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ABSTRACT

The Kentucky Energy and Environment Cabinet, the NGNP Industry
Alliance Limited, and the Idaho National Laboratory, have conducted an
evaluation of energy development opportunities for Kentucky that identifies that
the deployment of a carbon conversion industry producing synthetic
transportation fuels and chemicals can provide a long term and stable market and
add considerable value to Kentucky’s indigenous coal and natural gas resources
with the potential of providing substantive economic benefit to the
Commonwealth. The evaluation has also developed a notional strategy for
transformation of Kentucky’s electricity generation from an industry dominated
by coal-fired plants to a more diverse mix of generating technologies that meets
Kentucky’s long term objectives on improving energy diversity and reducing
greenhouse gas emissions.
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EXECUTIVE SUMMARY

Kentucky’s Energy Challenges

Kentucky’s challenge for the 21st century is to develop clean, reliable,
affordable energy sources that help us improve our energy security, reduce our
carbon dioxide emissions, and provide economic prosperity. Kentucky can be —
and in fact must be — a leader in this energy revolution.

Energy independence is a top challenge to the state and the nation in the 21st
century, a challenge that has been made at once more urgent and more complex
by the equally pressing issue of global climate change. For a major coal-
producing state that also relies on coal to generate more than 90 percent of its
electricity, addressing these two issues — energy security and climate change — is
especially problematic.

We have to contend with the reality that, going forward, our state’s energy policy
will be increasingly shaped by decisions at the national level, decisions which in
turn are being driven by significant global issues and events. As a state, it is
imperative that we have policies and programs in place that allow us to shape
our own energy future by making sure we utilize our energy resources in an
environmentally sound manner. [Our] strategic action plan, Intelligent Energy
Choices for Kentucky’s Future, is intended to place Kentucky on such a path.

These are the opening paragraphs from Governor Beshear’s seven-point strategy for energy
independence that was issued in November 2008. This seven-point strategy is described as evolutionary,
providing an opportunity for all stakeholders to achieve a consensus for a comprehensive plan that defines
the energy future for Kentucky. In the five years since completion of Governor Beshear’s energy strategy,
there have been substantive changes in the energy landscape. In North America, natural gas is more
available and considerably cheaper, imported crude oil is considerably more expensive, and we are
moving toward independence from importing crude oil and natural gas, perhaps becoming a net exporter
of these carbon resources. Hence, Strategy 4 for conversion of coal to synthetic hydrocarbon liquids
remains viable. However, because of the increased supply and low prices of natural gas Strategy 5 for
conversion of coal to synthetic natural gas does not appear viable in the foreseeable future.

Internationally, fossil energy prices remain high and there is considerable volatility in fossil energy
prices, particularly as European countries and Japan re-examine their national energy policies and
strategies for the future — clearly wanting reliable and clean energy production, but struggling in the wake
of the devastating earthquake, tsunami and subsequent nuclear power plant accident in Japan in March
2011.

In December 2011, Secretary Peters concluded that a contemporary evaluation of Kentucky’s energy
strategy in selected areas was warranted that included assessing options for the use of high temperature
gas-cooled reactor (HTGR) technology to provide the energy needs for a new carbon conversion industry
and to be part of a transformed electric power industry comprised of a diverse mix of energy production
technologies. This evaluation was collaboratively performed by representatives of Kentucky’s Energy and
Environment Cabinet, members of the NGNP Industry Alliance Limited and Idaho National Laboratory.
The evaluation examined technically and economically viable approaches for increasing the value to the
Commonwealth’s economy of extracting and processing coal and natural gas, the potential for integrating
nuclear energy technology, and infrastructure capabilities important to supporting Kentucky’s long term
energy future.
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Two particular focuses were included in the evaluation: the opportunities for the Paducah area to take
advantage of the experienced workforce resulting from the pending cessation of enrichment operations at
the Department of Energy’s (DOE’s) Paducah Gaseous Diffusion Plant (PGDP), and the need for a stable
long term market for eastern Kentucky coal.

The evaluation both expanded on and performed a contemporary, comprehensive assessment of the
underlying technologies and economics for Strategies 4 through 7 described in Intelligent Energy Choices
for Kentucky’s Future. Specifically, the evaluation:

e Assessed alternative carbon conversion processes using detailed process models for producing
synthetic hydrocarbon products including transportation fuels, chemical feedstock and commodity
chemicals that are the building blocks for the chemical industry

¢ Examined integration of HTGR nuclear energy technology with the candidate carbon conversion
processes to provide the considerable energy needs rather than using fossil fuels, with excess energy
available as electric power for use on the grid

e Determined the technical and economic viability of the various alternatives, including comparison
with competing sources of hydrocarbon products

e Developed short and long term notional strategies for deploying a carbon conversion industry in
Kentucky

e Assessed long term notional deployment options for achieving a diverse mix of electric power
generating technologies that (1) account for the anticipated retirement of Kentucky’s ageing coal-
fired generating plants, (2) provide for modifications to some existing coal-fired plants to reduce
greenhouse gas emissions, (3) ensure that new generating technology has minimal effect on the
environment, (4) acknowledge the anticipated timing for commercialization of carbon capture and
sequestration technologies, and advanced nuclear energy technologies, and (5) offer the flexibility to
respond to the changing global energy landscape

e Identified opportunities for developing advanced manufacturing capabilities in the Commonwealth

e [Estimated the effect of the notional deployment strategies on the Commonwealth’s gross domestic
product (GDP).

The Opportunities

Important opportunities exist for the energy future of Kentucky that will:
e Sustain and possibly grow its coal and natural gas industries
e Add substantive value to its indigenous coal and natural gas resources
e Reduce dramatically the environmental effect of energy production and power generation capability
e Add substantive opportunities to develop an advanced manufacturing industry in the Commonwealth

e Increase the Commonwealth’s GDP.

Kentucky has a wealth of primary energy resources in the forms of coal and natural gas. Most of
Kentucky’s coal resources are exported in an unprocessed form rather than as more refined, higher value
products. Further, important challenges arise from expanding and ever more demanding government
environmental requirements whether these resources are used within the Commonwealth or exported for
use elsewhere. Kentucky’s leadership recognizes the opportunity to broaden the Commonwealth’s
economic base by using its energy resources to make value-added products such as synthetic
transportation fuels and commodity chemicals. Producing these higher value products in an
environmentally responsible manner will require use of clean energy technologies including nuclear
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energy. These higher value products can be used by Kentucky’s populace and industry, and considerably
larger quantities exported to regional, national, and international markets.

An industry-Commonwealth-federal partnership could facilitate research, development and
demonstration projects. Collaboration with national laboratories and international institutions can be
beneficial. A vibrant work force of thousands of qualified construction workers, trained operators,
instrument and controls technicians, skilled maintenance workers, health physicists, and all fields of
engineering ranging from environmental to civil, electrical, mechanical, chemical, and nuclear engineers
will be required to realize this goal. An advanced manufacturing industry that supports the carbon
conversion and nuclear energy industries will be required and will add to Kentucky’s GDP to the extent
developed within the Commonwealth.

Regardless of the approach to Kentucky’s energy future, the investment decisions made by industry
and enabled by Kentucky must be technologically diverse and flexible to allow Kentucky and its
industries to adjust to the changing global energy landscape.

The Approach

These opportunities can be realized through:

o Strengthening the coal and natural gas economy in Kentucky by building a carbon conversion
industry

Coal is Kentucky’s most abundant energy resource. The extraction and utilization of coal is an
important part of Kentucky’s economy. However, the traditional primary use for coal is being
increasingly challenged by competing sources for electric power generation and ever more
demanding environmental requirements. Further, over 70% of the extracted coal is exported from the
Commonwealth and hence not used to directly expand the Commonwealth’s economy beyond the
severance taxes on coal production.

New industries are needed that are focused on value-added processes, which will retain more of the
end-use value of indigenous carbon resources within Kentucky and increase the Commonwealth’s
GDP. Strengthening the carbon resource economy by targeting new markets can be achieved through
development of a carbon conversion industry built around its largest indigenous resource—coal—for
transformation to synthetic transportation fuels and commodity chemicals that are the building blocks
for the chemical industry. Over the longer term, environmentally clean nuclear energy can provide the
substantial energy needs of a carbon conversion industry, reducing the quantities of coal and natural
gas required.

As a far reaching example, notionally redirecting the current Kentucky coal production to making
synthetic fuels (e.g., gasoline or diesel) could supply over 15% of the current total U.S. consumption
of liquid hydrocarbon fuels—at prices competitive with traditional refining processes. However, the
capital investment to achieve this capability would be substantial. Practically carving out the
achievable part of this possible energy future requires developing a far-sighted partnership with
industry, starting with an incremental strategy that can set Kentucky on the path to becoming a major
player in an environmentally responsible carbon conversion industry and in deployment of next
generation nuclear energy technology.

Entry into a carbon conversion industry can be phased through construction of process facilities using
conventional technologies that can be operational within the next decade focused initially on
producing transportation fuels.

Kentucky’s initial carbon conversion industry could include two coal to liquids facilities — one for the
high sulfur coal in western Kentucky and one for the low sulfur coal in eastern Kentucky.

vi
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- The western Kentucky facility, suggested to be located in Paducah, addresses a short-term goal of
developing a viable economic future for the highly trained and experienced workforce in the
Paducah area. Today that work force supports, and is supported by, the operations of DOE’s
PGDP that could cease enrichment operations as early as May 2013.

- The other plant could be located in eastern Kentucky using the low sulfur eastern Kentucky coal
as feedstock and natural gas for production of hydrogen needed in the process. This would begin
to provide an internal stable market for eastern Kentucky coal and natural gas to offset the steady
reduction in its production experienced over the last decade and projected to continue because of
the retirement of coal based electricity generation in Kentucky and nationally; the principal
market for eastern Kentucky coal.

For these type facilities, natural gas would be utilized primarily in steam reforming processes to
produce the substantial amounts of hydrogen required in the coal conversion processes. Similar
phased construction of additional coal conversion facilities could be extended over the following
decades to build a substantive industry benefitting the local and Commonwealth economies.

Eventually, expansion of a carbon conversion industry potentially using the distributed process model
shown at right can be realized. The design of carbon conversion facilities should be intentionally
compatible with integration of nuclear energy technology®. Because the commercialization of new
nuclear energy technology is expected to . e
extend over the next 10 to 25 years, a — > Jropech
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Today, that workforce supports, and is supported by, the operations of DOE’s PGDP. However, the
PGDP could cease enrichment operations as soon as May 2013. The phased construction of a coal
conversion facility in the Paducah area, as described above, is an important part of implementation of
a Commonwealth-wide carbon conversion industry and provides both short and long term
opportunities for utilizing Paducah’s experienced workforce and strengthening the regional economy.

Ensuring continued reliable and affordable sources of energy for Kentucky’s industries and
populace by diversifying the technologies for generating electric power

Today, over 90% of Kentucky’s electricity is generated by burning coal with a delivered electric
power price that is among the lowest in the United States. Anticipated environmental requirements for
greenhouse gas emissions necessitate looking at alternative forms of energy production, and in
particular electric power generation.

