricity with carbon capture, utilization and storage (CCUS) are not
available today.
As a result, more recent technology efforts have focused on technologies to reduce carbon dioxide
emissions. There is a first-of-a-kind (FOAK) carbon capture project successfully operating on a coal-fired
power plant in the U.S. today that is selling its carbon dioxide to enhance recovery of oil in a nearby oil
field – the Petra Nova project in Texas. This innovative FOAK project relied on federal financial support
to launch. While research is advancing that will result in lower cost technologies, carbon capture is not
yet economic for widespread application in the power sector today.
The 2018 CURC-EPRI Advanced Fossil Energy Technology Roadmap (or “Roadmap”) is a plan developed
by the Carbon Utilization Research Council (CURC) and the Electric Power Research Institute, Inc. (EPRI)
that identifies the research, development and demonstration (RD&D) needs to commercialize a suite of
technologies that will transform the way fossil fuels are converted to electricity. If implemented, the
Roadmap identifies technologies that can be available by the 2025-2035 timeframe that generate
electricity from fossil fuels with low or no emissions at a cost competitive with other sources of
electricity generation.

2018 Roadmap Overview
The 2018 Roadmap reflects the technology development needs that can support an evolving U.S. power
sector impacted by several emerging trends driving innovation and investment decisions for new
generation, including:
•
•
•
•
•
•
•

Increased and low-cost domestic supplies of natural gas
Slow, and in some areas of the country declining, load growth and electricity demand
Ability to rapidly adjust to cycling load demands with increased intermittent renewables on the
grid
Integration of new generation sources with distributed power systems
Rapidly evolving customer requirements for purchasing electricity
Need for generation sources with low or no CO2 emissions that meet state, regional and pending
federal regulatory requirements
An aging fleet driving the need for accelerated development of new, transformational fossil
energy technologies to ensure replacement options are available

The 2018 Roadmap continues to evaluate development needs for the existing fossil-fuel fleet; updates
efforts to accelerate development of “transformational” technologies that will deliver significantly
higher value in terms of cost, efficiency, flexibility and environmental performance from the use of fossil
fuels; and promotes continued support of large-scale pilots for testing new technologies under real
operating conditions at a scale beyond laboratory- and bench-scale, and before testing technologies in a
commercial-scale demonstration.
The 2018 Roadmap builds on prior Roadmap objectives by identifying the technology development
needed to cost-effectively implement technologies that will result in a reduced environmental footprint,
including near or zero emissions of CO2, from the use of coal and gas resources in power generation. It
ES - 3

was determined that many of the technologies identified in the 2015 CURC-EPRI Coal Technology
Roadmap are applicable to both coal- and natural gas-fired power generation, through which publicprivate sector funding and support can be leveraged to develop technologies for applications using both
resources. Table ES-1 summarizes the technology programs more fully described in the report.
Table ES-1 – Technology Programs Supported in the Roadmap
Transformational Advanced Energy Systems
Technology

Fuel

Description

Pressurized OxyCombustion (POxy)

Coal and
Natural Gas

Oxy-combustion power plants remove nitrogen from air cryogenically and perform
the combustion of fossil fuels with oxygen and recycled flue gas to produce a stream
largely comprised of CO2 and water, greatly simplifying carbon capture. P-Oxy
operates at elevated pressure, improving efficiency and allowing smaller
components that combine to potentially reduce costs.

Chemical Looping
Combustion (CLC)

Coal and
Natural Gas

CLC is a form of oxy-combustion in which oxygen from air is separated using a
metal oxide or limestone oxygen carrier, eliminating the need for cryogenic air
separation and its significant energy penalty, while maintaining the relatively easy
carbon capture provided by oxy-combustion.

Direct-Fired
Supercritical CO2
(sCO2) Cycles

Coal and
Natural Gas

A form of oxy-combustion, direct-fired sCO2 cycles burn natural gas or syngas
(provided by coal gasification) in a high-pressure oxy-combustor, producing very
high-temperature CO2 and water that drive a sCO2 turbine to make power. Water
and CO2 (at pipeline pressure) are then removed downstream to conserve mass,
producing a high efficiency, potentially low-cost carbon capture system.

Indirect-Fired sCO2
Cycles

Coal and
Natural Gas

Replace steam-Rankine cycles with sCO2 cycles which, due to the superior
thermodynamic qualities of CO2, have higher efficiency and utilize more compact
turbomachinery. Can be used on any cycle that currently uses a steam-Rankine one,
including solar thermal, geothermal, nuclear, biomass and any type of fossil fuel. The
process results in 2–5 percentage point higher efficiencies and can be coupled with
a low-cost carbon capture system.

Gasification

Coal

Coal can be gasified in either an air- or oxygen-blown gasifier to produce synthetic
gas (syngas) that can be used in an efficient integrated gasification combined cycle
(IGCC) system. Pre-combustion carbon capture can also be added. New, highly
efficient, compact gasifiers can be used in poly-generation plants that combine
electricity generation with co-production of transportation fuels, fertilizer and/or other
chemicals to improve the overall economics.

Compact Hydrogen
Generator

Natural Gas

New, highly efficient method for producing hydrogen (alternative to steam-methane
reforming).

Cross-Cutting Technologies
Technology

Fuel

Description

Advanced Ultrasupercritical
Materials (A-USC)

Coal and
Natural Gas

A-USC materials are needed to allow working fluid temperatures up to 760°C to
support highly efficient combustion and heat exchange systems for both steamRankine and sCO2 power systems and other high-temperature technologies. Can be
applicable to both new and existing plants.

Turbines

Coal and
Natural Gas

RD&D and testing of steam turbines, combustion turbines, sCO2 turbines and
pressure-gain combustion (PGC), all in an effort to improve efficiency, reliability and
flexibility and support power systems evaluated in the Roadmap.
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Cross-Cutting Technologies
Technology

Fuel

Description

CO2 Capture

Coal and
Natural Gas

Advances in solvents, sorbents and membranes for both pre- and post-combustion
carbon capture focused on lowering energy requirements and overall cost of capture
including capital, operating and maintenance costs. Technologies will need to be
adjusted to handle the differences between coal and natural gas flue gas, which
include different CO2 concentrations and trace species. R&D is also focusing on
flexibility of operations of carbon capture systems to accommodate ramping cycles.

CO2 Storage

Coal and
Natural gas

Saline reservoirs, enhanced oil and gas recovery and other geologies are being
explored for storing CO2 both onshore and offshore. RD&D as well as large-scale
CO2 storage and regional infrastructure strategies related both to storage and
transportation in the U.S. are needed.

Existing Plants

Coal and
Natural Gas

RD&D to support flexibility and reliability of operations of existing plants.

Cross-Cutting

Coal and
Natural Gas

RD&D on technologies that support all Roadmap areas, including:
• Advanced manufacturing
• Breakthrough technologies
• Sensors and controls
• Water management

Projected Benefits
Successful implementation of the Roadmap can result in significant environmental, economic and
energy security benefits including:
1. Aggressive reduction of water use and air pollutants, including nitrogen oxides (NOx), sulfur
dioxide (SO2), mercury (Hg) and particulate matter (PM)
2. Reduction of CO2 emissions
3. Production and preservation of affordable electricity essential for U.S. competitiveness through
a diverse generation technology portfolio
4. Significant growth in gross domestic product (GDP) and jobs due to the macroeconomic impacts
of increased domestic oil production and reductions in the cost of electricity (COE)
5. Improved energy security by:
a. Generating affordable power for electricity consumers including increased industrial and
advanced manufacturing customers
b. Improving the operational flexibility of existing and future generating plants to ensure
continued electricity grid reliability and stability
c. Using captured CO2 as a commodity to recover crude oil, thereby increasing domestic oil
production
CURC and ClearPath Foundation, with support from the International Brotherhood of Boilermakers, Iron
Ship Builders, Blacksmiths, Forgers & Helpers, the International Brotherhood of Electrical Workers, and
the United Mine Workers of America, with primary analyses conducted by NERA Economic Consulting
and Advanced Resources International, have published the results of a study that projects the
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macroeconomic benefits of new, lower-cost CCUS technologies to the U.S. 4 Under the scenarios
evaluated, the study, entitled “Making Carbon a Commodity: the Potential for Carbon Capture RD&D”,
estimates that if an aggressive RD&D program is implemented that achieves the cost targets identified in
this Roadmap, market-driven deployment of 62 to 87 GW of power-sector projects with installed carbon
capture technologies can be enabled by 2040 without any additional environmental regulations or
mandates.
Under an aggressive RD&D scenario that achieves those cost targets, the macroeconomic impacts of
low-cost power sector carbon capture technologies that sell CO2 for use in enhanced oil recovery (EOR)
can:
•
•
•
•

Increase coal production by as much as 40% between 2020 and 2040
Contribute 100 to 923 million barrels of annual domestic oil production
Add 270,000 to 780,000 new jobs and $70 billion to $190 billion to the annual GDP relating to
increased oil production
Decrease the retail cost of electricity 1.1 to 2.0% by 2040, which on its own creates an additional
210,000 to 390,000 jobs and adds $30 to $55 billion in GDP

Cost of the Roadmap Effort
Achieving the objectives of the Roadmap will require a combined public and private sector partnership
over approximately 15 years. The projected federal investment averages $760 million per year (see
Table 6). Current funding levels remain well below these recommendations; the technology programs
outlined in the CURC-EPRI Roadmap were appropriated at only $430 million in FY 2018. Although the
recommendations are a significant increase over current levels, the resulting DOE annual Fossil Energy
RD&D budget would still be less than current allocations to the Department’s renewable energy
equivalent. Moreover, the federal investments in advanced power systems and carbon capture
technologies are expected to generate significant returns as outlined in the CURC and ClearPath Carbon
Report. 5 These projected benefits likely understate their macroeconomic potential because they do not
include other CO2 utilization or sequestration storage options, or evaluate scenarios under a potential
future climate policy or regulation.
Federal funding support to incentivize the deployment of new and improved fossil-fueled generating
plants will also help ensure U.S. engineering and manufacturing expertise grows, drive development of a
robust U.S. supply chain and better position the U.S. to be a global leader in innovative fossil fuel
technologies. Federal support and policies to incentivize these investments in today’s electricity markets
are critical to ensuring the U.S. can achieve these benefits.

What Next?
Since the 2015 Roadmap, there has been growing support for policies that favor CCUS and the
technology recommendations that achieve the Roadmap objectives, including a program for large-scale
pilots. In FY 2017, Congress appropriated $50 million for the U.S. Department of Energy (DOE) to
undertake a new, transformational coal pilot program. The DOE program has solicited projects for both
processes and components, along with post-combustion carbon capture, aimed at enabling step-change

4

CURC and ClearPath Foundation, Making Carbon a Commodity: the Potential of Carbon Capture RD&D (July 2018)
(CURC and ClearPath Carbon Report), http://www.curc.net/curc-clearpath-report-rollout-briefing.
5
Ibid.
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improvements in coal-powered system efficiency, COE and carbon capture performance. 6 The program
will be carried out in three phases, with the first phase nearing completion with nine projects having
been selected to develop initial design concepts. 7 The intent of the program solicitation is to ultimately
design, construct and operate two large-scale pilots with these transformational attributes. Congress
appropriated an additional $35 million in FY 2018 to support the total $100 million program. 8
In addition, legislation was moved in the last Congress to authorize a new RD&D program through the
America COMPETES Act (H.R. 1806) and the Energy Policy Modernization Act (S. 2012). Each of these
bills included provisions reflecting the 2015 Coal Technology Roadmap programs. While the House and
Senate each passed their version of comprehensive energy bills, the Conference Committee did not
agree to a final package. The Senate reintroduced its comprehensive energy bill in this Congress, S.
1460, which includes the Fossil Energy RD&D provisions from the earlier bill, S. 2012. This year, the
“FUEL Act” (S. 2803) was also introduced, which amends the S. 2012 RD&D provisions to reflect updates
from the 2018 CURC-EPRI Roadmap. In the House, H.R. 5745 has been introduced, which would likewise
authorize several programs that align with the direction of the 2018 CURC-EPRI Roadmap technology
program.
Additional efforts have focused on financing deployment of CCUS, which is important to reduce CO2
emissions from the use of fossil fuels across many industries – not just the power sector. In February
2018, Congress enacted the FUTURE Act to extend and expand Section 45Q tax credits for CCUS from
any industrial source. The new 45Q provisions are designed to catalyze a CCUS industry and help
promote economies of scale for the application of the technology in the future. The provisions are
designed to provide greater financial certainty for commercial projects and will act to stimulate CCUS
innovation. While the new 45Q tax credits provide a significant incentive for CCUS, the tax credits do not
fully cover the costs of applying CCUS in a power sector application. The technology development
outlined in the Roadmap will result in lower-cost technologies targeted at closing that cost gap. Several
of those technologies are readying for testing at pilot-scale or in large, commercial-scale
demonstrations, and will only be successful with the federal support proposed in this Roadmap.