Nuclear energy provides an environmentally responsible source of energy that addresses anticipated carbon constraining
regulatory requirements. Further, nuclear energy mitigates the effects of volatile fossil fuel energy pricing. HTGR nuclear
energy technology provides highly efficient generation of electricity and high temperature process heat that fulfills the
requirements of process plants.

vil
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The anticipated retirement over the next several decades of Kentucky’s ageing coal-fired electric
power generating fleet—both a challenge and an opportunity—requires long range planning to ensure
that the replacement power generating technologies fulfill the desired or policy-imposed business and
environmental requirements. Selecting a diverse set of replacement power generating technologies is
warranted, considering the uncertainties inherent in predicting future energy resources and demand,
both nationally and internationally. The figure at the right shows a notional strategy for replacement
of existing coal-fired generation. Best available information suggests that the transformation to this
diverse set of technologies should

Generation Technology Mix during Transformation of Kentucky
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combined cycle generation, 100%
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1 1 technologi d 2°"‘*""ef’ HTGRs in CC
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Percent of Total Generation Capacity
3
N

- Kentucky’s long term
industrial base,

- Extent of desired energy self-
sufficiency, and

- Kentucky’s energy export
posture.

It is noted that there are uncertainties associated with the eventual direction of national environmental
requirements, the technical and economic viability of concepts for reducing emissions in existing
plants and carbon capture and long term storage, and commercialization of new nuclear energy
technologies. Resolution of these uncertainties may shift the overall mix of power generating
technologies from that notionally used for the economic analyses in this report.

Regardless, it remains that a diverse technology mix will allow Kentucky and its industries to adjust
to an evolving global energy landscape.

The Result

The deployment of a notional carbon conversion industry will have a positive effect on Kentucky’s
economy by providing a continuing demand for indigenous coal and natural gas resources and increasing
the value of these resources by transforming them into higher value products. The investment in
constructing the facilities that will make up this industry will also add value to the GDP during
construction, and the construction activity and operation of the facilities will provide lasting job growth.
The same is true of the investment required to transform the electricity generation sources in Kentucky.
During construction of the new generation and upgrade of the emissions control equipment of the retained
generation the investment will add value to the GDP and will create jobs on the plant sites. The figure
below shows the projected contributions from these two initiatives and the total annual contribution to the
GDP in 20118. In 2011 the mining industry contributed ~3% of the total Kentucky GDP or about $5B. At
the peak of construction the deployment of the carbon conversion industry and the transformation of the
electric generation industry will be in the order of $12B (20118), or more than twice that of the mining
contribution in 2011. Once the initial notional carbon conversion industry is fully deployed it will add
~$8.5B to the annual GDP or 70% more than the mining industry contributed in 2011. These are
substantive contributions on a real dollar basis and support the Commonwealth’s objectives of revitalizing
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evaluated. As an example, if the carbon conversion industry were to continue to grow to utilize the entire
current coal production in Kentucky, the effect on the GDP would be an order of magnitude larger. Long
term planning in the Commonwealth would be well advised to include such considerations in evaluating
the overall benefit to Kentucky of developing and growing such industry.

The Next Steps

The suggested approaches to Kentucky’s energy future are bold. However, the transformation and

growth can be achieved in phases that can be accommodated by industry and Kentucky with the
opportunity to adjust direction as Kentucky’s energy future matures and becomes clearer. The following
provide suggested near term steps that can put Kentucky on the road to an energy, industry, and economic
transformation.

Establish forward-looking partnerships between industry and Kentucky that are used to develop
mutual goals and success criteria. Such partnerships would include existing Kentucky industry as
well as new industries that will invest in energy and processing technologies. The public-private
partnerships’ goals and success criteria can address use of indigenous resources, economic figures-of-
merit that measure progress and consider both the needs of the Commonwealth and industry,
approaches to reducing regulatory burden, incentives that attract investment, and approaches that
reduce investment uncertainty and risk.

Update the multi-decade energy strategy, Intelligent Energy Choices for Kentucky’s Future, that
codifies Kentucky’s vision and plan for transforming its energy industry and developing its industrial
and educational infrastructure. This strategy, issued in November 2008, should be updated to reflect
the substantial changes in the energy landscape that have been experienced over the last five years
and to reflect the comprehensive evaluation summarized herein. This updated strategy then can be
used as a backdrop against which industry investment can be made with reduced business risk and
provides a benchmark against which necessary course corrections can be recognized.

Expand the role of the Energy and Environment Cabinet or establish a statutory agency that provides
the ongoing leadership for Kentucky’s energy transformation. Industry evaluates the market and
chooses the technological approaches for achieving the goals of Kentucky’s energy policy. An
empowered Kentucky agency is necessary to guide industry on the path to transformation, provide a
clearing house for implementation of the Commonwealth’s energy policy and assist in removing
roadblocks that will be encountered at the Commonwealth and federal level.

X
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e Actively support state, regional and national initiatives, both in industry and government, which will
enable the success of Kentucky’s energy transformation. This could take the form of supporting
industry and federal activities that will commercialize energy technologies such as next generation
nuclear energy technologies, transmission system expansion and innovation, and commercialization
of cogeneration technologies. More specifically, as examples:

- Via the updated energy strategy, indicate that Kentucky is interested in hosting first-of-a-kind
facilities using next generation nuclear energy technology and cogeneration concepts to support
the growth of its carbon conversion industry and transform its electric power generation industry

- Actively support industry’s commercialization efforts for next generation nuclear energy
technologies (e.g., HTGRs and other small modular reactors) and other enabling technologies
(e.g., high temperature steam electrolysis for hydrogen and oxygen production) that can
contribute substantially to the success of Kentucky’s carbon conversion industry

- Engage the DOE National Laboratories to leverage the intellectual capacity, simulation tools, and
testing and development investments designed to address challenging research and development
problems. Federal/State/Industry collaboration can accelerate analysis and assessments that may
help define and optimize energy system architectures. Government and industry partnerships may
also be key to providing incentives that can overcome specific market barriers, including for
example, regulatory barriers. National Laboratories can facilitate international cooperation
through approved Protocol Agreements that can help accelerate nuclear energy technology.
Finally, National Laboratories can enhance education and workforce training through research
internships and visiting faculty programs.

To reach a comprehensive set of conclusions and develop notional deployment strategies, the
evaluation summarized herein makes many assumptions about factors beyond the control of the authors.
These include the developmental timeline for high temperature gas-cooled nuclear reactor technology,
assumptions about growth and other developmental goals, future environmental or other regulations and
requirements, and costs of commodities such as oil, coal, and natural gas. Consequently, the conclusions
and recommendations summarized herein show a possible path forward for Kentucky’s energy future, and
do not necessarily constitute policy or initiatives of the Commonwealth of Kentucky.
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1. DEVELOPMENT APPROACHES AND PATH FORWARD

Important opportunities exist for the energy future of Kentucky that will:
e Sustain and possibly grow its coal and natural gas industries
e Add substantive value to its indigenous coal and natural gas resources
¢ Reduce dramatically the environmental effect of energy production and power generation capability
e Add substantive opportunities to develop an advanced manufacturing industry in the Commonwealth

e Increase the Commonwealth’s gross domestic product (GDP).

These can be achieved through development of a carbon conversion industry for the transformation of
coal and natural gas to synthetic transportation fuels, chemical feedstock and chemicals that are the
building blocks for the chemical industry. Over the longer term, environmentally clean nuclear energy
(e.g., high temperature gas-cooled reactors [HTGRs]) can provide the substantial energy needs of a
carbon conversion industry and be part of the diverse mix of replacement technologies for the current
fleet of ageing coal-fired electric power generating stations.

1.1 Energy Development Approaches for Kentucky

The opportunities for Kentucky’s energy future can be achieved through the following:

o Strengthening the coal and natural gas economy in Kentucky by building a carbon conversion
industry — A carbon conversion industry will add substantive value to Kentucky’s major indigenous
resource — coal. Carbon conversion will produce high value synthetic transportation fuels and
chemicals that form the building blocks for the chemical industry. Over the longer term,
environmentally responsible nuclear energy (e.g., HTGRs) can provide the substantial energy needs
of the carbon conversion industry and help stabilize volatile energy prices.

o Developing a viable economic future for the highly trained and experienced workforce in the
Paducah area — The phased construction of a coal conversion facility in Paducah is an important part
of the implementation of a carbon conversion industry throughout the Commonwealth and provides
both short and long term opportunities for utilizing the experienced workforce and strengthening the
regional economy.

o FEnsuring continued reliable and affordable sources of energy for Kentucky’s industries and populace
by diversifying the technologies for generating electric power — Anticipated increased environmental
requirements necessitate looking at alternative forms of energy production, and in particular electric
power generation. A diverse mix of power generation technologies (e.g., nuclear energy, clean coal
and natural gas technologies) is warranted considering the uncertainties inherent in predicting future
energy resources and demand.

As part of ongoing activities to address these goals, the Kentucky Energy and Environment Cabinet
participated in a collaborative evaluation of energy development opportunities with the NGNP Industry
Alliance (an industry consortium), and the Department of Energy’s (DOE’s) Idaho National Laboratory
(INL). This report summarizes the results of these evaluations to identify:

e Technically and economically viable approaches to increase the value added to the economy
associated with the extraction and processing of indigenous resources (coal and natural gas).

e Opportunities for application of nuclear energy technologies as part of the overall energy mix with
emphasis on integration of HTGR technology. The HTGR technology and other forms of nuclear
energy provide an option that is environmentally clean and provides stable, competitive energy prices.



INL/EXT-12-26710
Revision 1
February 2013
e Industrial infrastructure capabilities and needs that support the long term energy future.

1.2 Conclusions

This evaluation concludes that a viable option for the Commonwealth of Kentucky is development of
a carbon conversion industry that uses a variety of processes for conversion of coal to synthetic
transportation fuels, chemical feedstock and commodity chemicals. This option provides substantive
increases in the value-added to indigenous resources, with a commensurate contribution to the
Commonwealth’s GDP. This report focuses on evaluating a new industry in Kentucky around its largest
indigenous resource — coal. This new industry offers the opportunity for conversion of coal to other
hydrocarbon forms that can be used for transportation and manufacturing in Kentucky and exported for
both domestic and international use.

The most attractive approach is to adopt a phased approach with industry building one or more initial
coal conversion process plants that represent a viable business case, and over the longer term adding
process plants as needed to maintain and grow the Commonwealth’s economy. Additionally, as advanced
nuclear energy technology (e.g., HTGR technology) becomes commercially available it will be integrated
for process operations to take advantage of it as an economic, long term, high availability energy supply
with no greenhouse gas emissions at a stable price.

The report suggests that Kentucky’s entry into the carbon conversion industry include two coal to
liquids (CTL) facilities — one for the high sulfur coal in western Kentucky and one for the low sulfur coal
in eastern Kentucky. The western Kentucky facility, suggested to be located in Paducah, addresses a
short-term goal of developing a viable economic future for the highly trained and experienced workforce
in the Paducah area. Today that work force supports, and is supported by, the operations of DOE’s
Paducah Gaseous Diffusion Plant (PGDP) that could cease enrichment operations as early as May 2013.

The other plant could be located in eastern Kentucky using the low sulfur eastern Kentucky coal as
feedstock and natural gas for production of hydrogen needed in the process. This would begin to provide
an internal stable market for eastern Kentucky’s coal and natural gas to offset the steady reduction in its
production experienced over the last decade and projected to continue because the retirement of coal
based electricity generation in Kentucky and nationally; the principal market for eastern Kentucky coal.
The further long term development of the carbon conversion industry in Kentucky would be focused on
increasing this market to build a higher level of base consumption of coal and natural gas in eastern
Kentucky.

An initial step forward in building a carbon conversion industry would be phased construction over
the next decade of the two initial coal conversion facilities using conventional technologies to produce
transportation fuels.. The design of these coal conversion facilities should be compatible with integration
of HTGR technology in about two decades to address anticipated environmental requirements and
potential volatile international energy pricing. Similar phased construction of additional coal conversion
facilities could be extended over the following decade to build a substantive industry benefitting the local
and Commonwealth economies.

The following results and conclusion are developed in this report:

e The technical and economic viability of carbon (coal and natural gas) conversion processes has been
evaluated against a set of criteria including:

- Competitiveness in the anticipated market

- The extent to which value is added to the economy
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- The flexibility in using alternative feedstock and in the range of products that can be produced to
accommodate changes in the market

- The experience base for the technology

- The ability to utilize nuclear energy and associated technologies as needed to reduce carbon and
other emissions.

e Conversion of coal to synthetic transportation fuels (e.g., gasoline, diesel, liquid petroleum gas
[LPG]), chemical feedstock and to building block chemicals (e.g., olefins) provides considerable
improvement in the value of Kentucky’s indigenous coal resource compared to contemporary uses
such as electricity production or exporting coal without such processing.

e Two facilities to initiate the carbon conversion industry in Kentucky appear technically and
economically viable.

- Work on such facilities could be started as early as 2013 using conventional technologies,
assuming availability of necessary funding. The scale of the facilities can be approached in a
modular fashion (e.g., start at ~1/4 of full capacity) to spread out the capital investment and
confirm operational problems are identified and resolved before committing further capital.
Conventional conversion technologies emit considerable quantities of CO,. Analyses have shown
that a major part of these emissions can be captured to be sequestered in permanent underground
storage or utilized for enhance oil recovery to the extent such a market is available. It is estimated
that the market for enhanced oil recovery (EOR) is not viable over the long term; however, there
are considerable underground volumes for sequestration, subject to future economic viability.

- The costs for producing the products (e.g., synthetic transportation fuels, feedstock and
chemicals) using conventional technologies are expected to be competitive with products
produced by processing of domestic and imported crude oil and natural gas.

- Depending on the extent of environmental restraints (e.g., through imposed costs for carbon
emissions and the long term costs of sequestration), the facilities could be expanded in a phased
approach by 2029 to integrate HTGR technology as the primary energy supply. This nuclear
energy technology has the inherent advantages of no emissions and insensitivity to global
hydrocarbon prices. Hence, choosing the appropriate conventional conversion technology and
integrating with nuclear energy can lead to a coal conversion capability that has minimal carbon
emissions and stable long term energy pricing.

As a separable and practical reality, the retirement over the next five decades of Kentucky’s ageing
coal-fired electric power generating fleet requires long range planning to ensure that the replacement
power generating technologies fulfill the desired or policy-imposed environmental requirements. As
described in this report, selecting a diverse set of replacement power generating technologies is
warranted, considering the uncertainties inherent in predicting the future energy resources and needs,
nationally and internationally. Best available information suggests that the transformation to this diverse
set of technologies should initially include natural gas combined cycle (NGCC) generation, subsequently
complemented by clean coal technologies and nuclear energy — the mix primarily determined by
anticipated energy price trends, Kentucky’s expected long term industrial base, and desired energy self-
sufficiency and export posture. This diverse mix allows Kentucky and its industry to adjust to the
changing global energy landscape and not find itself in an inelastic energy technology position.

A review was also performed of the energy required for uranium and uranium tailings enrichment and
for decontamination and reconstitution of contaminated metal components that have been used in the
gaseous diffusion enrichment processes at Paducah and Portsmouth, Ohio. The latter function could
recover tons of copper, nickel and stainless steel with substantial potential value. The objective of this
review was to establish if there is sufficient energy required to investigate incorporating the HTGR
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technology in all of these applications. This review concluded that the energy required for these processes
is relatively small compared with the capacity of the HTGR, (e.g., ~285 MW(t) for such processes
compared with 600 MW(t) for a single HTGR module). Accordingly, this application does not have
sufficient energy requirements to justify a dedicated HTGR plant, but could be included in the demand for
a plant supplying energy to a carbon conversion process plant, if the economics are viable. The viability
of this application could be evaluated as part of the detailed design of a Paducah carbon conversion plant.

Additionally, broad opportunities exist for the development of the industrial infrastructure that
supports the carbon conversion industry and the nuclear energy industry. Such infrastructure could
include providing equipment and systems including modular assemblies for the carbon conversion and
nuclear energy portions of such complexes as well as supplying materials and maintenance and outage
services.

1.3 Suggested Overall Path Forward

e Pursue developing collaborative partnerships with industry to build the initial portions of a carbon
conversion industry. It is suggested that such partnerships be based on constructing and operating at
least two initial coal conversion facilities, one located in the Paducah area and one in eastern
Kentucky, either in parallel or one shortly following the other. These facilities would be used for
conversion of western Kentucky coals and eastern Kentucky coals, respectively. The considerable
differences in the coal characteristics suggest that two separate initial process plants should be
constructed, potentially based on two different carbon conversion process technologies.

These partnerships should include development of strategies for achieving these initiatives. Such
strategies would address project market and transportation and distribution needs, investment
structure and incentives, support of the mining industry, goals for GDP growth, desired increases in
export of natural gas, coal and electricity, reductions in emissions, and tempering of increasing costs
of energy. Relevant projections could include long term coal and natural gas production rates,
competitive coal and natural gas pricing, existing coal-based electricity plant retirements and
upgrades.

e In the planning basis for the carbon conversion industry, ensure that economically competitive and
environmentally compatible process plant design configurations are chosen that support a phased
approach to integrating nuclear energy as the long term source of energy.

e Discuss the Tennessee Valley Authority’s (TVA) long term plans for the operation of the Shawnee
Fossil Plant (net summer rating of 1206 MW(e)).

e Develop a plan for utilization of the experienced workforce in transitioning from the operation and
maintenance of PGDP and decommissioning (and possible demolition) of PGDP to the construction
and operation of the initial Paducah coal conversion plant module and the transition to its expanded
capacity. Establish agreements-in-principle with DOE regarding use of the Federal property in
Paducah.

e Prepare a plan that anticipates retirement of portions of the current coal fired power generation fleet
(e.g., considering age and evolving regulations) and the deployment of a diverse set of alternative
technologies including nuclear energy technologies for base load capabilities. This report provides a
notional basis for such planning. An essential decision is the extent to which Kentucky and its power
generating industry plan to be a net exporter of energy in the form of electricity considering tradeoffs
such as investments in new generating capacity and enlarged transmission system capacity.

e Prepare a plan for industrial infrastructure development based on the needs of a growing carbon
conversion industry and in the future, a nuclear energy industry. This should include regulatory and
educational institution changes that will be required within the Commonwealth.
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e Prepare an evaluation of the overall effect on the economy and demographics in Kentucky as these
industrial capabilities are realized.
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2. BACKGROUND AND REPORT STRUCTURE

A collaborative evaluation was conducted by the Kentucky Energy and Environment Cabinet, the
NGNP Industry Alliance Limited and the INL and is reported herein that examined (1) technically and
economically viable approaches for increasing the value to the economy of extracting and processing
indigenous resources, (2) the potential for integrating nuclear energy technology (e.g., HTGRs) in the
long term mix of energy sources for Kentucky, and (3) infrastructure capabilities and needs to support
Kentucky’s long term energy future. Integral to these evaluations was identifying short and long term
opportunities for the Paducah, Kentucky area to take advantage of the experienced workforce resources in
that area due to the pending closure of the DOE uranium enrichment facility and the needs to provide a
stable long term market for eastern Kentucky coal to offset continuing reductions in production due to
retirements of coal based electric power plants; the principal market for this coal. The evaluation also
examined long term use of HTGRs in Kentucky for base load electricity generation to augment and
replace existing, ageing generation in Kentucky.

This evaluation was discussed in letters between the NGNP Industry Alliance Executive Director,
Frederick Moore and the Energy and Environmental Cabinet Secretary, Dr. Leonard K. Peters, including:

e Letter from Frederick L. Moore (Alliance) to Dr. Leonard K. Peters (Secretary, Kentucky Energy and
Environment Cabinet), [Follow up on results of meeting in November 2011 and provided
recommended outline of collaborative evaluation], December 5, 2011

e Letter from Dr. Leonard K. Peters to Frederick L. Moore, [Agreement with pursuing a collaborative
evaluation and suggesting a two stage approach], December 29, 2011

e Letter from Frederick L. Moore to Dr. Leonard K. Peters, [Provided a suggested scope, approach,
schedule and participant roles for the two stage collaborative evaluation], January 13, 2012

This report summarizes the results, conclusions, and recommendations of the evaluation focused on
the following:

e Technically and economically viable approaches to increase the value added to the economy
associated with the extraction and processing of the indigenous resources of coal and natural gas. The
primary approach adopted for the evaluation is the conversion of coal and natural gas to other
hydrocarbon forms for use in transportation and manufacturing

¢ Opportunities for the application of nuclear energy technologies, with emphasis on HTGR
technology, as a major part of the energy mix in meeting the energy needs of the Commonwealth for
processing of indigenous resources and generation of electricity

e Industrial facility options for carbon conversion to be located on the current PGDP site and in eastern
Kentucky. These options are intended to ultimately utilize integrated nuclear energy (HTGRs) for
process heat production and electric power generation.

e Specific alternative processes for coal and natural gas conversion. Such evaluations include
assessment of technical feasibility, economic viability, national policy uncertainty and regulatory risk

e Deployment strategies that:

- Use a phased approach to achieve deployment of viable processes at the earliest practical time by
applying primarily conventional processes. A phased approach spreads out capital investment and
minimizes project risk

- Facilitate the integration of nuclear energy technologies for environmental and economic
considerations over the long term
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- Maintain flexibility to adapt to new processing developments and evolving government policies
and regulations, prices of energy, prices of feedstock, and Commonwealth objectives.

Kentucky’s electric power generation industry, within the Commonwealth and adjacent states, and
investigate apparent options for diversifying electric power generation to include nuclear
energy/HTGRs

Alternative potential business cases including various products, including electric power, to be
produced

Conditions for use of current government property and adjacent properties as required for a
commercial business venture

Availability of indigenous resources and industrial infrastructure that enable conclusions affecting the
preceding (e.g., skilled manpower, water, electric power, coal, natural gas, rail and road
transportation)

Possible options for infrastructure development to support an emerging nuclear energy industry
within Kentucky and elsewhere, (e.g., nuclear equipment manufacture; nuclear fuels fabrication)

The rest of this report is structured as follows:

Section 3 — Results and Conclusions: Detailed discussion of the results and conclusions regarding the
technologies and phased approaches to developing a carbon conversion industry, the sources of
energy for that industry and the long term transition to a diverse electricity generation capability

Section 4 — Infrastructure Development Opportunities: Characterization of the equipment, material,
construction and operating labor and maintenance services that are required for successful
deployment of the carbon conversion process that can provide opportunities and potential economic
benefit from expansion of existing or development of new infrastructure and industries within the
Commonwealth to support the expansion and operation of these process plants.