6

See U.S. Department of Energy, Department of Energy Announces $50 Million for Large-Scale Pilot Fossil Fuel
Projects (Aug. 24, 2017), https://www.energy.gov/articles/department-energy-announces-50-million-large-scalepilot-fossil-fuel-projects
7
U.S. Department of Energy, Department of Energy to Invest $6.5 Million for Large-Scale Pilot Fossil Fuel Projects
(Feb. 15, 2018), https://www.energy.gov/articles/department-energy-invest-65-million-large-scale-pilot-fossil-fuelprojects.
8
See H.R. 1625, Consolidated Appropriations Act of 2018:
https://docs.house.gov/billsthisweek/20180319/BILLS-115SAHR1625-RCP115-66.pdf; see also Congress.gov, H.R.
1625, Consolidated Appropriations Act, 2018, https://www.congress.gov/bill/115th-congress/house-bill/1625
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Introduction

The CURC-EPRI Fossil Energy Technology Roadmap presents a RD&D plan for technologies that convert
coal and natural gas to electricity and other useful forms of energy. The Roadmap is a joint effort
between CURC (www.curc.net) and EPRI (www.epri.com).
CURC is an industry coalition focused on technology solutions for the responsible use of fossil energy
resources in a balanced portfolio to support our nation’s need for secure, reliable and affordable energy.
CURC serves as an industry voice and advocate by identifying technology pathways that enable the
nation to enjoy the benefits of abundant and low-cost fossil fuels in a manner compatible with societal
energy needs and goals. CURC believes that future energy needs can be effectively met through
collaborative public and private sector research to expand technology choices for private sector
commercialization. Members of CURC work together to evaluate technology development needs, design
appropriate RD&D programs to enable those technology choices, and identify federal programs and
policies needed to support this activity.
EPRI conducts RD&D projects for the benefit of the public in the United States and internationally. As an
independent, nonprofit organization for public interest energy and environmental research, they focus
on electricity generation, delivery, and use in collaboration with the electricity sector, its stakeholders
and others to enhance the quality of life by making electric power safe, reliable, affordable, and
environmentally responsible. EPRI does not advocate or aim to influence policy or regulation..
The Roadmap represents a future vision for the United States that is reflected in the Roadmap’s cost and
performance goals to generate low or zero-carbon electricity at a cost competitive with other
generation sources. The technology pathways included in the Roadmap serve as a guide to inform the
development needed to support those goals. The Roadmap is designed to result in a suite of technology
options that can enable customer choice in future electricity markets.

Purpose and Scope
In late 2016, CURC expanded its mission from coal-based power generation to a broader focus on fossilbased power generation, including natural gas. U.S. electricity generators – traditionally the major U.S.
consumers of coal – are rebalancing their fuel portfolios due to a number of factors, including abundant
and low-cost natural gas and policies incentivizing the use of renewable electricity. Recognizing these
shifts and the fact that global consumption of fossil fuels are increasing (see Figure 1), CURC members
determined that must be developed and deployed to reduce the carbon footprint from the use of all
fossil fuels in the power sector. Models show the need for technologies that significantly reduce CO2
emissions profiles (see Figure 2) to meet global climate targets. 9 Yet cost-effective, commercially-tested
technologies to enable a transformational change in the conversion of fossil fuels to electricity with
CCUS 10 are not available today. The Roadmap considers “transformational” technologies as those
providing a step change in performance, efficiency and cost and representing more than an

9

U.S. International Energy Agency, Carbon Capture and Storage, http://www.iea.org/topics/carbon-capture-andstorage/
10
Throughout this report, the acronyms CCUS and carbon capture and storage (CCS) are used interchangeably, and
all refer to the process of capturing CO2 from a power plant, and either using the CO2 for enhanced oil recovery or
for other beneficial uses (interchangeably these are considered “utilization”), or transporting the CO2 for storage in
saline formations (also referred to as “storage”).

1

evolutionary, incremental improvement to today’s state-of-the–art technologies. The Roadmap
recommends a necessary level of RD&D to ensure timely solutions are developed and pursued through
aggressive public-private partnerships.
Figure 1 - Growth in U.S. and Global Energy Supply by Fuel Source 11

Figure 2 - Importance of Technology in Meeting Global Climate Targets 12

11

See EIA AEO 2017; EIA IEO 2017 at 19.
U.S. International Energy Agency, Carbon Capture and Storage, http://www.iea.org/topics/carbon-capture-andstorage/
12
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Earlier Roadmaps were published by CURC and EPRI in 2003, 2008, 2012 and 2015 13 and focused
specifically on coal technology development. This update includes new data on recent advances in
technologies for coal or natural gas for electric power generation. The 2018 Roadmap also reflects the
technology development needs that can support an evolving U.S. power sector impacted by multiple
trends driving innovation and investment decisions for new generation (see Figure 3), including:
•
•
•
•
•
•
•
•

Increased and low-cost domestic supplies of natural gas
Pressure to reduce water use, especially in more arid regions
Slow -- and in some areas of the country, declining -- load growth and electricity demand
Ability to rapidly adjust to cycling load demands to provide grid stability due to increased
intermittent renewables on the grid
Integration of new generation sources with distributed power systems
Rapidly evolving customer requirements for purchasing electricity
Need for generation sources with low or no CO2 emissions that meet state, regional and pending
federal regulatory requirements
An aging fleet driving the need for accelerated development of new, transformational fossil
energy technologies to ensure replacement options are available
Figure 3 - Forces Impacting the U.S. Power Sector 14

13

Coal Utilization Research Council and the Electric Power Research Institute, The CURC-EPRI Advanced Coal
Technology Roadmap (July 2015), http://media.wix.com/ugd/80262f_ada0552d0f0c47aa873df273154a4993.pdf
(2015 CURC-EPRI Advanced Coal Technology Roadmap).
14
CURC, adapted from Duke Energy
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New to the 2018 Roadmap is a natural gas technology program for power generation technologies that
are natural gas-specific. The 2018 Roadmap also supplements the existing coal technology roadmaps
with companion and cross-cutting natural gas technology development paths where appropriate. The
following are the objectives of the 2018 CURC-EPRI Roadmap:
•

•

•

•

Update the CURC-EPRI 2015 Coal Technology Roadmap by revising the coal technology
development paths with new technology developments. The Roadmap timing to technology
commercialization and the funding requirements necessary to complete the technology
development has been updated.
Align the roadmaps with the additional focus on natural gas by identifying synergies with coal
roadmaps, and adding gas technology development paths to those roadmaps where
appropriate.
Begin laying the foundation for a natural gas roadmap by identifying future performance targets
for natural gas technologies, identifying natural gas technology development issues and
specifying approaches to address those issues. Natural gas roadmaps were developed to create
technology paths that address these issues and that bring the technologies to
commercialization.
Determine areas of cross-cutting development among the varying power generation
technologies and between coal- and natural gas-fired technologies.

Through our examination, it was determined that many of the technologies identified in the 2015 CURCEPRI Coal Technology Roadmap 15 are applicable to all fossil-fired power generation (discussed in more
detail in the technical analysis). The 2018 Roadmap builds on the prior Roadmap by evaluating and
updating pathways for small and large pilot-scale demonstration activities across all programs, and
identifying areas in which smaller-scale, more modular commercial systems may be needed to account
for slower load growth, accommodate intermittency of the grid and serve as candidate replacement
options for aging units.
The 2018 Roadmap includes an updated and extensive analysis of the benefits of investing in these
technologies, including a macroeconomic analysis of improved technology benefits to the U.S. economy.
The analysis evaluates the impacts of lower-cost electricity and increased EOR on U.S. jobs and the
economy.
Lastly, the 2018 Roadmap identifies a suite of technology advancements with the goal of achieving
specific cost, performance and environmental goals, and identifies the pathways for developing the
technologies necessary to achieve those goals through an aggressive and collaborative effort between
the public and private sectors.

15

CURC-EPRI Advanced Coal Technology Roadmap, July 2015, http://curc.net/curc-epri-advanced-technologyroadmap-1
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Value of Fossil Fuels and Fossil Fuel Technology Development

Fossil fuels play a significant role in the global and domestic energy economy. Globally, consumption of
coal and natural gas are projected to provide 45% of U.S. energy consumption in 2030 and will grow to
nearly 50% of global consumption by 2040 (see Figure 1). Domestically, coal and natural gas comprised
43% of total U.S. energy consumption and 61.8% of U.S. net electricity generation in 2017. 16 The U.S. EIA
estimates that coal and natural gas will provide approximately 56% of total U.S. net electricity
generation in 2040. 17
Fossil fuels provide numerous benefits to society, including the ability to use abundant and low-cost
domestic resources to supply U.S. energy needs, provide energy security and contribute to the
macroeconomic impact of low-cost, reliable electric power on our economy, which is more fully
discussed later in this Roadmap. U.S. electricity prices typically are about one-third to one-half the COE
in other free markets (see Figure 4). These low costs for consumers and industry present an advantage
for U.S. manufactured goods competing in the global marketplace.
EPRI recently completed a study that examines adoption of electric end-use technologies over the next
three decades, along with key implications for efficiency, the environment and the grid. The study shows
that economy-wide electrification leads to a reduction in energy consumption, spurs steady growth in
electric load and reduces greenhouse gas (GHG) emissions even in scenarios with no assumed climate
policy. Importantly, the study relies on advances in both end-use technologies and technology
integration to reduce costs and drive higher adoption rates. The study assumes increased utilization of
natural gas and carbon capture and storage (CCS) as being necessary technologies to provide low-cost
generation needs in the future. 18

16

EIA AEO 2018 at 71.
EIA AEO 2018, https://www.eia.gov/outlooks/aeo/pdf/AEO2018.pdf.
18
EPRI, U.S. National Electrification Assessment (Apr, 2018),
https://www.epri.com/#/pages/product/000000003002013582/?lang=en.
17
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Figure 4 - Low-Cost Power from the Nation’s Diverse Fleet Keeps U.S. Electricity Prices Below those of
Other Free Market Nations 19

The EIA projects that the U.S. will continue to benefit from the use of its fossil fuel resources in the
power sector well into the future (see Figure 5).
Figure 5 - U.S. Fossil Fuel Use Projections 20