The following appendices provide important background information in support of this evaluation:
Appendix A, Evaluation Team and Summary of Paducah area characteristics

Appendix B, High Temperature Gas-cooled Technology and Safety Basis

Appendix C, NGNP Industry Alliance Limited

Appendix D, Process Alternatives Functional and Performance Characteristics

Appendix E, Process Alternatives Economic Analyses

Appendix F, Deployment Strategies

Appendix G, Steam Methane Reformer Modification.
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3. RESULTS AND CONCLUSIONS

3.1 General

Several investigations were performed to identify and formulate carbon conversion development
opportunities for expanding the market and increasing the value of the indigenous coal and natural gas
resources in Kentucky through the deployment of carbon conversion processes and integration of nuclear
energy to satisfy energy needs in the Commonwealth. These investigations (1) identified carbon
conversion processes that match up with the characteristics of the coal and natural gas in Kentucky and
the market for the products from these processes, (2) evaluated the technical and economic viability of
each of the processes, (3) established the role of nuclear energy with emphasis on HTGR technology as
incorporated in the carbon conversion processes and as an alternative for coal based electricity generation,
and (4) identified the alternatives that meet the objectives of this collaborative effort and are technically
and economically viable

An important opportunity exists for the Commonwealth of Kentucky to develop and deploy a carbon
conversion industry using coal and, where viable, natural gas as feedstock for the production of synthetic
transportation fuels, chemical feedstock and chemicals. A notional strategy for developing a carbon
conversion industry is described herein to provide perspective on the elements that need to be addressed
and the scope, costs and schedule required. This deployment strategy includes two principal initiatives.
The first addresses the deployment of a carbon conversion process plant using western Kentucky coal in
the Paducah area to initiate development of a carbon conversion industry to take advantage of the
experienced workforce resources in that area that will be available when enrichment operations cease at
DOE’s PGDP. The second is a parallel plan to deploy plants that emphasize use of eastern Kentucky coal
to forestall a continuing reduction in the production of coal from this area due to retirement of coal based
electricity in Kentucky and throughout the United States, and the installation of emissions control
equipment on other plants such that the low sulfur coal produced in eastern Kentucky is no longer
required.

Analyses of this notional carbon conversion industry conclude that its deployment is technically
feasible, can produce fuels and chemicals at a production cost competitive with similar products from
traditional industries, and can generate returns on investment at these production costs that are expected to
be consistent with industry objectives. Further, such a carbon conversion industry adds substantive value
to the Kentucky economy beyond the cost of the coal and natural gas as feedstock through conversion to
higher value products for use within Kentucky and for national and international export. Deployment of
this industry will better retain the value of these indigenous resources within Kentucky, have significant
impact on the local economies of Paducah and eastern Kentucky and increase the contribution of mining
and processing these resources to the Kentucky GDP.

Over the longer term, nuclear energy provides an important option to address the energy needs of a
growing carbon conversion industry and as part of a diverse mix of energy production technologies to
replace coal-fired electric power generation facilities being retired due to age and potentially
uneconomical upgrades to satisfy ever more demanding environmental requirements. Nuclear energy
provides a long term, environmentally clean source of energy at a stable price that is competitive with
other alternatives. The HTGR technology is best suited for the high temperature process heat needs of a
carbon conversion industry and provides high efficiency and competitive generation costs for electric
power generation.
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3.2 Comparison with Kentucky’s Long Term Energy Plan

The options evaluated herein, including transformation of the electric generation industry, support the
objectives of the energy development plans proposed for Kentucky in Governor Beshear’s 7 point
strategy in “Intelligent Energy Choices for Kentucky’s Future,” Commonwealth of Kentucky, November
2008. The following strategies of this plan are addressed herein:

o Strategy 4: Develop a CTL industry in Kentucky to replace petroleum-based liquids

e Strategy 5: Implement a major and comprehensive effort to increase gas supplies, including coal-
to-gas in Kentucky

o Strategy 6: Initiate aggressive carbon capture and sequestration (CCS) projects for coal-generated
electricity in Kentucky

e Strategy 7: Examine the use of nuclear power for electricity generation in Kentucky

The strategic plan calls for diversification across the electric power generation sector so that the
anticipated growth in the need for electricity by 2025 can be met while at the same time reducing
greenhouse gas emissions to a point 50% lower than they would be under a business-as-usual
scenario, in fact, 20% lower than 1990 emissions levels.

The goals and actions of Strategy 4 are particularly pertinent and parallel the results, conclusions and
recommendations herein, to wit:

Strategy 4, Develop a CTL Industry in Kentucky to Replace Petroleum-Based Liquidsb

Energy independence and economic security are major objectives of this plan for Kentucky and
for the United States. Volatile petroleum prices beyond our control promise to rise again as the
economy recovers. The United States imports 60% of its petroleum, largely from unstable regions in
the Middle East and South America. But, Kentucky has abundant coal resources and is the third
largest coal producer in the United States. The high emissions of carbon dioxide into the environment
must be addressed now, as the United States moves toward federal mandates and penalties for coal-
fired power generation. Kentucky can diversify ultimate coal utilization, producing cleaner and more
efficient energy for state and domestic use. Coal-to-liquid and coal-to-gas Technologies can replace
petroleum-based liquids and imported natural gas, respectively.

Goal

Kentucky will develop a CTL industry that will use 50 million tons of coal per year to produce
four billion gallons of liquid fuel per year by 2025.

With its vast coal resources, proven support from elected officials, and dedicated research and
development program, Kentucky is uniquely positioned to develop a CTL industry that can serve as
an engine for economic growth, while helping to reduce our dependence on foreign oil. The actions in
Strategy 4 further support the implementation of the state’s alternative transportation fuel standard.

Actions to Achieve the Goal

1. Kentucky will sanction two 500 million gallon per year (approximately 35,000 barrels per day)
CTL fuel facilities in both 2013 and 2014, and then two additional 480 million-gallon per year
CTL fuel facilities by 2018, and two more by 2025, for a total of eight new CTL facilities.

The following text through the “Actions to Achieve the Goal” are taken directly from “Intelligent Energy Choices for
Kentucky’s Future,” Commonwealth of Kentucky, November 2008.
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2. To ensure that trained personnel are available to staff increased coal consumption required by
the CTL industry, Kentucky’s Energy and Environmental Cabinet will work with the Community
and Technical College System to identify appropriate training programs. To achieve the required
employment levels, increased training capabilities should be available within the next three
years.

3. Kentucky will evaluate its current coal mining capabilities to ensure that it can achieve the
necessary levels of coal production to support both coal-fired electricity generation and the
development of a CTL industry in the near-term.

The following present the results of the evaluations that parallel these goals and actions including:

The functional and performance characteristics and economics of the alternative processes that could
be applied in developing the carbon conversion industry.

The specific processes used to demonstrate a carbon conversion industry development and the
strategy for siting plants in Paducah and in eastern Kentucky

The application of HTGR nuclear energy technology to reduce emissions and stabilize energy costs in
the carbon conversion industry and as part of the installation of new generation to replace retired coal
based generation

The transformation of the electricity generation sources in Kentucky over the longer term in
accordance with Commonwealth objectives

Assessment of the impact of these activities on the local Paducah and eastern Kentucky economies
and the Kentucky GDP.

3.3 Process Alternatives

Table 3-1 summarizes the attributes and nomenclature for the several carbon conversion processes

evaluated in this effort.

10
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Table 3-1. Carbon conversion alternatives evaluated.
Acronym Process
Coal to liquids (CTL)" — producing diesel, naphtha and liquefied petroleum gas
CTL Conventional CTL using the Fischer-Tropsch (FT) process
CTL w/SMR Conventional CTL with steam methane reforming (SMR) supplying hydrogen

to the coal gasifier

CTL w/SMR & HTGR  CTL with SMR (CTL w/SMR) with HTGR supplying heat and electricity to
the steam methane reformers

CTL w/HTGR & CTL with HTGR and high temperature steam electrolysis (HTSE) supplying
HTSE hydrogen to the coal gasifier

Natural gas to liquids (GTL)* — producing diesel, naphtha and liquefied petroleum gas

GTL Conventional natural GTL using the FT process

GTL w/HTGR 1 GTL with HTGR supplying heat to the primary reformer

Natural gas to gasoline (GTG)*— producing gasoline and liquefied petroleum gas

GTG Conventional natural GTG using the methanol to gasoline (MTG) process
GTG w/HTGR GTG with HOTGR supplying heat to the primary reformer

Coal to gasoline (CTG)’ — producing gasoline and liquefied petroleum gas

CTG Conventional CTG using MTG process

CTG w/SMR Conventional CTG with SMR supplying hydrogen to the coal gasifier

CTG w/SMR & HTGR  CTG with SMR (CTG w/SMR) with HTGR supplying heat and electricity to
the steam methane reformers

CTG w/HTGR & CTG with HTGR and HTSE supplying hydrogen to the coal gasifier
HTSE

Coal to chemicals® — including olefins such as ethylene and propylene

CTO Conventional coal to olefins (CTO)

CTO w/HTGR & CTO with HTGR and HTSE supplying hydrogen to the coal gasifier
HTSE

Direct coal liquefaction (DCL) — producing diesel, naphtha and liquefied petroleum gas
DCL DCL based on Bergius-Pier process

3.3.1  Syngas Generation

All of the processes listed in Table 3-1 involve conversion of coal and/or natural gas into some
combination of diesel, naphtha, LPG, gasoline and commodity chemicals (e.g., ethylene and propylene).
In all cases, except for the direct coal liquefaction (DCL) process, the first step in the process is the
conversion of the feedstock to synthetic gas composed of a specific ratio of H, and CO, see Figure 3-1.
With coal as the feedstock the synthetic gas is produced in a gasifier at high temperature.

In the coal gasification process the coal is burned in the gasifier generating CO and hydrogen among
other tramp constituents in the coal and slag. There are several types of gasifiers commercially available;
for the purposes of this evaluation a dry-fed gasifier similar to those supplied by Uhde and Shell was
used.? There is insufficient hydrogen in the coal to achieve the required ratio of H, to CO in the syngas;

¢ All of the INL references in this report as well as other documentation of interest to the subjects of carbon conversion and
the HTGR can be retrieved from the INL Website — https://inlportal.inl.gov/vhtrinformation.

11
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hence, another supply of hydrogen is required. In most commercial gasifiers this is done by injecting
steam and using the water gas shift reaction (WGSR) to produce the hydrogen; CO + H,O >> CO, + H,.
This reaction is a major source of CO, generation in the coal gasification process.

Coal Goanthieal
Coal Milling asz!; lr:.‘.c? ion
Ak By Conditioning ‘

Sulfur
Slag
Syngas
CO & H2
i ng [
Oxygen

ASU

Figure 3-1. Syngas generation.

For natural gas feedstock the syngas is produced through a reforming process splitting the carbon and
hydrogen in the gas and adding oxygen to produce the H, and CO components of the syngas. In this case
there is sufficient hydrogen in the natural gas to obtain the required ratio of H, to CO. This is an
endothermic process and the heat is supplied by burning some of the natural gas. Burning natural gas for
heat for this process is a major source of CO, generation.

The quantities of CO, produced in the coal gasification process are significantly higher than that for
the natural gas reformer. In both cases, however, the majority of the CO, generated in these processes can
be captured, compressed and transported for geologic sequestration or EOR. However, capture is costly
and there are important regulatory and liability uncertainties regarding the risks of geologic sequestration
that must resolved to offer a credible assignment of cost. Further, there is insufficient capacity in EOR to
make that a viable long term disposal pathway. See Section 3.1.7 and Appendix D.3 for more discussion
on sequestration and EOR. Pending government regulation of CO, emissions also make release
economically unattractive. Accordingly, there is advantage to reducing the amount of CO, generated in
the syngas processes. Figure 3-2 shows four approaches evaluated herein.

Figure 3-2 shows three different configurations for providing an external supply of hydrogen to the
coal gasifier as a substitute for WGSR to produce the required H, to CO ratio, as follows:

o Steam methane reforming (SMR): A common process used in the United States to produce hydrogen
from natural gas and water. This process is used throughout the petro-chemical industry with good
success. Use of SMR reduces the CO, generated in the process by ~60% compared to a process using
WGSR to produce hydrogen.

e SMR with HTGR heat. Conventional SMR burns some of the natural gas to supply the heat required
for the endothermic reaction. This and the reaction itself produce about 9 tons of CO, for every ton of
hydrogen produced. Adding high temperature heat from the HTGR reduces CO, generation by 83%

12
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compared to a process using WGSR to produce hydrogen and also generates about 15% more
hydrogen for the same feed rate of natural gas.
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Figure 3-2. Alternative syngas supply feed stocks and configurations.

e HTGR and HTSE: The HTGR supplies heat and electricity to the high temperature steam electrolysis
(HTSE) process to produce hydrogen with no CO, emissions. This is the most effective process,
reducing CO, emissions by more than 90% in the gasification process compared to a process using
WGSR.

The fourth configuration shown in Figure 3-2 describes natural gas reforming, wherein the addition of
HTGR heat to the reformer in the natural gas to syngas process reduces the generation of CO, by 23%
and reduces the amount of natural gas required for the process by ~10%.

All of these methods for providing an external supply of hydrogen and heat have been evaluated for
the process alternatives considered herein.

3.3.2 Indirect Processes for Carbon Conversion

The syngas can be used to synthesize many different products as listed in Table 3-1. Figures 3-3
through 3-6 schematically represent indirect cycles for carbon conversion that were evaluated.

e Coal and natural gas to liquids (GTL) producing diesel fuel, naphtha and LPG using the
conventional Fischer-Tropsch (FT) process.

13
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Figure 3-3. Conventional FT production of diesel, naphtha and LPG.

e A CTL alternative of converting the naphtha to higher value products including gasoline and olefins.

Naphtha to Ethylene Consumer
Ethylene & Propy- Chemicals
Propylene oS & Products

Syngas
CO & H2

Fischer -
Tropsen Processing
Synthesis 9

Figure 3-4. Alternative further processing of F-T naphtha to produce chemicals.

e Coal and natural gas to gasoline (GTG) using the methanol to gasoline (MTG) process.
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Figure 3-5. Methanol to gasoline and LPG.

e Coal to chemicals (e.g., olefins such as ethylene, propylene) using the coal to methanol to olefins
(CTO) process.
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Figure 3-6. Methanol to olefins.

3.3.3 Direct Process for Carbon Conversion

The DCL process was developed early in the twentieth century based on research by F. Haber
(University of Karlsruhe 1910), commercialized by BASF (starting in 1924 by M. Pier) based on further
research work by F. Bergius (University of Hanover 1913) and applied by the Germans until the end of
WWII for production of transportation fuels’. This carbon conversion technology has been the subject of
potential application for coal conversion to transportation fuels by National Energy Technology
Laboratory and others for several decades.””**'*'" A DCL plant is currently successfully operating in
Shenhua China.’ Figure 3-7 is a schematic of the process used in that plant. INL has not conducted as
complete an evaluation of this process as that performed for the other alternatives. However, Reference 8
summarized a brief historical review of the development of this technology and its status in 201 1and
concluded:

“Coal can play a key role in our energy future in ways that go beyond electric power
generation. Clean liquid fuels from coal can become a promising option to fill in a
significant and widening gap between supply and demand. Coal is an important
bridge to a sustainable future. Direct coal liquefaction to produce transport fuels is
technically feasible; major advances have been achieved in improving liquid yields
(~4 bbl per ton coal) and quality through laboratory R&D and pilot plants in 1980’s
and 1990’s. Liquids from direct coal liquefaction are valuable feedstocks for fuels as
well as chemicals and materials.

DCL commercialization in Shenhua, China is a major step forward in the world.
DCL is still more expensive than petroleum-based processes, owing to its high
capital and operating costs in the US. Studies suggest that DCL would emit
significantly more CO,, so DCL plants need to incorporate carbon management
strategy.

DCL achieves thermal conversion efficiency of ~65%, but given these benefits DCL
technology for deployment in the US is likely not to be cost competitive with refined
crude oil products based on current crude oil prices. Fundamentally more energy
efficient DCL processes with high coal to oil yields that will work effectively and
continuously must be commercially demonstrated.”

This alternative is judged to be potentially viable, depending on successful resolution of the emissions
limitations and reassessment of its competitiveness with refined products as a function of crude oil price
similar to what is done for indirect processes herein. INL does not have sufficient information on the
current DCL technology to complete those analyses at the time of this writing due to vendor-specific
proprietary controls. It should be noted that it appears that the DCL process is particularly well suited to
operation with high sulfur coal and could be applied for the Paducah plant using Western Kentucky coal
but may be not be suitable for use with low sulfur eastern Kentucky coal.
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Figure 3-7. DCL conversion of CTL.

3.3.4 Plant Capacities

All of these processes can be deployed in facilities comprised of multiple trains or modules of 12,500
to 15,000 bpd capacities, each. For the purposes of the analyses herein total plant capacities of ~50,000
bpd to ~60,000 bpd have been considered; comprised of four modular trains each with 25% of the full

plant capacity.
3.3.5 Comparison of CO; Emissions for Indirect Processes

The extent of CO, generation and emissions is a distinguishing characteristic of these processes as
shown in Figure 3-8. The benefits of generation and emissions reductions through the incorporation of
SMR, HTGR and HTSE technologies are apparent in this figure. This figure shows that a substantial
percentage of the emissions generated by all of the processes can be captured for sequestration or EOR.
However, there are substantive operational costs associated with capture and transport of these emissions
that add to the production costs of these processes. The potential to reduce the generation of emissions
through incorporation of these technologies is a key element in selection of the processes to be deployed
to address the effects on production costs of current and potential regulations of CO, emissions by the
Environmental Protection Agency (EPA).

There is insufficient information available on the CO, generation in modern DCL processes. As cited
in the quote above successful deployment of DCL processes will require incorporation of effective carbon

management processes.
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Figure 3-8. Comparison of CO, emissions of alternative processes.

3.3.6 Economics of the Alternative Processes

3.3.6.1 Production Costs of Synthetic Transportation Fuels

The economic viability of the candidate processes was evaluated by comparing the calculated
production costs for each process with the production costs for the products using other more traditional
processes (e.g., the production cost for refining crude oil or generating chemicals from natural gas
liquids). These calculations were made for consistent economic factors (e.g., return on investment, debt to
equity ratio, interest rates and terms) and were made for the conventional carbon conversion processes
and those in which the HTGR and, where applicable, the HTSE technologies were incorporated. These
analyses are documented for each process in the references in Table 3-1. Figures 3-9 and 3-10 summarize
the results of those analyses associated with the production of synthetic fuels.

Figure 3-9 summarizes the production cost of diesel fuel for the six coal and natural gas to diesel
alternative processes evaluated compared with the historical costs of refining diesel from crude oil as a
function of the price of crude oil. This historical data was extracted from DOE Energy Information
Agency data bases for the period May 2002 through March 2012."* The line through the data was
produced using a linear regression analysis.

Figure 3-10 shows a similar comparison of the production costs for the six coal and natural GTG
processes evaluated with the production costs of refining gasoline from crude oil.
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Costs for Coal and Natural Gas Conversion to Diesel Alternatives
Compared with Refinery Diesel Cost vs Crude Oil Price
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Figure 3-9. Comparison of the production costs of carbon conversion processes with the
production cost of diesel refined from crude oil versus the price of crude oil.
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Production Cost of Gasoline for Coal to Gasoline Processes
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Figure 3-10. Comparison of the production costs of carbon conversion processes with the
production cost of gasoline refined from crude oil versus the price of crude oil.

Figures 3-9 and 3-10 both show Energy Information Administration (EIA) projections of the price of
crude oil in the 2023 to 2035 time frame given in Figure 3-11. In all cases the projections on the costs of
production for the alternatives fall within the EIA projections of crude oil prices over time (the production
cost of diesel and gasoline produced using carbon conversion processes can compete with those products
produced by conventional crude oil refining processes). This range is very wide, however, and all but
those alternatives that use the combined HTGR and HTSE technologies for the hydrogen supply are
grouped in a lower range, $58 to $85/bbl, that is more closely aligned with the range of variations
experienced over the last five years and projected as the reference case by EIA (see Figure 3-11).
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Figure 3-11. EIA projections on future crude oil prices.

Finally, Figure 3-12 compares the production costs for all of the alternatives evaluated and shows the
costs of CO, that would make the production costs for conventional processes equal to a process where
CO; reducing technologies are incorporated (HTGR and HTSE technologies). The production costs for
HTGR and HTSE are shown in red bars (HTGR and HTSE) and orange bars (HTSE only). This reflects
two different configurations that were evaluated for application of the HTSE technology. In the HTGR
and HTSE case the HTGR provides all of the energy including electricity for operation of the HTSE
process. In the HTSE only case electricity for operation of the process is provided from the grid. These
applications of HTSE are discussed in the following section.

In those cases where natural gas is either the primary feedstock or used for SMR to produce

hydrogen, a cost of $5.50/MSCF has been used. This was the average cost of natural gas to industrial
users in 2009.
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Figure 3-12. Comparison of the production costs for the alternative processes.

As shown the CO, costs for incorporating HTGR and HTSE are high; $95 to $125/ton in the CTL and
CTG processes. However, the CTG process with SMR and the HTGR supplying heat and electricity
requires only a $17/ton cost of CO, to be equal to the production cost without it. The variation in the costs
of CO, to bring the two configurations into balance is a function of the reduction of CO, achieved through
use of the HTGR and HTSE technologies and the production cost of the integrated process. For example,
the required costs of CO, are high for CTL with HTGR and HTSE because the projected production cost
for that case is high. In contrast the projected cost of integrating HTGR into the CTLL with SMR case is
low but the required CO; cost is high because the differential in CO, generation between the two cases is
relatively small. The low required cost of CO, for the CTG with the SMR case reflects a low projected
production cost for the HTGR and a substantial reduction in CO, generation.