19

Source: International Energy Agency, Key World Energy Statistics (2017), https://webstore.iea.org/key-worldenergy-statistics-2017.
20
EIA AEO 2018 at 89.
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Challenges to Using Fossil Fuels
The U.S. EIA suggests that fossil fuel plants will be generating more than 55% of our electricity in 2050
(see Figure 5). Today, the average age of the U.S. coal fleet is approximately 40 years. With no new coal
plants forecasted by EIA, the condition of these existing plants, projected to still provide electricity 30
years from now, is unclear. This in part is because plants that were designed to operate in a baseload
state typically are not operating in a steady-state manner on the grid that exists today. Both coal and
natural gas power plants are being called upon in today’s markets to operate more flexibly in a range of
cycling modes as power generators expand their use of intermittent renewable electricity generation.
This is resulting in units operating at much lower capacity utilization factors than originally designed as a
baseload system. The consequences of the lower capacity factor result in greater complexity in
managing the numerous sub-systems within the power plants and it can be economically challenging for
those units to recover costs in some markets. Operating in a flexible mode also results in significant
wear and tear, which could compromise these units in the future if research is not undertaken to
understand and remedy the impacts of rapid and frequent cycling. The Roadmap outlines a program for
addressing these impacts on existing coal and gas power generation systems.
It is important to recognize the use of fossil fuels in the electric power sector is challenged beyond the
impacts of intermittency of grid operations. Opposition to expanded production and use of fossil fuels is
organized, and there is sustained and increasing pressure to minimize the use of fossil fuels or
dramatically lessen the carbon footprint of fossil fuel use. For example, a recent air permit for a new
natural gas combined cycle (NGCC) system was challenged on the basis of CO2 emissions by groups
opposed to the use of fossil fuels. The challenge was predicated on the CO2 emitted from upstream
production of natural gas, the methane potentially leaked from pipelines distributing the gas to the unit
and because CCUS technologies are not being actively proposed for new NGCC plants. 21
Financing the construction of unconstrained fossil units can be difficult due to a perceived risk of a new,
unabated unit becoming subject to carbon emission regulations during its useful life. As of 2015, 28
states required U.S. electricity generating utilities operating in their state to prepare formal planning
documents, called Integrated Resource Plans (IRPs), evaluating generation options over a planning
horizon, typically over the next 15-20 years. A review of seven of these IRPs, covering utilities operating
in 21 states, found that all but one included a carbon price in evaluating future build and retirement
decisions. 22 While not all IRPs or utilities evaluate a carbon price, several financial institutions factor
future CO2 emissions in their financing policies, which can impact decisions to finance, as well as
increase financing rates for unabated fossil-fuel projects. 23 The World Bank reports that, as of 2017, 67

21

Source: Department of Environmental Quality:
http://www.deq.virginia.gov/Portals/0/DEQ/Air/Permitting/PowerPlants/Greensville/52525_attachments_to_dom
inion_responses.pdf; https://investors.dominionenergy.com/static-files/dd9961c2-2f72-477f-b7c7-6989e12e17c6
22
CURC, Analysis Of Options For Funding Large Pilot Scale Testing Of Advanced Fossil-Based Power Generation
Technologies With Carbon Capture And Storage (March 2016), www.curc.net.
http://www.curc.net/webfiles/NEDO/Global%20CCS%20White%20Paper.pdf .
23
See generally United Nations Environment Programme Finance Initiative, http://www.unepfi.org/
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jurisdictions have put a price on carbon, amounting to a “total coverage of about 8 gigatons of CO2
equivalent or about 15% of global GHG emissions.” 24
The 2018 Roadmap identifies several technology pathways to address these impacts that, if pursued
with the recommended technologies commercially implemented, could result in improved and reliable
operations of the existing fleet as well as new, cost-competitive fossil-fuel systems with near-zero
emissions of CO2.

24

State and Trends of Carbon Pricing 2017. World Bank and Ecofys Carbon Pricing Watch 2017, An Advance Brief
from the “State and Trends of Carbon Pricing 2017” Report (2017),
http://www.climateactionprogramme.org/images/uploads/documents/Carbon_Pricing_Watch.pdf.
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Benefits to Society from Improved Fossil Fuel Technologies

Successful implementation of the Roadmap can result in significant environmental, economic and
energy security benefits.

Environmental Benefits
The 2015 Roadmap outlined an extensive historical and projected set of environmental benefits
resulting from the development and application of improved coal technologies. As illustrated in Figure 6,
since 1970, significant RD&D advancement resulted in new, cleaner, lower-cost technologies for
reducing emissions of NOx and SOx from coal power plants. As an example of the success of publicprivate sector partnerships, between 1979 and 2000, the DOE funded $223 million (in 1999$) in RD&D
on improved sulfur dioxide (SO2) scrubbers, with cost-share from industry. These technological advances
stimulated manufacturers to make improvements in nearly all scrubbers, redefining the state-of-the-art
in scrubber technology and significantly reducing the capital and operating costs. The combined direct
economic benefit and resulting environmental improvement was conservatively estimated at more than
$50 billion through 2005. 25 Wide deployment of technologies demonstrated at large scale in the 1980s
and 1990s helped to dramatically reduce emissions, even as coal use for electricity generation rose
substantially (see Figure 6).
Figure 6 - Historical Improvements in Coal Plant Emission Reductions 26

The U.S. has also made significant strides in the development of advanced coal and natural gas
technologies through public-private partnerships to improve the utilization of these resources. Similarly
to how a new car today can travel further on a single gallon of gasoline than one built in the 1980s, the
most advanced coal units operating in the U.S. today are 25% more efficient than the previous

25

See National Energy Technology Laboratory, U.S. Department of Energy, Large Demonstrations,
https://www.netl.doe.gov/research/coal/large-scale-demonstrations
26
See ibid.
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generation of coal units. With further technology improvements, additional efficiency gains of similar
magnitudes can be achieved for both coal and NGCC systems.
A key objective of the 2018 Roadmap is to duplicate the success of the earlier public-private partnership
in a technology development program designed to reduce the cost and significantly improve the
performance of both existing and new fossil fuel conversion systems. This includes reducing the costs for
carbon capture systems and the consumption of energy from the power plant needed to operate or
incorporate carbon capture into the process. First-generation technologies are capturing CO2 from two
coal-fired power plants today at up to 250-MWe scales. The cost for CCUS at these plants is partially
offset by using CO2 for EOR (see Figure 7). The Roadmap projects that CCUS costs will reduce over time
by the proposed advances in technology and lessons learned.
Figure 7 - Map of Carbon Dioxide Enhanced Oil Recovery in the United States 27

Since the last published Roadmap, the first U.S. commercial-scale demonstration of CO2 capture from an
existing coal unit began operating in the U.S. – the Petra Nova project in Texas, 28 employing firstgeneration CO2 capture technology. This project is capturing 1.6 million tons of CO2 per year for use in a
nearby EOR operation, which is producing 4,000 barrels of oil per day. While the project has been
successful, in part because the oilfield ownership and operations are incorporated directly in the
project, as a FOAK demonstration, launching it required a $190 million federal investment as well as a
unique, public-private sector financing solution. 29 In addition to the project structure enabling both the
27

CURC and ClearPath Foundation, Making Carbon a Commodity: The Potential of Carbon Capture RD&D (July
2018) (CURC and ClearPath Carbon Report), http://www.curc.net/curc-clearpath-report-rollout-briefing
28
Ibid.
29
NRG, Petra Nova, Carbon Capture and the Future of Coal Power, https://www.nrg.com/case-studies/petranova.html

10

U.S. and Japanese government to contribute financial support to the project, the joint venture also has
ownership in the oil field through which the CO2 is producing oil, which provides a larger revenue stream
to the project (depending on the price of oil). 30
There is a 50-year history of using and storing CO2 through EOR and, because of the economic value
associated with the CO2, EOR is projected to be the storage media for early deployments of CCUS
projects. If improved CO2 capture technologies are developed and deployed in the power sector through
the recommended development pathways identified in the Roadmap, carbon capture could reduce
emissions on a ‘gigaton’ scale with market-driven CO2 for use in EOR. 31
Additional environmental benefits of CO2 used for EOR have been analyzed by the International Energy
Agency, which estimates the average carbon footprint of a barrel of oil produced with EOR is about 63%
smaller than that of a barrel of oil produced with traditional primary and secondary production
technology. 32
There is limited experience with storing large volumes of CO2 in saline geologic formations, and there is
not a CCS project utilizing saline storage integrated with a power production facility currently operating
in the U.S. Saline storage may be necessary in the future to meet global objectives for reducing global
concentrations of GHG. As recommended in the Roadmap, public-private sector efforts are underway in
the U.S. through the Regional Carbon Sequestration Partnerships (RCSPs) and the CarbonSAFE program
to ensure saline storage pathways are well understood, characterized and ready for large-scale volumes
of CO2 storage.
One of the most significant benefits from the proposed technology improvements in the Roadmap is the
increase in efficiency of fossil power generation. This improvement reduces all emissions, including CO2,
as less fuel is required for electricity generation. Higher efficiency also increases the economic feasibility
of CO2 capture. The technologies identified in the Roadmap are projected to provide 20% to 40%
improvements in heat rate by 2025 and 2035, compared to current estimates for coal and natural gas
power plants with CCS. New technologies currently under development and identified in the Roadmap
would provide alternatives to traditional steam cycles, with significantly higher generation efficiencies
and improved pathways for CO2 capture.
In addition to benefits in air quality, the Roadmap identifies potential reductions in the use and
consumption of fresh water and improvements in power plant effluent water quality. Fresh water use
and consumption is becoming increasingly important in the more arid U.S. West, where water supplies
are not as abundant. Most thermal power generation types rely on the availability of a significant
amount of water. New technologies to reduce waste heat via more efficient operation and enable use of
alternative water sources, combined with novel approaches to re-use and/or recover waste water that
would otherwise be exhausted, can reduce the volume of fresh water required by new power plants.
Reducing water use and discharge not only preserves water resources, but also reduces environmental
impacts on biota entrained in water used for cooling purposes and impacts from the discharged water.
Improved technologies also are needed to reduce and eventually eliminate pollutants in power plant

30

Ibid.
CURC and ClearPath, Op Cit.
32
International Energy Agency, Storing Carbon Dioxide through Enhanced Oil Recovery: Combining EOR with CO2
Storage (EOR+) for Profit (2015),
https://www.iea.org/publications/insights/insightpublications/Storing_CO2_through_Enhanced_Oil_Recovery.pdf.
31
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effluents discharged to receiving waters at lower treatment costs with improved performance and
reliability. Greater removal could be targeted with advanced membranes, thermal or other volume
reduction technologies and long-term management of wastewater treatment byproducts.

Economic Benefits

CURC and ClearPath Foundation33 sponsored a study that reviewed the potential for market-driven
deployment of CCUS technology for coal and natural gas power plants. 34 The study examined how
reducing the cost of carbon capture via an aggressive RD&D program can enable new coal and natural
gas power projects with carbon captured for EOR, and quantified the resulting economic, employment
and energy security benefits for the United States.
The study consisted of three major components: (1) An evaluation of carbon utilization potential and
productivity in five major EOR regions by Advanced Resources International, Inc.; (2) simulations of the
U.S. electricity sector by NERA Economic Consulting (NERA) using its NewERA model; and (3) preparation
of the report, coordinating integration of the two above components and including estimates of
macroeconomic benefits associated with a successful RD&D program by L.D. Carter.
Eight scenarios were evaluated representing possible future paths for the U.S. electricity sector. 35 These
scenarios were structured around different assumptions regarding economic growth, electricity demand
and energy prices. All scenarios were paired (i.e. 1a, 1b) to show the impact of an aggressive RD&D
program on deployment of new generation units equipped with carbon capture technology relative to a
base level. Each pair of four basic scenarios included a scenario that assumed the absence of reduced
carbon capture costs based on moderate RD&D, and a second scenario with identical assumptions but
including an aggressive RD&D program postulated to lead to lower capture costs consistent with the
costs targets in the Roadmap. The design of the study allowed a general assessment of the role
aggressive RD&D could play in economically-driven deployment of carbon capture technologies over
time, under a range of market conditions.
Scenarios 1a and 1b reflect an optimistic view of economic growth and electricity demand, which lead to
higher energy prices than other scenarios. The odd-numbered scenarios differ in the assumed level of
fossil energy-related RD&D activity, which effectively lowers the cost of new generating units with and
without carbon capture. Scenarios 2a and 2b are defined by more conservative assumptions regarding
economic growth and electricity demand, which lead to lower energy prices (Table 1).

33

https://clearpath.org/.
CURC and ClearPath Carbon Report, Op Cit
35
See a more detailed discussion of “Scenarios” from CURC and ClearPath Carbon Report, Op. Cit. at 12.
34
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Table 1 - Scenarios Simulated by NERA Model 36
Scenario

Economic
Growth

Energy Prices

Electricity
Demand

Capture Costs

Capital Charge
Adder

1a

High

High(+)

High

RD&D

Yes

1b

High

High(+)

High

Base

Yes

2a

High

High(+)

High

RD&D

No

2b

High

High(+)

High

Base

No

3a

Base(-)

High

Low

RD&D

Yes

3b

Base(-)

High

Low

Base

Yes

4a

Base

Base

Base

RD&D

Yes

4b

Base

Base

Base

Base

Yes

The study estimated that if an aggressive RD&D program is implemented that achieves the cost targets
identified in the Roadmap, market-driven deployment of 62 to 87 GW of power-sector projects with
installed carbon capture technologies can be enabled by 2040. By contrast, there is only one coal unit
with CCUS in operation in the U.S. today – the Petra Nova project (with a CO2 capture equivalency of 240
MW).
Under an aggressive RD&D scenario that achieves those cost targets, the macroeconomic impacts of CO2
captured from the power sector for use in EOR can:
•
•
•
•

Increase coal production by as much as 40% between 2020 and 2040
Contribute 100 to 923 million barrels of annual domestic oil production
Add 270,000 to 780,000 new jobs and $70 billion to $190 billion to the annual GDP relating to
increased oil production
Decrease the retail cost of electricity 1.1 to 2.0% by 2040, which on its own creates an additional
210,000 to 390,000 jobs and adds $30 to $55 billion in GDP

The GDP benefits related to increased oil production reflect the direct value of the oil produced; the
indirect value provided by those manufacturers and service industries that support EOR activity; and
economic activities such as housing, transportation and food services that support workers engaged in
direct and indirect activities.
Lower-cost electricity can result from application of improved technologies in power plants. In the case
of existing power plants, improved technology reduces capital expenditures for emissions control
systems, resulting in electricity production at costs lower than those of replacing the existing plant with
a new, more expensive power plant equipped with emissions controls. For new power plants, lower-cost
electricity can result from improved technologies, such as advanced materials enabling higher-efficiency
plants operating at higher temperatures and pressures.
36

Ibid. Note: Base energy prices, growth and electricity demand reflect AEO2018 Reference case (0.60% per year
electricity demand growth); Base (-) economic growth reflects the EIA AEO2018 Low Oil & Gas Resource and
Technology case; electricity demand growth is 0.56% per year; and High economic growth assumes about 3.5% per
year GDP growth between 2020 and 2040; electricity demand growth is 1.4% per year for 2020-2040.
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Macroeconomic impacts include the direct effects of the activity on its primary business purpose (e.g.,
producing electricity and manufacturing steel). It also includes indirect effects on other activities
supporting that primary purpose (e.g., increased mining and chemical production) and related activities
supporting these activities (e.g., provision of housing, transportation and food to employees engaged in
the direct and indirect activities). Note this macroeconomic driver is not reduced global oil production,
but rather represents the combined impacts of the lower price of electricity under some scenarios.
The combined macroeconomic impacts in terms of GDP and jobs from both increased domestic oil
production from power sector CO2 used in EOR, and lower-cost electricity for all scenario pairs that were
run in the analysis, are presented in Table 2. These figures represent the total incremental macroeconomic benefits calculated by summing the nominal benefits from reduced electricity prices and
increased EOR production for each scenario, then taking the difference between “paired” scenarios,
which contain identical assumptions except the presence or absence of an aggressive RD&D program.
Table 2 - Combined Macroeconomic Benefits of Aggressive RD&D in 2040 37
Scenarios

EOR-based Benefits

Electricity-based Benefits

Total Benefits

GDP ($B)

Jobs

GDP($B)

Jobs

GDP($B)

Jobs

1a & 1b

95

390,000

45

300,000

140

690,000

2a & 2b

100

410,000

40

260,000

140

670,000

3a & 3b

110

460,000

55

380,000

165

840,000

4a & 4b

50

190,000

30

210,000

80

400,000

Energy Security Benefits
Several of the benefits already discussed also provide energy security benefits by reducing the demand
for imported oil. Increased domestic oil production via power plant-based CO2-EOR can displace
imported oil purchases and enhance the nation's GDP, reduce the U.S. balance of payments deficit,
provide energy security benefits and create jobs.
The U.S. benefits from having a diverse portfolio of electric generating sources. Diversity of electricity
supply promotes competition, resulting in more affordable electricity for consumers, and ensures the
security and resiliency of the electricity grid. Enabling the development of fossil-fueled generating
technologies with CCUS can result in a more diverse portfolio of low-carbon generating technologies in
the future.
However, these benefits cannot be achieved without a commitment of public and private sector support
to ensure these options are maintained well into the future. Investing both in today’s existing fleet of
plants, as well as in a new suite of technologies, can also ensure the capacity of the U.S. supply chain is
maintained. With federal commitments to invest in technology, RD&D investments will flow into U.S.
innovation. Such investments are necessary to ensure these technology options are developed and
available to support future options.

37

CURC and ClearPath Carbon Report, Op. Cit.
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Roadmap Approach and Technology Descriptions

Each CURC-EPRI Roadmap was developed by identifying a set of cost and performance targets and the
technology development needs at the component, process and system level necessary to bring that
technology to commercialization to achieve those targets. Funding levels and development schedules
are identified for each step. All of the development needs and funding requirements for that technology
are then rolled up into an overall technology development timeline.
As an example, Figure 8 shows the overall development approach for each of the technologies included
in the Roadmap. For some of the technologies, the Roadmap proposes development for two different
technology paths. This shows the need for diverse technology development efforts and to not favor one
technology over another.
The Roadmaps are formatted to clearly identify technology development at different Technology
Readiness Levels (TRLs). This approach clearly shows development at lab- and bench-scale (TRL 1-2);
testing at small pilot (5 to 10 MW-scale projects – TRL 3-5); and testing via large pilots (~10 MW to ~50
MW scale projects – TRL 6-7) before a FOAK demonstration of a commercial-scale project (TRL 8),
followed by a commercial offering with guarantees (TRL 9).
Figure 8 - Roadmap Program Technology Analysis

PRIMARY ACTIVITY

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

Overall Development Timeline
Bench-Scale
Pilot Plant
Large Pilot Plant
Commercial Demo Plant
Commercialization (with guarantees)

Bench Scale

Pilot Plant
Large Pilot

System and Component Scaleup
MWe Commercial Demo
Commercial Plant

There are two distinct platforms for technology development identified in the Roadmap: Existing Plants
and New Plants. In alignment with CURC’s new mission, each of these platforms has been expanded in
the 2018 Roadmap to include technology development for power generation fueled by both coal and
natural gas. Several technology areas are included in the Roadmap analysis that would support new
plants, such as advanced combustion, including post-combustion carbon capture, gasification and new,
transformational platforms. Both new and existing platforms are supported by “cross-cutting”
technology development needs, also a key area of emphasis in the Roadmap.
CURC and EPRI examined a suite of transformational technologies in the 2015 Roadmap that
contemplate new processes that can make energy conversion more efficient. These technologies were
re-examined and significantly updated in the 2018 Roadmap. The new Roadmap considers
“transformational” technologies to generate a new learning curve or use new approaches for power
generation and/or carbon capture that enable substantial breakthrough performance improvements
and cost reductions. These encompass a broad range of technology improvements, including
thermodynamic improvements in energy conversion and heat transfer, turbines and CO2 capture
15

systems that all drive cost reductions as well as reduce the consumption of energy needed to operate
the CO2 capture system.
The transformational technologies examined in the Roadmap include P-Oxy, CLC, and sCO2 cycles, which
would replace steam with sCO2 as the working fluid – including both the direct- and indirect-fired sCO2
cycles. The direct-fired, or “Allam cycle” performs oxy-combustion within the system itself, creating an
exhaust gas of primarily CO2 and water that drives a power turbine. The indirect-fired sCO2 cycle obtains
heat in the conventional way from a combustion process via a heat exchanger for a sCO2 power island.
All of these technologies can result in potentially more compact and higher-efficiency energy production
systems that can capture CO2. New turbines and other components to support the higher temperatures
and pressures of these systems, particularly the sCO2 cycles, were also considered. Each of these
technologies is designed to yield lower costs and energy penalties associated with the capture of CO2.
In addition, the 2018 Roadmap emphasizes the use of large-scale pilots in many of the roadmaps. These
10-50 MW size units would provide critical design information to accelerate next-generation technology
demonstration units at far lower cost than a commercial demonstration-scale unit. This development
step has been applied to combustion, gasification and transformational technologies.
Many of the individual roadmaps are cross-cutting with both coal and gas and were updated to include
gas technology paths. Updated roadmaps with both coal and gas technology paths include CLC, sCO2
power cycles, carbon capture, existing plants and cross-cutting.
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Roadmap Technology Descriptions

The 2018 Roadmap includes 10 technology development roadmaps that can be grouped into two areas:
Existing Plants and New Plants. Under New Plants, there are three areas of technology groupings:
Advanced Energy Conversion Systems, Cross Cutting and a separate Natural Gas Roadmap.

Existing Plants
The Existing Plants Roadmap covers the developmental needs of operating coal-fired power plants,
which traditionally have operated as “baseload” (or continuously operated) units, but now are
increasingly called upon to operate more flexibly in a range of “cycling modes” as utilities expand their
use of natural gas and intermittent renewable energy generation. The Roadmap was expanded to
include existing NGCC plants as they now face similar issues. Flexible operations require more frequent
startups and shutdowns, operation at partial and minimum load and a much higher degree of ramping
unit output from one operating condition to another. The consequences of such flexible operations are
greater wear and tear on the generating unit being cycled, and greater complexity in managing the
numerous sub-systems within the power plant to assure safe and reliable operation over a wide range of
operating conditions.
The CURC-EPRI Roadmap recommends research targeted specifically to support the existing fleet of coal
and natural gas plants. This includes RD&D to provide:
•
•
•
•
•
•

•
•

Improved technologies to reduce the cooling water consumption
Improved approaches to treat power plant water effluent and manage byproducts
Improved criteria emissions control systems, capable of performing well (i.e., maintaining high
capture efficiencies) on units with flexible modes of operations
Improved ability to operate with different fuels, such as biomass co-firing
Improved net plant efficiency through combustion optimization, advanced controls, the use of
advanced topping or bottoming cycles and waste-heat utilization
More reliable operation for units operating in “cycle mode” by developing improvements in
welding and component fabrication using new materials and by providing improved diagnostic
techniques, including better sensors and controls for early identification of “wear and tear”
problems
Developing advanced (high-temperature-tolerant) materials for units undergoing replacement
of major subsystems
Demonstration of A-USC components for possible retrofit to improve efficiency, capacity factor
and reliability of existing power plants

The Roadmap does not specifically recommend CO2 capture technology development tailored for
existing units, but notes that many types of CO2 capture technologies designed for new post-combustion
carbon capture systems would also be practical for existing fossil-fired power plants if RD&D can
sufficiently reduce costs. Consideration of CO2 capture on existing units not only must take into
consideration costs, but other site-specific issues such as access to EOR or other geologic storage
options, and the amount of space available onsite to accommodate the equipment to capture and
transport CO2.
When considering post-combustion capture, retrofits of new technologies to an existing unit at a largepilot or even at commercial-scale may be the most cost-effective approach to testing a new carbon
capture technology at scale, rather than attempting to incorporate it into a new plant design. Doing so
17

may act to accelerate development of these important technologies. In addition, retrofits of carbon
capture will be valuable to advancing research for the efforts outlined in the Carbon Storage roadmap to
enable regional sources of CO2 to be evaluated and used in large volumes for the CarbonSAFE activities.
Although retrofits are not a defined program outlined in the Roadmap, it is important to note the value
that retrofits might offer in advancing CCS technology development and deployment efforts.