3.3.6.2  Application of HTSE for hydrogen production

The production costs for the processes using HTSE in Figures 3-9, 3-10 and 3-12 are shown for a
range of electricity prices. The higher production costs (equivalent crude oil prices in the $140/bbl range)
are associated with supply of electricity using the HTGR which in this configuration has an equivalent
price of ~$80/MW(e)-hr. As shown in these figures, the production costs using HTSE are a strong
function of the price of electricity and if electricity can be obtained in the range of $40/MW(e)-hr, the
production costs become more competitive with the other alternatives (equivalent crude oil prices in the
$100/bbl range). Although the lower prices for electricity are in the range currently available to industrial
users in Kentucky they are highly dependent on coal-fired generation that may not be available over the
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long term for the reasons cited elsewhere in this report. However, over the long term such low prices for
electricity may be available off-peak or from generation that has been fully amortized and dedicated to the
plant. In any event the factor of two reduction in electricity cost for these processes results in ~30%
reductions in production costs, making the application of HTSE for hydrogen production more
competitive with the other processes.

It is important to note, however, that independent of costs the HTSE option for hydrogen production
could become a necessary alternative to SMR if government regulation leads to restrictions on CO,
emissions and any or all of the following conditions apply: (1) restrictions prohibit most CO, emissions,
(2) EOR with sequestration is not available, and (3) costs for capture, compression and transport for
geologic sequestration are prohibitive (e.g., equivalent to $100/ton CO, or more ). Section 3.1.7
summarizes the factors that can affect the costs and the potential revenues for disposition of CO, and the
effect of these on the production costs for synthetic fuels, the availability of geologic sequestration and
EOR sites in Kentucky and the liability risks associated with sequestration whether through direct
injection to geologic sites or as part of EOR. These latter risks may be the most significant factor in
determining whether any form of sequestration is viable, (if costs to cover liability risks become
prohibitive).

If HTSE is to be a viable non-greenhouse emitting alternative for hydrogen production in the event
CO, generation costs become prohibitive the price of crude oil would need to be in the range of $100/bbl
or higher, see Figures 3-9, 3-10 and 3-12. Since the price of crude oil is set internationally it is judged
conceivable that both high crude oil prices and high costs for CO, generation, which is a national issue,
could be concurrent. For example, as discussed more in a later section of this report, legislation was
introduced recently in the U.S. Senate to impose significant taxes on greenhouse gas emissions when
crude oil prices were above $100/bbl/

With overall net efficiencies at least a factor of two better than conventional low temperature
electrolysis and with projected hydrogen production costs significantly lower than for alternative high
temperature developmental chemical processes, such as Sulfur — Iodine, HTSE is a viable option for non-
GHG emitting hydrogen production.” Accordingly, it is recommended that Kentucky interests continue
to support commercialization of the HTSE process and monitor its development so it is available if
needed in the future.

The following section provides more insight into the factors and effects of variations in the prices of
natural gas, costs for disposition of CO, generated by the processes and revenues that may be realized
from capture and transport of the CO, for EOR and long-term sequestration.

3.3.7 Effects of Variations in Natural Gas Prices and Costs of CO, Disposition
on the Economics of the Alternative processes

The use of SMR for hydrogen production not only reduces the generation rates of CO, but also can
reduce the capital cost of coal based plants by reducing the feed rate of the coal required for the same
production rate reducing the size of the expensive coal handling equipment and gasifier and the SMR
configuration facilitates the integration of HTGR technology. The feasibility of using SMR for hydrogen
production relies on having a long term source of natural gas. The economic viability of alternative
processes using SMR also depends on several factors.. These include the cost of natural gas, the potential
costs associated with CO, generation (either a tax on emissions and/or the costs for capture and transport
for geologic storage) and the potential to realize revenue from use of the CO, for EOR combined with
sequestration. This section discusses each of these effects and an assessment of the potential costs
associated with regulation of CO,, the availability of sites for geologic and EOR sequestration in
Kentucky, the potential liability risks associated with sequestration, and a comparison of the economic
effect of potential outcomes on disposition of CO, over a range of costs and revenues.
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3.3.7.1 Effect of Natural Gas Cost Variations and CO, Costs on Production Costs

Figures 3-13 and 3-14 provide data for the conventional CTG process, CTG with SMR providing
hydrogen for the gasification process and CTG with SMR with integrated HTGR providing the energy
requirements. The figures show the variations in the production costs for these processes as a function of
the price of natural gas and costs of CO, generation. Figure 3-13 shows the results for “No cost of CO,”
and Figure 3-14 shows the results for a cost of “$50/ton of CO,”. The upper range is a notional value to
illustrate the effect of either a direct tax or of the plant modifications necessary to capture, compress,
transport and inject the CO, emissions for sequestration. In the first case the production costs for the
plants using SMR and natural gas for hydrogen production exceed those of a conventional CTG plant for
a natural gas price of $4.30 to $5.65/MSCF and above. In the second case with a cost of $50/ton of CO,
the crossover point is much higher at ~$8.00 to $12.00/MSCF. These charts show that there is a choice on
which process to choose depending on the perceived risks for rising natural gas prices and the potential
for costs to be imposed on CO,. If the risk for the former is judged to be higher than the latter the
conventional CTG process is favored. If the risk of the latter is judged to be higher or if both risks are
judged significant then use of the SMR source of hydrogen and ultimately integrating the HTGR into the
SMR process is favored. The potential that both risks are significant has been used for the analyses
performed herein; hence, the SMR with HTGR configuration is used.

Note that comparable analyses for the CTL process obtain similar results as that for the CTG plant.

Production Cost of Coal to Gasoline Processes
vs Natural Gas - No CO, Cost

e CTG with SMR&HTGR ====Conv CTG with No CO2 Cost CTG w/SMR
4
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&
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Figure 3-13. Production costs of CTG processes vs. natural gas price; no CO, costs.
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Figure 3-14. Production costs of CTG processes vs. costs of natural gas; $50/ton CO; costs.

3.3.7.2  Estimating the Costs of CO,

There is no significant commercial experience with capture and transport of CO, from industrial
processes for either long term geologic storage or for EOR as a long term storage mechanism.
Accordingly, the actual costs and risks are not well defined. There is considerable literature identifying
the cost factors involved for capture, transport and injection for geologic storage and for EOR that
provide potential ranges of costs and revenue. The costs for transport and storage vary widely from a low
value in the range of ~$16/ton &'*!31¢1718 " representative of a mature geologic sequestration industry, to
much higher values in the range $30 to $100/ton '* during development of the industry. There are several
projects currently under way to prove these concepts and determine costs.’’*'** Where the analyses
discussed herein include costs for capture, transport and sequestration, the costs for the equipment and
operations required for capture and compression are included in the model and a cost of ~$16/ton, (the
long term estimate for a mature industry) is assessed for the cost of transport.'®

A major uncertainty in assessing the potential costs for the disposition of CO; is the potential for
government regulation of CO, emissions. Review of two examples is illustrative of the impact such
regulation may have on these costs. The first example is the Bill introduced by Senator Bingaman that
requires electric utilities to supply a certain percentage of their total annual generation from renewables
(starting at 24% in 2014 and rising to 84% by 2035) or pay effectively a tax of $30/Mw(e)-hr on the
generation that is not compliant™. To put this in perspective this is a value higher than the generation
costs of most existing coal-fired plants in the United States and is ~30% of the average cost of electricity
to consumers in the United States. In addition, the provisions assigning credits are designed to essentially
eliminate coal-fired plants from the nation’s generation capacity. An EIA assessment of the impact of this

d A more detailed discussion of sequestration and EOR is covered in Section D.3.
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Bill concluded that up to 94 GW(e) of coal-fired generation capacity could be retired early”* and, because
new non-coal-fired generation is more expensive electricity costs would increase between 5% and 30%
depending on the area of the country. This legislation was not passed but is an example of the potential
regulations that may be imposed on the electricity generation industry. A provision of this Bill also called
for investigation of how to impose similar regulations on other industries.

Another example is the implementation of the California Cap and Trade Program in September 2012
and the first auction of greenhouse gas credits in November 2012.* In this auction 23.6 million ton of
credits were auctioned off at an average price of $10.09. The number of credits for emissions is generous
in the early years starting in 2013 but become more stringent over following years. The relatively low
prices for these credits reflect the lower requirements in 2013. The futures market for the 2013 auction is
currently at $14.09.% As the limitations on emissions increase year to year increases in the price of the
credits are expected to increase. A specific reason for the increase is a year by year increase in the reserve
price. The $10 initial reserve on bids for allowances in 2012 increases each year by 5% plus the rate of
inflation. In ten years the reserve price will have increased by ~63% over inflation. The experience in
California may portend similar actions in other States. There are also penalties that will be imposed on
entities that have emissions in excess of their allowances or credits. These are not explicitly identified in
the legislation but are covered by other California law and would be expected to be higher than the
auction price of credits.

3.3.7.3 Effect of CO, Costs on the Production Costs of Gasoline Refined from Crude
Oil

Imposition by the government of regulations such as those currently pending by the EPA *” would
result in costs for CO, generation that would also affect the production costs for refining gasoline and
diesel from crude oil. Figure 3-15 shows the effect of the $50/ton cost for CO, on the production costs of
gasoline refined from crude oil as a function of the price of crude oil. Because the emissions generated in
the refining processes are not high (~96 Kg CO,/bbl for gasoline and ~110 Kg CO,/bbl for Diesel*® ) the
effect adds only a few cents to the production costs. Also shown on this figure are the results for varying
natural gas prices from $4/MSCF to $10/MSCF and CO, costs from $0/ton to $50/ton on the production
costs of a natural GTG process. As shown in the preceding figures the effect of natural gas variations is
larger than for CO, costs because these processes have low CO, generation rates. The large swing in
production costs ($47/bbl to $100/bbl crude oil price equivalent) is still within the projected range of
crude oil prices over the next several decades.)

The conclusion is that the imposition of a cost of CO, in the range of $50/ton would not materially®
affect the comparison of the production costs of the alternative processes with the production costs of
products refined from crude oil as a function of the price of crude oil.

¢ “Materially” is used in this context to indicate that the parametric variation (e.g., the range of CO, costs from $0 to $50/ton)

does not affect the conclusion.
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Figure 3-15. Comparison of gasoline production costs for natural GTG process with refining from
crude oil as a function of the costs of natural gas, CO, and crude oil.

3.3.7.4 Use of Captured CO, for EOR

The prospects for capture and transport of CO, emissions for EOR have also been studied on an
international, national and local level '*'"*'. With respect to potential revenue these reports note that the
current cost for CO, used for EOR is in the range of $20/ton and new sources would need to be at that
level to be competitive. A value of $20/ton, net of the costs of transport and injection, is used herein to
investigate the effect of revenue generated from EOR on the production costs of the process alternatives.

It is noted that current processes for injection of CO, for EOR do not provide permanent sequestration
of the CO,. This is a necessary function of use of EOR for disposition of CO, to reduce emissions to the
environment. One other major factor on costs of sequestering CO, that has not been fully developed are
those associated with the regulatory process and liability exposure for release of the sequestered CO..
Those costs have not been included herein due the immaturity of these estimated costs, This issue is
discussed in more detail in a following section.