New Plants
One of the objectives of the CURC-EPRI 2018 Roadmap is to align the roadmaps with an added focus on
natural gas. This was accomplished in two steps. First, many of the roadmaps, such as P-Oxy, CLC, sCO2
power cycles, existing plants and carbon capture, are applicable to both coal and gas firing. Each coaland gas-fired technology has common development issues and there are synergies in the technology
paths to address those issues. However, there also are development issues specific to both coal- and
natural gas-firing, and the natural gas development needs were added in the 2018 Roadmap update.
There also are development issues specific to both coal- and natural gas-firing, and some roadmaps e.g.,
the sCO2 power cycles and the carbon capture roadmaps) include distinct pathways for both coal and
gas in the identified development needs. Figure 9 shows an example of the challenges in developing
carbon capture systems for both coal- and natural gas-fired systems. 38 There are common issues already
being addressed in current coal RD&D programs; however, there also are some specific issues related to
natural gas that will only be addressed by RD&D targeted at those issues. Similar diagrams could be
developed for other RD&D pathways (such as for efficiency, flexibility and oxy-combustion). The updates
that added natural gas firing to an existing coal roadmap focused on addressing those technologies
issues specific to natural gas.

38

National Energy Technology Laboratory, U.S. Department of Energy, Carbon Capture Opportunities for Natural
Gas Fired Power Systems, at 4,
https://www.energy.gov/sites/prod/files/2017/01/f34/Carbon%20Capture%20Opportunities%20for%20Natural%2
0Gas%20Fired%20Power%20Systems_0.pdf
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Figure 9 - Challenges and Synergies of RD&D Pathways for CCS for Coal and Natural Gas 39

The second step to aligning the roadmaps was to begin laying the foundation for a new natural gas
focus, discussed more fully below.

Advanced Energy Conversion Systems
Advanced Energy Conversion Systems covered in this section are novel fossil power cycles or key process
in such cycles that are designed to be highly efficient and help facilitate the capture of CO2 at a lower
energy penalty and cost than more conventional methods like first-generation post-combustion capture
done using solvents. Technologies within this grouping include P-Oxy, CLC, sCO2 power cycles,
gasification and hydrogen generators.
Pressurized Oxy-Combustion technology burns fossil fuels in a pressurized stream of nearly pure oxygen
with recirculated flue gas (mainly CO2 and water) acting as the diluent instead of air. This approach
results in higher efficiency from latent heat recovery from the flue gas at a temperature useful to the
cycle and reduced auxiliary power; potentially lower capital costs due to smaller equipment; and a flue
gas that allows easier capture of CO2 for use or sequestration. The CURC-EPRI Roadmap shows the
technology development path for both entrained- flow and fluidized-bed P-Oxy technologies. One of the
P-Oxy technologies was selected to serve as a platform for an indirect-fired sCO2 power cycle (in which
the heat is provided indirectly from the oxy-combustion to the sCO2 power island via a CO2-fired heater)
in a companion roadmap; note that indirect-fired sCO2 power cycles could also be applied to other POxy cycles. P-Oxy technology is projected to be ready for a FOAK commercial project starting in 2028.
Chemical Looping Combustion technology typically includes two fluidized-bed reactors, and uses metal
oxide or limestone as a carrier that is oxidized in an air reactor and then delivers oxygen for fuel
combustion in the fuel reactor, in effect producing oxy-combustion without cryogenic air separation,
39

Ibid.
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which improves efficiency. Both reactors produce heat for a power cycle. This approach also results in a
flue gas that allows easier capture of CO2 for use or sequestration. The 2018 Roadmap shows the
technology development path for both metal oxide and limestone-based CLC technologies. CLC
technology is projected to be ready for a FOAK commercial project starting in 2027. An additional
development path was also detailed for metal-oxide CLC technology using natural gas as the fuel.
However, the development funding required for this technology was not included in the overall
roadmap funding rollup as natural gas CLC will likely not be used for power generation, but rather for
industrial applications and for synfuel production.
Supercritical CO2 Power Cycles come in two varieties: an indirect-fired version that obtains heat in the
conventional way from a combustion process via a heat exchanger for a sCO2 power island, and a directfired version that uses oxy-combustion within the cycle to generate a CO2 and water stream that drives a
power turbine. Both processes use sCO2 as the working fluid and both utilize more compact
turbomachinery due to the high power-density of CO2, which aids in lowering plant capital costs. These
technologies have higher net plant efficiencies than conventional power cycles and both can perform
carbon capture – indirect cycles can do post-combustion carbon capture or oxy-combustion, and direct
cycles inherently create a stream of CO2 at pipeline pressure for use or sequestration. The 2018
Roadmap shows the technology development for a direct-fired sCO2 power cycle for both coal and gas
firing and for an indirect-fired sCO2 power cycle for oxy-coal firing only. An additional development path
was included for a sCO2 bottoming cycle that provides higher net plant efficiencies for simple-cycle gas
turbines (the economics is more competitive for smaller units less than 100 MW).
Gasification is the process of gasifying coal under reducing conditions to produce a syngas consisting
primarily of carbon monoxide, hydrogen, methane, CO2 and water vapor. The syngas is then burned in a
combustion turbine coupled to a combined-cycle steam turbine to generate power in a process called
IGCC. CO2 can be removed pre-combustion by routing the syngas to a water-gas-shift reactor to produce
additional hydrogen and convert the carbon monoxide into CO2, which can then be removed using a
chemical or physical absorbent or membrane. The resulting syngas has a higher amount of hydrogen
that requires a modified combustor and turbine. Although IGCC was used as the primary platform for
the Gasification Roadmap, many of the targeted technologies could also benefit from industrial
gasification such as direct sCO2 cycles, coal-to-liquids and coal-to-substitute natural gas, either in standalone industrial configurations or as part of a poly-generation facility that combines power generation
with co-production of transportation fuels, fertilizers or other chemicals, including CO2. The 2018
Roadmap shows the technology development path for second-generation IGCC and advanced
gasification plants, along with the component developments necessary to advance IGCC, gasification
and poly-generation plants.
Hydrogen Generator is an alternative to steam-methane reforming for converting natural gas to
hydrogen and CO2 as separate product steams. The hydrogen is then combusted in a combustion
turbine to produce electricity, while the concentrated CO2 is available for use or sequestration. The 2018
CURC-EPRI Roadmap shows that the hydrogen generator is projected to be ready for a FOAK commercial
plant starting in 2025.

Cross-Cutting Areas
The major cross-cutting programs include a range of technologies applicable to both coal- and natural
gas-firing units. Technologies in this group include high-efficiency materials development, carbon
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capture, carbon utilization and storage, turbines and a program for other cross-cutting areas of
research.
Advanced Ultra-supercritical materials, such as nickel-based alloys HR6W, Haynes 282 and IN740,
enable Rankine cycles with steam temperatures of 700°C or higher and also are needed for hightemperature sCO2 power cycles and other high-temperature and pressure technologies. The 2018
Roadmap focuses specifically on the RD&D needs for A-USC materials development, the testing of A-USC
materials and components under real operating conditions and demonstrating supply-chain fabrication
capability for key full-scale A-USC components.
Carbon Capture technology removes the CO2 formed from the process and makes it available as a
concentrated CO2 stream ready for use or storage. Technology development is focused on lowering
energy requirements, increasing CO2 sorption capacity, improving permeability and selectivity and
lowering the capital and operating costs of the capture systems. The 2018 Roadmap considers
development paths for solvents, sorbents and membranes for post-combustion capture and chemical
and physical absorbents and membranes for pre-combustion capture systems. It also considers capture
systems from both coal-fired power plants and NGCC plants.
The CO2 Utilization and Storage Roadmap focuses on the evaluation of geologic CO2 storage reservoirs,
necessary to ensure there will be readily accessible storage facilities for the advanced power systems
developed under the CURC-EPRI Roadmaps. The RCSPs and the CarbonSAFE Initiative are necessary for
industry to advance technologies that will help grow our economy and increase our energy
independence through the utilization of CO2, and for which low-cost, industrial sources of CO2 will be
sought for enhanced oil and gas recovery. The RCSPs expand and diversify the prior efforts to advance
new technologies and better understand commercial-scale storage costs. The RCSPs also focus on
infrastructure development for regional and national CO2 transportation and distribution systems that
will catalyze commercial activities in carbon utilization and storage. The 2012 and 2015 Roadmaps
recommended carbon storage efforts that led to the CarbonSAFE Initiative, which will develop
integrated storage complexes constructed and permitted for operation in the 2025 timeframe. The work
of CarbonSAFE will result in the detailed characterization of storage complexes identified as having high
storage capacity potential (in excess of 50 million metric tons of CO2) to serve as regional repositories of
CO2. The Roadmap takes into account the efforts of CarbonSAFE to advance storage management (e.g.,
stacked storage, pressure management), storage complex modeling data, site development plans,
regulatory issues, and public outreach, as well as efforts to transition to future commercial ventures.
The Roadmap also includes development activities for advanced storage RD&D, such as storage
integrity, assurance and risk integrations tools, and addresses the use of CO2 as a feedstock for chemical
synthesis or for integration in to pre-existing products.
There are also niche opportunities to convert CO2 into other products, including chemicals, fuels and
cement. Figure 10 illustrates most of the current and potential uses of CO2. However, many of these
uses are small scale and do not result in large CO2 emissions reductions. Some of the more significant
current and potential uses of CO2 are highlighted in the research underway in this focus area.
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Figure 10 - Potential CO2 Utilization Pathways and Markets 40

The Turbines Roadmap includes the RD&D activities necessary to develop turbine components to
support the new energy conversion systems evaluated in other roadmaps for both coal- and natural gasfired applications. The turbine roadmap considers the development of a broad range of turbine designs,
including steam turbines, combustion turbines, sCO2 turbines and PGC.
The Cross-Cutting Roadmap is an entire subsection of a variety of RD&D activities that support all
roadmap technology areas for both coal and natural gas firing. For example, the Roadmap considers
technology improvements for reducing the consumption and discharge of water by coal- and natural
gas-firing units. The Roadmap includes research on general water management practices, as well for
development of advanced water treatment and wastewater byproduct management technologies.
The Cross-Cutting Roadmap includes development paths for seven different cross-cutting technology
needs:
•
•

Advanced Manufacturing includes advances in additive, subtractive and robotic manufacturing.
Breakthrough Technology includes advances not in other roadmaps, such as transformational
RD&D of current technologies, advanced systems and next-generation designs and advanced
concepts. The Roadmap defines these as technologies that reflect “out-of-the-box” thinking or
fundamentally new approaches to solving fossil fuel’s challenges. Examples of breakthrough

40

National Energy Technology Laboratory, U.S. Department of Energy, CO2 Utilization Focus Area,
https://www.netl.doe.gov/research/coal/carbon-storage/research-and-development/co2-utilization
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•

•
•
•

•

technologies include the substitution of bio-systems for current chemical processes 41 and CO2
sorbents based on new human-made compounds. Funding for these kinds of activities is
consistent with RD&D supported through the DOE’s Advanced Research Projects Agency-Energy
program or the fundamental research conducted in the applied energy programs at DOE.
Computational Science includes advances in component and integrated system modeling,
computer-based materials design, economic analyses of advanced designs and computer
analyses of alternate working fluids.
Materials includes advanced materials development for new and existing power plants,
materials for sCO2 power cycles and advanced materials for harsh environments and catalysts.
Sensors and Controls includes advances in sensor development and validation, distributed
intelligence networks, automated process controls and optimization and data analytics.
Water Management includes advances in water use, alternative water sources, power plant
discharge reduction and treatment, waste-heat recovery technology, treatment of water and
fluids from CCS, advanced cooling technology for both water and air-cooled systems,
wastewater treatment systems for trace metals and other constituents and long-term
management of wastewater treatment byproducts.
Workforce Development includes efforts that continue to develop the industry workforce, such
as the University Coal Research and the Historically Black College and University programs.

Gas Technology Roadmap
CURC members developed a set of natural gas performance targets for 2025 and 2035 (discussed in
Table 4 - Goals for Performance Improvements for NGCC Plants with CCS). Then natural gas-fired power
generation development issues were developed, along with the technology paths necessary to address
these issues. The comprehensive list of technologies paths was then distilled to six major categories and
25 subcategories, as shown in Figure 11. Many of the technologies identified in this figure (shaded in
blue) already are addressed in the updated roadmaps (after the addition of natural gas-fired technology
paths). The only major technology paths that did not fit into the updated roadmaps were three
technologies in the efficiency category – turbines with higher turbine inlet temperature (TIT), PGC and
fuel cells.

41

For example, a genetically engineered microbe could be used to convert coal to methane or H2, eliminating
sources of pollution and creating a physically more convenient energy form.
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Figure 11 - Natural Gas-Fired Power Generation Development Issues

Initial roadmaps were developed to address these remaining areas for both gas turbines and fuel cells.
Roadmaps were developed using input from gas turbine manufacturers, the Gas Turbine Association and
from information gathered from existing DOE gas turbine and fuel cell programs. The gas turbine
roadmaps are still preliminary but were sufficient to develop technology timelines and funding
requirements. The fuel cell roadmap is still a preliminary effort with technology development steps and
schedules, but does not include any development funding requirements yet.
Finally, a timeline was prepared showing the progression of NGCC-related technologies and
performance improvements that are expected to be developed under the 2018 Roadmap.
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Large Pilot Projects Supported in the Roadmap

New commercial-scale fossil-fueled power plants with CCS technology are estimated to cost $500 million
and up to $1 billion or more. Such technologies, given their inherent financial and FOAK technical risk,
cannot leap from a conceptual stage to commercial deployment in a single step. Rather, development of
these advanced technologies follows an established, well-reasoned process borne over a long history of
engineering advancement.
Compared to previous CURC-EPRI Roadmaps, the 2015 Roadmap and this 2018 Roadmap place
increased emphasis on large-scale pilot testing of technologies. Large pilots are necessary to bridge the
gap between lab-scale testing of new technologies and FOAK, commercial-sized demonstrations. Largescale pilot activities reflect technology development beyond laboratory- and bench-scale testing, but not
yet advanced to the point of testing under real operational conditions at commercial scale. Large pilots
provide the operational data needed to better understand the technical and performance risks of new
technologies before the application of such technology at a commercial scale, or in advancing to a
commercial-scale demonstration project, requiring significantly more investment and guarantees on the
performance of the technology. Large-scale pilots need to be large enough to validate scaling factors
and to demonstrate the interaction between major components, so that control philosophies and
sequence of operations for a new process can be developed and enable the technology to advance to
commercial-scale demonstration technology or application.
While large-scale pilots are important for all technologies in the Roadmap, this step is particularly
important for transformational technologies, as these step-change technologies may have a completely
different process for extracting energy from coal or natural gas, which means the technical risk is greater
than simple process improvements that are in practice today. Given progress in the development of
transformational technologies, this Roadmap recommends a series of large-scale pilot projects for
transformational technologies in the 2017-2023 period. This is in addition to component testing pilots,
as well as both component and commercial-scale demonstration projects to integrate the technologies
contemplated in the Roadmap with complete operational systems.
Moreover, if RD&D is successful in emerging “transformational” power concepts such as P-Oxy, CLC and
sCO2 power cycles, CURC estimates that slightly larger cost reductions are possible by 2035. In short,
with an appropriate level of RD&D, fossil-based power generation with CCUS technology could
overcome technical and cost barriers that challenge today’s industry and allow fossil fuels to continue to
make a major contribution to the U.S. economy and energy security for the foreseeable future.
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Roadmap Performance Targets

In developing the Roadmap for new coal and gas plants, CURC and EPRI based the analysis on a set of
expected net plant efficiency and environmental performance targets using 2015 as the baseline (cost
and performance targets were not established for existing plants). These targets serve as “guide posts”
and a vision of the future, and help to measure progress toward achieving the performance goals
through 2035. The Roadmap incorporates the philosophy that a variety of technology options should be
developed and pursued to ensure there are multiple options in the marketplace for achieving the goals,
including a comprehensive suite of technology pathways for all new generation platforms, as well as
options for pursuing CO2 storage in EOR and saline reservoirs.
The Roadmap identifies three time periods against which progress in technology development should be
measured: 2015 as a baseline, 2025 and 2035. For each of these years, the Roadmap identifies the
performance of technologies that will have been demonstrated at commercial scale if the Roadmap is
implemented. It is important to recognize that this approach differs from that typically used by the DOE,
which sets its timing goals for when technologies will be ready for commercial demonstration. Readers
wishing to compare the CURC-EPRI Roadmap projections to DOE projections should add approximately 5
to 7 years to the DOE projections. This adjustment will account for the time needed to design, permit
and construct a demonstration unit and then will roughly equate to the time convention used in this
Roadmap. Further, the 2015 goals are reflective of first-generation technology cost and performance
targets. The 2025 and 2035 targets reflect performance targets for second-generation and
transformational technologies contemplated in the gasification, combustion and transformational
technology Roadmap programs.
Table 3 and Table 4 summarize the performance improvements expected for new coal and NGCC plants
if the recommended Roadmap RD&D program is successfully implemented. Each table shows the
performance for the years 2015, 2025 and 2035 for plants both with and without CCS. Note that there is
a broad range of emissions, particularly for CO2. The emissions ranges are dependent upon the fuel
being fired, the combustion technology and the environmental control equipment used, and the
different forms of CO2 capture systems identified in the Roadmap.
The values included in Table 3 and Table 4 summarize the performance improvements being forecasted
in the Roadmap, and how the performance of technology is projected to change over time with the
improvements. These targets are technology agnostic and represent the range of technologies
represented in the Roadmap.
The Roadmap includes a target of 90% CO2 capture as a typical convention of DOE modeling of CCS costs
and performance. This target is also used in the Roadmap modeling as the only published data available
reflects costs at 90% CO2 capture. This value is only intended to be a target, and was only used to
calculate benefits at that level of performance, if achieved. While technology can achieve 90% capture
or higher, there are some technologies that are projected to more cost-effectively capture CO2 at higher
or lower capture rates. The cost of capture in some technologies will vary based on the level of CO2
capture, and can be optimized for achieving the least cost of CO2 capture.
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Table 3 - Goals for Performance Improvements for Coal Plants with CCS
Performance Area
General (Size, MWnet)
Efficiency (%HHV)
Emissions
CO2 (% cap)
CO2 (T/MWh)
SO2 (lb/MWh)
NOx (lb/MWh)

2015 (base)

2025

2035

w/o CCS

w CCS

w/o CCS

w CCS

w/o CCS

w CCS

500-800

500-800

500-800

500-800

500-800

500-800

39.0%

31.5%

42.5%

34.8%

46.5%

40.5%

0%

90%

0%

90%

0%

90%

0.84-1.20
0.7-1.3
0.44-1.00

0.10-0.15
0.001-0.02
0.10-0.70

0.75
0.6
0.37-0.65

0.09
0.001-0.02
0.10-0.65

0.65
0.53
0.32-0.55

0.07
0.001-0.02
0.09-0.35

PM (lb/MWh)

0.10

0.02-0.09

0.09

0.02-0.09

0.08

0.02-0.08

Hg (lb/GWh)

0.006

0.0002-0.003

0.005

0.0002-0.003

0.005

0.0002-0.002

440
550

570
740

388
489

510
662

337
425

416
540

Treatment

Treatment

Treatment
and No
Discharge

Treatment and
No Discharge

Treatment and
No Discharge

Treatment and No
Discharge

Other
Water (Gal/MWh)
Consumption
Withdrawals
Water Discharge

NOTE: The values in this table reflect RD&D goals only and should not be used for establishing emission standards. The 90%
CO2 emissions targets are dependent on the success of the CCUS technology demonstrations outlined in the Roadmap. While
the targets are believed to be technically achievable, CO2 capture and geologic storage technologies have not yet been
integrated into coal power plant operation, nor are they currently economically viable. Successful implementation of the Roadmap
is expected to deliver proven, cost-competitive technologies in the future.

Table 4 - Goals for Performance Improvements for NGCC Plants with CCS
Performance Area

2015 (base)

2025

2035

w/o CCS

w CCS

w/o CCS

w CCS

w/o CCS

w CCS

300-600

300-600

300-600

300-600

300-600

300-600

51.5%

45.7%

57.3%

49.2%

60.8%

55.0%

CO2 (% cap)

0%

90%

0%

90%

0%

90%

CO2 (T/MWh)

0.387

0.044

0.323

0.038

0.289

0.032

SO2 (lb/MWh)

0.012

0.001-0.01

0.010

0.001-0.01

0.009

0.0001-0.01

NOx (lb/MWh)

0.055

0.047

0.045

0.044

0.039

0.013-0.039

0.052
0

0.015-0.045
0

0.044
0

0.015-0.043
0

0.039
0

0.015-0.038
0

194
250

300
400

280
364

153
197

239
318

Treatment

Treatment

171
220
Treatment
and
Recovery or
Reuse

Treatment and
Recovery or
Reuse

Treatment and
Recovery or
Reuse

Treatment and
Recovery or
Reuse

General (Size, MWnet)
Efficiency (%HHV)
Emissions

PM (lb/MWh)
Hg (lb/GWh)
Other
Water (Gal/MWh)
Consumption
Withdrawals
Water Discharge

NOTE: The values in this table reflect RD&D goals only and should not be used for establishing emission standards. The 90%
CO2 emissions targets are dependent on the success of the CCUS technology demonstrations outlined in the Roadmap. While
the targets are believed to be technically achievable, CO2 capture and geologic storage technologies have not yet been
integrated into NGCC power plant operation, nor are they currently economically viable. Successful implementation of the
Roadmap is expected to deliver proven, cost-competitive technologies in the future.
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Roadmap Cost Targets

Cost targets for new fossil plants are projected by CURC on the basis of successful implementation of the
full suite of RD&D pathways recommended in the Roadmap. The cost reductions represent costs
associated with deployment of “nth-of-a-kind” systems and do not reflect costs for an FOAK commercial
demonstration of a new technology: 42
New Coal Unit with 90% Carbon Capture:
•
•

2030 – 20% reduction in COE compared to a new unit with CCS built in 2015
2040 – 40% reduction in COE compared to a new unit with CCS built in 2015

These projected cost improvements meet the cost reduction goals set by DOE in its 2013 Carbon
Capture Technology Program plan43 for coal-based CCS systems.
New Natural Gas Unit with 90% Carbon Capture:
•
•

2030 – 15% reduction in COE compared to a new unit with CCS built in 2015
2040 – 30% reduction in COE compared to a new unit with CCS built in 2015

It is important to note that these cost targets can only be achieved if the technologies are demonstrated
at commercial scale by 2025 and 2035 enabling replication of these technologies to achieve nth-of-akind costs by 2030 and 2040. With the appropriate level of RD&D, fossil-fueled power generation with
CCS technology could overcome technical and cost barriers, and ensure U.S. domestic fossil fuel
resources continue to make a major contribution to the economy and energy security for the
foreseeable future.