3.3.7.5  Availability of Geologic Sequestration and EOR Sites in Kentucky

There is a market for CO, for EOR throughout the United States based on Kentucky studies
performed in the early 2000s on the opportunities for CO, sequestration in Kentucky identified potential
sites for both EOR and geologic sequestration *. The availability of EOR sites, however, is limited with
capacity less than the current emission generation rates in the Commonwealth. Quoting the report:

4.  “Enhanced recovery projects designed to maximize CO; sequestration could use approximately
20 percent of the CO, emitted in the state.”
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This conclusion is supported by the GTSP Report'* referred to above that evaluated the broad
applicability and long term viability of EOR as a repository for excess CO, generation and concluded:

Although gigatons of low-cost CO; storage opportunities may be associated with value-added
reservoirs in North America alone [12 gigatons in depleted oil fields with EOR potential], the
long-term challenge presented by the need to stabilize atmospheric concentrations of CO,
indicates that, because the storage capacity available in oil- and gas-bearing reservoirs is
dwarfed by capacity in reservoirs that do not bear saleable products, over the long term, CO,
storage in value-added reservoirs may not represent as significant a portion of total CO, stored
as is widely believed. Our research suggests that all classes of CO; storage reservoirs are
valuable and will be needed once CCS technologies begin their expected large-scale commercial
deployment. ...

... there is likely some potential for very low and even negative cost (and therefore perhaps
already profitable) CCS opportunities, but these opportunities represent only a small portion of
the emissions mitigation potential to be exploited. Many are likely already being utilized by the
marketplace, albeit often without application of MMV [Measurement, Monitoring and
Verification] systems, which would be required to demonstrate the long-term retention of the
injected CO; if the primary purpose of these projects was climate protection...

Deployment of multiple carbon conversion plants will be required to meet the objectives of Kentucky
in advancing alternative markets and increasing the value of indigenous coal and natural gas resources.
Based on these references, EOR is not a viable long term repository for CO,.

The Kentucky study of CO, sequestration potential identified significant geologic sequestration sites.
One of these sites is associated with natural gas recovery from Devonian Black Shales *. Results of
evaluation of this repository concluded:

o “Estimates using the distribution of gas storage capacity of CO; from TOC data indicate a
sequestration capacity of 6.8 billion tonnes in the five-county area of the Big Sandy Gas Field
of eastern Kentucky.

e Assuming a thickness weighted average adsorption capacity of 40 scf/ton (at 400 psia), as
much as 25 billion tonnes of CO, could be sequestered in the deeper and thicker portions of
the Devonian shales in the Appalachian and Illinois Basins of Kentucky. *

This study also concluded:

“In the state's coal basins, there are an estimated 283 bcf of coalbed methane gas-in-place. For
the shale and coals, using a recovery factor for natural gas of 17 percent, 5 tcf remain available
for primary production and approximately 50 tcf available for enhanced recovery. CO,
sequestration in these reservoirs could result in an additional 30 bcf in annual production for
natural gas in Kentucky and sequestration of 60 bcf CO; annually. At this rate, in 10 years, as
much as 31.8 million metric tons of CO, could be sequestered.”

The total potential capacity for geologic sequestration in Kentucky is, therefore, ~32 billion tonnes.
Review of Figure 3-11 shows that those processes with large sequestration requirements, (those with high
captureable rates; CTL, CTL w/SMR, CTG and CTO) the annual requirement ranges from ~3 to 10
million tonnes per year. In 2010 Kentucky CO, emissions were ~93 million tonnes. Even if the majority
of the current CO, emissions were to be captured and sequestered there is still sufficient capacity to
accommodate the captureable CO, emissions from several carbon conversion plants with high CO,
generation rates. Such sequestration will require installation of transport pipelines from the plants to the
sites and development of injection wells and management and monitoring equipment.

27



INL/EXT-12-26710
Revision 1
February 2013
3.3.7.6 Costs to Cover Risk Factors Associated with Long Term CO, Sequestration

There are costs associated with CCS that have not yet been estimated with any confidence. These are
the costs of regulation and of liability for ensuring the security of the sequestration. Many studies have
defined the need for and recommended structures for assigning liability and several states have initiated
legislation covering liability.*'%%*34333637383940 Yy oming  Kansas and Montana legislatures, for
example, have adopted liability frameworks and Texas and Illinois have initiated actions for the purposes
of addressing these liability issues. Reference 35 summarizes the required structure as follows:

“Developing a framework to manage CCS project liability requires several
conditions to be met: (1) responsibility should be assigned for damages from a CCS
project over a defined time period; (2) funds must be available for monitoring,
remediation, and damage payment throughout the CCS project life-cycle; and (3) the
regulatory framework should be adaptive and incorporate site-specific data into CCS
risk management. Additionally, regulatory and liability frameworks should be
structured to provide incentives for good site selection and operation and an effective
monitoring regime. These conditions must be met not only to manage environmental,
health, and safety risks, but also to integrate CCS within a larger climate policy.”

The consensus of these references is that several phases of CCS will require coverage of liability:
e Bonding and/or insurance held by the owner will be required during the period of injection

e The owner will retain liability after the last injection either for a pre-determined period or until
specific performance criteria have been met (e.g., reduction or stabilization in site pressure, validation
of CO, migration models by measurement and monitoring of critical variables). Bonding and
insurance will cover this period.

e There is general agreement that some form of general insurance will be required to cover the owners
during these periods for major leaks or damage to property in addition to the bonds and owners
general liability insurance. This would be funded by periodic payments into a fund run by a
consortium of operators/owners similar to the self-insurance funds covering nuclear energy plants.

e There is also general agreement that some form of State or more likely Federal government program
will be required to assume liability over the very long term. These costs could be covered by funds
financed by the owners through payments based on quantities sequestered, annual fees and fees per
wells. This is similar to the Trans-Alaskan Pipeline Authorization Act that covers major leaks from
this pipeline on land and in the water.

Review of the literature, however, has not identified any experience with the actual costs to the owner
of the facility to deal with these issues. National Energy Technology Laboratory estimated the costs for
capture, transport and storage on a hypothetical basis with emphasis on the equipment and piping costs
associated with getting the CO, to the injection site. They included a $5MM premium for a bond to cover
the operational period. This seems low when some State legislations place limits of liability of $500MM.
This cost also does not cover contributions to governmental or consortium funds to cover long term
storage liability. It is judged that these costs may be substantial additions to the injection cost; potentially
comparable to those cited for capture, compression and transport. The analyses performed herein do not
include these costs explicitly; the $50/ton cost used as a notional upper bound may or may not be
sufficient to cover them. Confidence on the magnitude of these costs will become apparent once
regulations are in place and actual sequestration is initiated.
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3.3.7.7  Summary of Costs and EOR Revenue on Gasoline Production Costs

Figure 3-16 and Figure 3-17 compare the production costs for conversion of CTG for ranges of costs
of CO, and for revenues derived from EOR for the conventional process and for that process using SMR
for hydrogen production. In both figures the costs for CO, cover three cases; (1) no costs, (2) costs for
capture, transport and long term geologic sequestration ranging from ~$16/ton to ~$32/ton, and (3)
emitting all CO, with imposed taxes on these emissions ranging from $20/ton to $50/ton. In both figures
the revenue from EOR ranges from $15/ton to $20/ton. These ranges are notional since no definitive
values are available and are used only to illustrate these effects. The equivalent cost of crude oil shown on
these figures was calculated using the linear relationships between the production cost of gasoline refined
from crude oil as a function of crude oil price and CO, costs shown in Figure 3-15.

The following observations result from comparing the two figures:

e The effects of variations in CO, costs and revenue are more pronounced for the conventional case
because of its higher rate of CO, generation.

o The effect of revenue generation from EOR is relatively small on production costs in either case with
the change from $15/ton to $20/ton; production cost increases varying from ~5% to 10% and $5 to
$6/bbl variations in equivalent crude oil price

e The effect of CO, costs are more pronounced varying from a 10% increase in production costs at the
lower end of the cost range ($16 to $20/ton) to 20% to 30% at the upper end of the range ($32/ton to
$50/ton). Variations in equivalent crude oil price are shown to be up to $20/bbl.

e Unless the taxes on CO, emissions are low, ($20/ton or lower) emitting all CO, generated is not
economically viable.
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Figure 3-16. Effect of CO, disposition on gasoline production costs for the conventional CTG process.
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Coal to Gasoline Conversion with SMR
Effect of CO, Disposition on Production Costs
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Figure 3-17. Effect of CO, disposition on gasoline production costs for the CTG process with SMR.

3.4 Notional Selection of the Processes for Evaluating Deployment
of a Carbon Conversion Industry in Kentucky

3.41 Selection of the Initial Carbon Conversion Process

For the purposes of evaluating the general business economics, effects on the economy of Kentucky,
nominal schedule, and potential integration with HTGR technology, CTG and LPG plants using the MTG
process have been notionally selected for examining deployment in Paducah and for the first plant (EK-1)
in eastern Kentucky. Figure 3-18 is a high level schematic of this process. As noted previously, this
process plant concept would use an external supply of hydrogen from a steam methane reformer for use in
the gasification process and the gasifier concept modeled for this evaluation is representative of the dry-
fed designs offered by Shell and Uhde.’

Clearly the selection of the specific process(es) used in these initial plants and in the deployment of a
broader carbon conversion industry within Kentucky would be the responsibility of the owners of the
plants. These selections would be made after consideration of several factors including market conditions,
energy costs, (e.g., crude oil, coal, natural gas), plant costs, financing, site characteristics including
feedstock supply, infrastructure, distribution network, etc. The evaluations summarized herein provide
some insight into the influence of these factors on the selection of a process.

The specific functional, performance and economic characteristics of all of the carbon conversion
processes evaluated are summarized in Appendices D and E.
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Figure 3-18. Coal to MTG and LPG process.

The bases for notionally selecting the indirect coal to MTG and LPG process for Paducah and EK-1
include the following:

e Gasoline and LPG are high value products with mature national and international markets

e Asshown in Figure 3-10 the calculated costs for production of gasoline and LPG using this process
are competitive with their production costs from crude oil using conventional refining techniques at
crude oil prices in the range of $75/bbl and above. This price of crude oil is in the lower end of
projections of the future price of crude oil in the 2023 to 2035 time frame as shown Figure 3-11.

e The coal to MTG process uses conventional technology, commercially available equipment, and
deployment could be initiated as soon as Project funding is available. There are several plants using
this concept under construction or planned in the United States.; three of which are in Kentucky.
#4243 Some other plants that originally were going to use coal as the feedstock have switched to
natural gas due to its current low cost™ but could be converted to use coal at a later date as natural gas
prices rise.

e The use of a SMR hydrogen supply has the advantage of reduced CO, emissions when compared with
those of a traditional plant design that uses the water shift reaction for hydrogen generation, and
facilitates later modification of the hydrogen supply to use HTGR and, if applicable, HTSE
technologies when they are proved to be economically viable.

e The methanol process can also be used to produce chemicals used as building blocks in the chemical
industry (see Figure 3-6) providing flexibility to maintain plant economic viability in changing
market conditions.

3.4.2 Integrating the HTGR Technology

The HTGR is particularly well suited to integration with the carbon conversion processes because it
operates in a temperature range (700 to 850°C) similar to the temperatures at which many of the processes
operate. It also has a very high margin of safety that permits its collocation with the processes (see
Appendix B). The high operating temperature of the HTGR also results in much higher net efficiencies in
the generation of electricity when compared with light water reactor (LWR) technologies. Accordingly, it
is particularly well suited for providing heat and electricity to a steam methane reformer. In combination
with the High Steam Electrolysis (HTSE) technology it can also provide emission free hydrogen in place
of the steam methane reformers. Figure 3-2 shows these two alternative applications of the HTGR and
HTSE technologies. In the first HTGR heat is used in the SMR process reducing the natural gas fired in
the process thereby reducing CO, emissions by over 90% of conventional processes. The second shows
the use of HTGR and HTSE technology for the production of hydrogen; essentially eliminating CO,
emissions from the gasification process. This latter application eliminates the use of natural gas in the
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process removing the potential impact of volatility in the prices of natural gas on the economics of the
process as shown in Figures 3-9 and 3-10.