42

“nth-of-a-kind” is not defined, but represents more than two replications of a system being operational in order
to achieve the cost and performance targets of a new technology.
43
Clean Coal Research Program, U.S. Department of Energy, Carbon Technology Program Plan (Jan. 2013),
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program-Plan-Carbon-Capture2013.pdf.
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Summary of RD&D by Technology and Year

Table 5 provides a summary of some of the development activities expected to be addressed for each
technology area over the duration of the CURC-EPRI Roadmap to meet the proposed cost and
performance targets.
Table 5 - Development Activities During the Duration of the CURC-EPRI Roadmap 44
Technology Type

2020
Water
• Near real-time process
monitors/analyzers for trace
metal concentrations used in
wastewater treatment systems
• Pilot project testing for flue gas
moisture recovery
technologies, advanced hybridcooled and direct air-cooled
technologies

Existing Plants

2025
• Reduced water
consumption and greater
re-use and/or use of
alternative water sources
• Advanced hybrid cooling
• Water management with
improved pre-treatment,
advanced membrane
and/or thermal treatment
systems

2035
• Improved direct air-cooled
efficiency
• Flue gas moisture recovery
• Wastewater encapsulation
and landfill management
processes that mitigate
leachate formation

• Encapsulation of
wastewater and pollutants
by solids fixation and
stabilization
Materials (includes A-USC work shown in Advanced Combustion and Post-Combustion Capture)
• Improved fabrication/repair
• Advanced materials

• Cheaper and stronger hightemperature materials

• Improved corrosion
resistance particularly in
sCO2 power cycles
Engineering, Operations and Maintenance
• Integrated instrumentation and
• Large pilot using advanced
control approaches
flexible operation
technology
• Flexible operations simulator
• Improved pollutant control
systems capable of flexible
operations

• Engineering design for
integration into an A-USC
retrofit pilot demonstration

Demonstration of A-USC
components for possible retrofit
to improve efficiency and
reliability of existing power
plants

• Operations with different fuel
blends

44

Dates reflect the timing by which the technology would complete the development at the scale described in the
Table.
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Technology Type

2020
FOAK contingency and margin
reduction
Optimized and shortened
construction
Warm acid gas cleanup

2025
Dry feed pump
Cryogenic /advanced air
separation unit

Foul-resistant and fouling
mitigation heat exchangers

Gasification

Compact gasifier

Advanced
Combustion &
Post-Combustion
Capture

Improved solvent chemistry and
performance for lower energy
penalty of CO2 capture systems
Improved heat integration
• A-USC Component Test project
• A-USC plant materials and fullscale component development
to support 760⁰C steam cycle
Lab- and bench-scale testing of
CLC and P-Oxy systems

Transformational
Technologies

Turbines

Advanced H2 turbines, gasifiers
and acid gas removal
Full integration of advanced air
separation unit
Temperature-swing CO2
sorbents and hightemperature/low-cost CO2
sorbents
Pressure-swing adsorption
integrated high-efficiency
cleanup and hightemperature/low-cost sour
syngas purification
Improved shift catalysts for
syngas
Membrane H2 separation
Integrated IGCC with compact
gasifier and H2 turbines
Solvent chemistry and
membranes that supports highpressure CO2 regeneration
Alternative working fluid such
as sCO2
Commercial operation of fullscale A-USC plant, with steam
temperatures up to 760⁰C
Large-scale demonstration and
commercial application of CLC
and P-Oxy
Large-scale demonstration of
an indirect-fired sCO2 system
on coal

Large pilot-scale operations of
direct-fired sCO2 on gas

• sCO2 turbomachinery

PGC fundamentals

PGC combustor development

Demonstration of PGC system

Improved cooling concepts,
advanced components and
alternate turbine configurations for
higher TIT
Oxy-combustion turbine
fundamentals
Completion of RCSP projects

Higher TIT supports 65% LHV
combined cycle

Higher TIT supports 67% LHV
combined cycle

Oxy-combustion turbine large
pilot
5 diverse sites qualified to
accept 50 million tonnes of
CO2 at a rate of 5 million
tonne/year
Hybrid cooling on most plants

Advanced oxy-combustion
turbine demonstration
3-5 completed demos of
4 million tonne CO2 stored at
rate of 1 million tonne/year

CO2 Storage
Improved cooling and water
management practices

Cross-Cutting

Reduced energy penalty
through advanced solvent and
membrane large pilots
Improved heat integration and
waste-heat recovery
Large-scale A-USC
demonstration plant, in either
greenfield or retrofit
configuration, with steam
temperatures up to 760⁰C
Large pilot-scale operations of
CLC and P-Oxy

2035

• Large-scale demonstration
of a direct-fired sCO2
system on gas

Advanced sensors and
controls
Next-generation O2 production
technology deployed and in
full integration with power
plant
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Results of Roadmap Analysis

Figure 12 and Figure 13 show the percent reduction in emissions at a new coal- and gas-based power
plant, relative to the performance of a new unit built in 2015, assuming the technologies identified in
the Roadmap are fully funded as well as successfully developed and deployed. The emissions are
compared to a new power plant built in 2015 without any CCS controls. This base plant already reflects
the significant progress in reducing in criteria pollutants and water usage achieved in recent decades
due to the installation of pollution control technologies, improved power generation technologies, and
reduced power plant heat rate. CCS has some effect on water consumption as additional water is
needed for cooling and make-up. For post-combustion capture, increase in water consumption per
MWh can be as high as 90%. Over time, this will diminish as dry cooling can be used and more efficient
processes that require less cooling are developed.

Figure 12 - Environmental Emissions Relative to a New Coal Unit in 2015
Environmental Emissions Relative to a New Coal Unit in 2015
2015 w/o CCS

2015 w CCS

2025 w CCS

2035w CCS

140%
120%
100%
80%
60%
40%
20%
0%

CO2

SO2

NOx

PM

31

Mercury

Water
Withdrawal

Figure 13 - Environmental Emissions Relative to a New Gas Unit in 2015
Environmental Emissions Relative to a New Gas Unit in 2015
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Figure 14 through Figure 16 present the progression of gasification-related, combustion-related and
combined cycle-related technologies that are expected to be developed under the CURC-EPRI Roadmap
over time, in the context of programmatic objectives. The bubbles in each figure show the expected
time when the component or technology is expected to be commercially available. The central blue bar
includes expected performance or key milestones over the time duration.
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Figure 14 - Key Gasification-related Technologies Including Cost and Performance Improvements
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Figure 15 - Key Transformational and Combustion-based Technologies Including Cost and Performance Improvements
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Figure 16 - Key Transformational Combined Cycle-based Technologies Including Cost and Performance Improvements
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Cost of the Needed RD&D, Pilots and Demonstrations

Table 6 summarizes the cost of the recommended technology development programs needed to fully
implement the CURC-EPRI Roadmap. These costs reflect the total public and private sector expenditures
estimated to be needed to successfully implement the technology development programs identified in
the Roadmap. Note that the RD&D figures are expressed as an annual amount, averaged over the multiyear period.
Table 6 - Technology Development Cost (Total Public/Private), in $ Million/Year 45
Technology Type
Existing Plants

Gasification

Carbon Capture & A-USC
Advanced Energy Conversion
(P-Oxy, CLC, sCO2, H2 Generator)
Turbines
CO2 Storage & Utilization
Cross-Cutting
Totals

Type of Funding ($M/yr)
RD&D
Large Pilots
Demonstrations
RD&D
Large Pilots
Demonstrations
RD&D
Large Pilots
Demonstrations
RD&D
Large Pilots
Demonstrations
RD&D
Large Pilots
Demonstrations
Large Pilots
Demonstrations
RD&D
Large Pilots
Demonstrations

Total Annual Roadmap Costs

2018-2020

2021-2025

2026-2035

57
20
0
10
35
3
89
46
0
38
138
191
14
14
10
150
73
282
403
204

15
12
84
4
53
103
58
106
465
24
31
247
14
31
96
162
73
188
395
995

0
0
16
1
13
315
0
10
316
32
0
287
4
33
51
76
69
105
133
985

888

1578

1223

The RD&D program for the gasification and combustion programs incorporates a strategy to reduce the
number and risk of commercial-scale demonstration projects by evaluating advanced components at an
industrial pilot-scale facility within the RD&D program. Commercial-scale demonstrations of integrated
systems will follow such pilot-scale component testing. The transformational program contemplates the
development of several large-scale pilots to test new energy conversion platforms.
Achievement of the RD&D objectives of the Roadmap will require a commitment of public and private
sector funding ranging from approximately $890 million to $1.58 billion per year in the early years of the
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Commercial-scale demonstration project costs tend to be significantly higher than development and pilot costs;
multi-year funding may need to be accumulated for certain demonstrations (for example, projects that are new
energy platforms or entirely new systems) to support the higher costs and resulting cost-share associated with the
scale of the demonstration project.
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program, to $1.22 billion per year after 2025 (see Table 7). 46 The federal share of these requirements is
$655 to $960 million per year in the early years, and $685 million per year from 2026-2035. The federal
funding requirement assumes that the government funds 80% of all RD&D and pilot plant development
and 50% of all demonstration plants.
The below public-private sector cost-share funding levels are inclusive of development needs for both
coal and gas technologies identified in the CURC-EPRI Roadmaps. Note that some technologies are
applicable to both coal and gas but have been traditionally funded out of the DOE Coal CCS & Power
Systems R&D budget.
Table 7 - Public-Private Sector Cost-Share to Implement the Roadmap
Funding ($M/year)
R&D
Pilots
Demos

2018-20

2021-25

2026-35

Total (Industry and Federal)

288

188

105

Federal (80%)

231

150

84

Total (Industry and Federal)

403

395

133

Federal (80%)

323

316

106

Total (Industry and Federal)

204

995

985

Federal (50%)

102

497

493

Total (Public/Private) Annual Funding

895

1578

1223

Annual Federal Budget

656

963

683

Annual Industry Budget

239

615

540

Cost-Share Recommendations
CURC recommends continuation of the current RD&D policy of 80% federal and 20% private or other
funding for RD&D activities. For commercial-scale demonstrations, existing authorities require industry
to contribute up to one half of the demonstration funds required by the project. Despite this, nearly all
of the Clean Coal Power Initiative (CCPI) projects that were awarded did not receive full 50% federal
cost-share contribution to the project, which is necessary for demonstrations of a new technology to be
successful. The National Coal Council highlighted this as a challenge to the success of several projects
selected under the then CCPI (see Table 8). The Roadmap contemplates full 50% federal cost-share
towards the stated demonstration projects, which will be necessary to achieve the projected cost and
performance goals of the Roadmap.
In addition, CURC views the financing difficulties for any amount of industry cost-share in today’s market
for large-scale pilots as an impediment to advancing these technologies and recommends at least 80%
federal financial support for such a program, with industry taking the lead in providing the intellectual
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This funding does not reflect the additional cost to be borne by the private sector to build the second-of-a-kind
plant.
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and human capital necessary to advance the technologies. There is legislation pending in Congress that
would authorize a large-scale pilot program with an 80% federal cost-share. 47
Table 8 - Federal Cost-Share of CCPI Projects 48
Total Federal
Funding

Total Project
Cost

Federal Cost-Share

Hydrogen Energy California

$408 M

$4 B

10%

Summit Texas Clean Energy

$450 M

$2.5 B

18%

NRG Energy (Petra Nova)

$190 M

$1 B

19%

Southern Plant Ratcliffe (Kemper)

$293 M

$5.6 B

5%

$1.752 B

$13.1 B

13%

Project

Totals ($) or Average (%)

Note that any amount of industry cost-share may be difficult to obtain for a large-scale demonstration
when regulated utilities, for example, have no regulatory requirement or economic incentive to invest in
new fossil energy generating technologies. This is especially true under current conditions when funding
for central generation has been significantly reduced across the industry.

FEED Studies
The Roadmap has always contemplated the funding needed to undertake front-end engineering and
design (FEED) studies as part of the project development funding needs for a commercial-scale
demonstration. FEED represents the next stage of project development after conceptual design and
feasibility studies. A FEED study provides comprehensive technical details and cost information
necessary to make investment decisions for the construction of a commercial-scale project. The FEED
design finalizes the technical design requirements to provide the most accurate estimate of the cost of a
project, which is necessary to make investment decisions and to negotiate construction contracts.
Investment will not come until there is a FEED for commercial-scale projects. FEED studies for
commercial-scale projects, and particularly for new technology designs that need to be demonstrated
and as contemplated in this Roadmap, can be costly.
In the past, FEED studies have been supported and funded through programs such as the CCPI, and were
funded as part of the overall project selected under an award to construct and operate the new
technology demonstration. The Roadmap similarly includes funding for FEED studies in the
recommended demonstration funding levels for projects. However, it could be a cost-effective approach
to advancing new technologies to a commercial-scale demonstration phase from a federal budget
perspective. Separately funding FEED studies from the construction grant would ensure a FEED study is
completed, but should not replace the need to fund the construction and operation phase of a new
technology demonstration.
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S. 2803, the Fossil Energy Utilization, Enhancement and Leadership (FUEL) Act of 2018; S. 1460, Energy and
Natural Resources Act of 2017.
48
Updated from National Coal Council, Fossil Forward: Revitalizing CCS Bringing Scale and Speed to CCS
Deployment, at tbl. C.6. Cost Breakdown of Surviving CCPI 3 Projects (Jan. 2015),
http://www.nationalcoalcouncil.org/studies/2015/Fossil-Forward-Revitalizing-CCS-NCC-Approved-Study-old.pdf.

38

Large-Scale Pilots
A large-scale pilot program can also contribute substantial cost savings to the overall RD&D program.
Large pilots are a cost-effective way to advance new technologies because they enable the testing and
demonstration of the key elements of a new technology – and reduce the risk of failure – at a small
fraction of the cost required for a commercial-scale demonstration.
Pilots provide the information needed to determine if the risk of further investments in commercialscale demonstrations is justified. However, large-scale pilot projects are still early in the technology
development timeline; the remaining time to commercialization and the risk that the process might not
work at scale makes both commercial and internal financing often more challenging than either basic
research or full-scale commercial-scale demonstrations. The success of technologies at pilot scale can
help to understand and overcome the risks inherent in early phase technology development and, if
successful, encourage industry to make investments to advance the technologies to commercial
implementation.
Figure 17 illustrates the various phases of technology development for larger and more capital-intensive
energy projects. It provides a graphical representation of how the cost and risk of failure evolve as
technology progresses from a laboratory concept to commercialization. Large pilot-scale projects, an
area of increased focus in the 2018 Roadmap, address a critical need to bridge early technology
development to commercial-scale demonstration, while development costs and risks remain low to
moderate. The graphic also shows why the ultimate value of a new technology is generally not realized
until several commercial-scale replications have occurred. This final aspect of technology development is
typically addressed with financial incentives for early deployment of new technologies, such as the U.S.
45Q carbon sequestration tax credits enacted into law in 2018. These financial incentives, despite their
importance to ensuring commercialization of new technologies, are not an area within the scope of this
Roadmap.
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Figure 17 - Technology Development Timeline 49

Figure 17 also shows the long lead times as well as the capital- and risk-intensive nature of advancing
energy technologies from concept to demonstration and FOAK, through commercialization. For many
energy technologies, including CCS/CCUS, the return on investment is a long-term proposition, and each
phase of development carries significant technical and cost risk that must be addressed. The American
Energy Innovation Council released a report in February of 2015 50 addressing the need for significantly
more federal support for new energy technologies, stating:
Such a risk-reward profile will rarely attract necessary investment from the private
sector, and therefore many disruptive new technologies won’t be brought to
demonstration-scale. Not only is public investment critical to move new technologies
through demonstration, but also such investment must come in large tranches due to
the capital-intensive nature of new energy technologies. The large magnitude of viable
energy technology investment is unlike most other industries. 51

49

CURC adaptation from EPRI TAG.
American Energy Innovation Council, Restoring American Energy Innovation Leadership: Report Card, Challenges,
and Opportunities (Feb. 2015) http://www.americanenergyinnovation.org/wp-content/uploads/2015/02/AEICRestoring-American-Energy-Innovation-Leadership-2015.pdf.
51
Ibid at 17.
50
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Conclusions

Over the last three decades, a collaborative effort between the private and public sectors achieved
dramatic performance improvements and cost reductions in new wind and solar generation
technologies. Figure 18 shows how each of these technologies dropped 40-90% in cost in the U.S. since
2008, due in part to the significant RD&D support, federal tax incentives, state and regional policies
needed to help commercialize these technologies and private sector investments.
Figure 18 - Falling Costs for Energy Technologies in the U.S. 52

Similar public-private sector investments, coupled with policies to support their successive application
into the commercial market, can likewise result in improved cost and performance of advanced fossil
energy technologies with CCUS and make them more competitive in the marketplace. CURC member
have provided substantial private-sector funding to make past technology improvements, but the
environment today might prove more challenging to provide the scale of investment needed to achieve
the Roadmap objectives. In November of 2014, CURC, with support from DOE and energy sector
companies, convened a workshop to consider industry viewpoints on what is needed to foster advanced
coal technologies with CCS in the U.S. 53 A significant finding from the workshop was that the private
sector may be willing to participate in the development of pilot-scale projects, but that the current
uncertain market for CCS does not justify participation without very significant public support. Slowing
and even decreasing electric load demand in the U.S. for electricity combined with uncertainties
associated with CCUS have dampened enthusiasm among major technology providers and equipment
suppliers for pursuing coal-based technology, where even a 20% private sector cost-share may be
difficult to justify. It will be important for both the public and private sector to embrace the value of
these technology improvements, and the value of making a similar financial commitment to share in
their development.
Earlier this year, Congress made a critical first step in supporting deployment of carbon capture through
the enactment of the FUTURE Act to extend and expand the Section 45Q carbon sequestration tax
credits. These credits will incentivize the implementation of first-generation CCUS technologies in
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energy.gov/fe
CURC and ClearPath Carbon Report, Op. Cit.
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several industries, and help to catalyze a larger CCUS industry in the U.S. However, even with 45Q,
today’s technology may not yet be economical to implement in the power sector, and improved carbon
capture technologies are needed to reduce costs. The Energy Futures Initiative recently issued a report
that indicates 45Q is a valuable program that will likely result in many non-power sector CCUS projects,
but that the value and duration of the credit may not be enough to incentivize the higher cost
application of CCUS in the power sector. The report states that “opportunities for CCUS deployment in
the power generation sector (at both coal or natural gas generation facilities) may be more limited (than
other industrial applications of CCUS) because the value of the credits… for each qualifying project is
likely to be less than the costs for many potential new or retrofit CCUS projects.” 54 Federal support for
demonstrations will be critical to reduce the costs and improve the performance of CCUS in the power
sector.
As Figure 19 shows, three commercial-scale CCUS demonstration projects are in operation in the U.S.
today. Two of these projects are in the industrial sector, where the costs for carbon capture are lower,
and only one project exists in the power sector. These projects were launched with funding
appropriated by Congress in FY 2009, which was the last time that federal funds were appropriated for
commercial-scale demonstration projects. 55
Nearly a decade later, Congress appropriated $50 million for DOE to undertake a new, transformational
coal pilot program to advance technologies in the pipeline that are ready for testing at large-scale. The
DOE program has solicited projects to design, construct and operate two large-scale pilots of
transformational coal technologies, aimed at enabling step-change improvements in coal-powered
system efficiency, COE and carbon capture performance. 56 The program will be carried out in three
phases, with the first phase nearing completion with nine projects having been selected to develop
initial design concepts. 57 Congress appropriated an additional $35 million in FY 2018 to support the total
$100 million program. 58
As a result of this pilot program and the ongoing RD&D in the DOE Coal CCS & Power Systems R&D
program, several next-generation technologies are readying for large pilot-scale testing. Since 2009,
annual federal funding has supported budgets for R&D activities, but not the demonstrations and large
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Energy Futures Initiative Policy Paper, Advancing Large Scale Carbon Management: Expansion of the 45Q Tax
Credit, at 2 (May 2018),
https://static1.squarespace.com/static/58ec123cb3db2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1527121150
675/45Q_EFI_5.23.18.pdf.
55
Public Law No. 111-5, American Recovery and Reinvestment Act of 2009:
https://www.congress.gov/111/plaws/publ5/PLAW-111publ5.pdf; see also U.S. Department of Energy, Clean Coal
Power Initiative Round III, https://www.energy.gov/fe/clean-coal-power-initiative-round-iii
56
See U.S. Department of Energy, Department of Energy Announces $50 Million for Large-Scale Pilot Fossil Fuel
Projects (Aug. 24, 2017), https://www.energy.gov/articles/department-energy-announces-50-million-large-scalepilot-fossil-fuel-projects
57
U.S. Department of Energy, Department of Energy to Invest $6.5 Million for Large-Scale Pilot Fossil Fuel Projects
(Feb. 15, 2018), https://www.energy.gov/articles/department-energy-invest-65-million-large-scale-pilot-fossil-fuelprojects
58
H.R. 1625, Consolidated Appropriations Act of 2018:
https://docs.house.gov/billsthisweek/20180319/BILLS-115SAHR1625-RCP115-66.pdf; see also Congress.gov, H.R.
1625, Consolidated Appropriations Act, 2018, https://www.congress.gov/bill/115th-congress/house-bill/1625
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projects necessary to advance these emerging technologies toward commercial deployment. There
currently is no formal plan or budget for demonstrating transformational CCUS technologies, or for
demonstrating other non-CO2 cross-cutting technologies identified in the Roadmap.
Figure 19 - DOE Major CCUS Demonstration Projects 59

The funding levels recommended in the 2018 CURC-EPRI Roadmap for pilots and demonstrations would
ensure that a variety of technologies are moved towards commercial readiness. In doing so, the return
on both the public and private sector investment to the U.S. economy could be substantial. The
recommended $655 to $950 million annual federal investment over the life of the Roadmap is projected
to result in an $80 to $170 billion increase in annual GDP and hundreds of thousands of jobs to the U.S.
economy, resulting in significant economic and energy benefits.
Federal funding support to incentivize the deployment of new and improved fossil-fueled generating
plants will also ensure U.S. engineering and manufacturing expertise grows, resulting in a robust U.S.
supply chain and positioning the U.S. to be even more of a global leader in innovative fossil-fuel
technologies. Federal support and policies to incentivize these investments in today’s electricity markets
are critical to ensuring the U.S. can achieve these benefits.
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See U.S. Department of Energy, Carbon Capture, Utilization and Storage Major Demonstrations,
https://www.energy.gov/fe/carbon-capture-utilization-and-storage-major-demonstrations.
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