A DCL process also requires addition of hydrogen and traditionally uses SMR as the supply. The
HTGR and HTSE technologies could also be directly adapted to this type coal conversion process in a
manner similar to that shown in Figure 3-2.

The ready adaptability of these plant configurations to application of non-emitting HTGR and HTSE
technologies provides the ability to apply these technologies as needed to respond to governmental
actions on emissions regulation or taxation, in addition to market changes, (e.g., rapid increases in the
costs of the natural gas feedstock to the SMR process).

Based on current planning the HTGR and HTSE technologies are expected to be commercially
available in the late-2020s time frame. It is recommended that the progress in development of these
technologies be supported and monitored by Kentucky interests to support making a decision in the early
to mid-2020s on adapting these technologies to the process plant. For the purposes of analysis it has been
assumed that a decision to incorporate the HTGR and potentially the HTSE technology into the carbon
conversion plants would be made in 2023. It is projected that three years of design, planning and
permitting effort will be required prior to initiating construction of the HTGR, and if applicable, the
HTSE plant. Full deployment of this plant and its integration with the process plant would be done in a
four phase schedule that would take ~ seven years to complete. Based on a schedule that maintains an
achievable funding level and begins plant construction in 2025, this deployment would be complete by
the end of 2032.

3.4.3 Notional Plant Performance, Costs and Revenues

3.4.3.1 Initial Plants Capacities and Deployment Schedules

An ultimate plant capacity of 67,000 bpd of gasoline (58 Kbpd) and LPG (9 Kbpd) has been used for
the Paducah and EK-1 plants. The strategy for deployment of each of these plants involves four phases of
initial construction of conventional process modules of 25% of full capacity each, (~17,000 bpd each).
The deployment of the first module would include final design work for the full plant site, initiation of
long term procurement, site preparation, construction and commissioning of the first module and one year
of operation before initiating subsequent deployment of the remaining three modules to iron out design
and operating problems. To facilitate the deployment of the EK-1 plant its schedule has been delayed
from that of the Paducah plant by one year. The experience in planning and construction of the Paducah
plant will be useful in developing the processes and infrastructure necessary to deploy EK-1. A
preliminary schedule for this phased deployment indicates that the Paducah plant could be operating at
full capacity in 2020 if the deployment Project were initiated in early 2013; shortly followed by EK-1 at
full capacity in 2021. The first Paducah module would begin operation in 2018. Note that the schedule for
EK-1 to reach full capacity could be shortened to correspond with Paducah if it does not include the one
year operation of the first module before commissioning of the second. This may be achievable if the first
module operation at Paducah does not identify any major problems. Also, if different coal conversion
technology is used for the Paducah application and the eastern Kentucky application, then the plants could
readily be implemented in parallel.

Appendix F provides detail of the deployment strategy and economics for these plants. Note that the
development of this strategy has used the same CTG process for the Paducah and EK-1 plants. This does
not have to be the case. For example, a DCL process producing diesel, naphtha and LPG may be more
suited for use in Paducah using the higher sulfur coal of Western Kentucky. The indirect CTL process
may be preferred for all four plants in the eastern Kentucky area. As noted previously the selection of the
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processes for each plant will be the purview of the owners. The use of the CTG process for both of these
plants is notional to support completing the analyses performed herein.

3.4.3.2 Initial CTG Plants Revenues and Benefit to Kentucky Economy

Conversion of the indigenous coal resources to gasoline, LPG or chemicals in the carbon conversion
industry would provide a substantial increase in the value of this resource to the economies of Paducah,
eastern Kentucky and the Commonwealth. Use of indigenous natural gas in the SMR process also
provides an internal market and can support increased production of this commodity. The products of the
plant increase the value of the coal and natural gas due to the increased revenues for the higher prices of
the products. The value multipliers can range from 5 to 40 times the retail value of the coal and natural
gas depending on the price assigned to the coal, natural gas and the products, (e.g., diesel fuel, gasoline,
chemicals). It is estimated that a full scale CTG plant will generate revenue of ~$2B (20118$) per annum
assuming a sales price equal to the average wholesale price of gasoline and LPG from crude oil refineries,
(price at the gate) in 2010 and 2011.

Construction of the initial CTG plants and their operation will also create jobs and have economic
benefit to Kentucky. As cited in the preceding the construction of the conventional plant is projected to
extend over seven years. The total cost is estimated to be in the range of ~§7 billion per plant.
Construction of each plant will require a total of ~31,000 man-years over this seven year period with an
average workforce of ~4,400 per year and a peak of ~9,300 in year five. The addition of HTGR plants
would extend over another seven years at a cost of ~$6 billion, and require an additional 15,000 man-
years of effort with an average workforce of ~2000 per year for each plant. The process plants are
expected to employ 400 each and each HTGR plant an additional 400 personnel.

At this level of activity and expenditure the Paducah plant would provide a substantial step toward
offsetting the economic loss due to closure of the DOE PGDP and help sustain the Paducah economy over
the ~14 years of construction and the longer term operation of the process and HTGR plants. EK-1 would
have similar impact on the economy of eastern Kentucky with emphasis on stemming the reduction in
coal production.

Appendix F provides more details of the economics of these plants.

The following section discusses the siting of the Paducah plant. Siting of the eastern Kentucky plants
is beyond the scope of this report. Appendix F discusses the specific characteristics that are required for
siting a carbon conversion plant in eastern Kentucky.

3.4.4 Notional Siting of the Paducah Plant

In 2009, the Paducah Area Community Reuse Organization (PACRO) completed a thorough survey
of a site adjacent to the PGDP, including an environmental report, to determine the suitability of that site
for locating an energy project.*’ This survey was performed as part of a wider survey of Kentucky to
identify sites suitable for industrial development. ** Review of the PACRO report and further evaluations
of the site as part of this collaborative effort concluded that it has the necessary infrastructure and labor
force for design, construction and operation and for shipping of products from the process plant. Figure 3-
19 is an excerpt from the PACRO report showing the site. As also shown on this figure it would be
necessary to expand this site in order to accommodate the projected size of the reference plant (~1000
acres). Accordingly, the original PACRO site which included ~500 acres was increased by expanding into
the DOE owned area and the Western Kentucky Wildlife Management Area west of the original site
Discussions with Kentucky interests (see Appendix A) confirmed that this is a viable approach to increase
the size of the site.

33



INL/EXT-12-26710
Revision 1
~ February 2013

o \:&I

g & e USY RS PN

y ]

b A Y -.:Q‘;"-a | WILOLIFE MANAGEMENT AREA 7 N
f o e ¥ ] 2 e~ s
_-',’\..,.. 1 % "‘:»J-‘_t'l‘f':r,_ ¢ I

e ‘1 2T STELDCATION
Ty W e A Y ENERGY SITE BANK INVESTIGATION

ok - e | PADUCAM AREA COMMUNTTY
o Ot e REUSE CRGANIZATION SITE
AT a@ [T HeCAACKEN COUNTY, KENTUCKY

Fat Fi, it MONTHENN QUADLANG. £ DM, Eveil » 1307
S “-“"-\. L LR T SCUTHDLN QUAD FAMCLET MEATY, KY + 1970

Figure 3-19. Potential site for the Paducah carbon conversion plant.

Figure 3-20 is a notional layout of the complete coal to MTG plant and the HTGR plant (shown in
phantom) that would located on the PACRO site in Paducah. The plant covers approximately 75% of the
1000 acres identified for the plant leaving some room for future expansion if the market conditions are
favorable for such expansion.
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Figure 3-20. Notional layout of coal to MTG and HTGR plants.
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3.5 Deployment of the Carbon Conversion Industry

3.5.1.1 Objectives of Deploying the Carbon Conversion Industry

The Paducah and EK-1 plants could be the first in deployment of a carbon conversion industry
comprised of several additional carbon conversion plants within Kentucky. An objective of deploying this
industry is to provide long term internal markets for Kentucky coal and natural gas. Figure 3-21 shows
that total production of coal in Kentucky has been declining for more than 15 years; the principal
reduction has been in production in eastern Kentucky while the production in Western Kentucky has been
relatively stable. This reduction in eastern Kentucky coal production is due to retirement of coal-based
electricity generation and addition of emissions control equipment to coal plants so they no longer need to
use the low sulfur eastern Kentucky coal. This trend of decreasing coal production is expected to continue
due to current and pending EPA regulations on toxic chemical and CO, emissions.*”**
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Figure 3-21. Coal production in Kentucky 1994-2011.

Figure 3-22 shows the history of production of natural gas in Kentucky and Interstate Receipts of
Natural Gas for 1987-2010. Although production increased rapidly in the 2007 to 2010 time frame the
rate of production is still more than a factor of ten(10) less than the Interstate Receipts. In addition over
this time frame the prices of natural gas have fallen substantially (e.g., from ~$8/MSCF in 2008 to lows in
the $2/MSCF in 2012) because of the new gas shale plays. Natural gas futures on the commodities market
indicate that the prices will remain low in the $4/MSCF or less range for at least the next decade.
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Kentucky Natural Gas Production and Interstate Receipts
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Figure 3-22. Kentucky natural gas production and interstate receipts.

The reductions in coal production and in the price of natural gas have substantial impact on the tax
revenues to the Commonwealth. The Commonwealth receives a severance tax on the coal and natural gas
of 4.5% of the sales price. Kentucky coal has a historical value in the $50/ton range. Accordingly, a
million tons has a severance tax value of $2.25MM. The 28 million ton annual reduction in coal
production 2002 to 2012 has reduced Commonwealth tax revenues by ~$65MM. Similarly the ~$4/MSCF
reduction in natural gas prices over the last 4 years has reduced revenues on internal production by
~$20MM even with the increase in internal production. This reduction in tax revenue and the negative
impact on the local economies provide incentives for taking action to stem these losses.

A goal of developing a new market for eastern Kentucky coal of at least 14 million tons per year
within the next 10 to 15 years has been cited by the Kentucky Energy and Environment Cabinet. ** This is
less than the 50 million tons per year cited in the Kentucky energy development Strategy 4 discussed
previously but is judged to be a level of production that is achievable in the short term and sufficient to
address the short term economic impact of reducing production of eastern Kentucky coal if no action is
taken. The schedule for deploying the carbon conversion industry that consumes at least 14 million tons
of coal annually projects full scale capacity on-line by the end of 2023 if action is taken to begin its
development in 2013; a ten year period. This is consistent with the schedule in Strategy 4 called for
development of the industry by 2025.

The CTG plant described as a notional alternative for deployment in Paducah and for EK-1 consumes
~12,000 tpd or ~3.5MMtpy of coal assuming an 80% capacity factor. The addition of a CTL plant
producing diesel, naphtha and LPG of 50,000 bpd capacity would consume an additional 7,720 tpd per
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plant or ~2.25 MMtpy of coal at an 80% capacity factor. Accordingly, deployment of the Paducah and
EK-1 CTG plants and three additional CTL plants would consume ~14.5 MMtpy of coal.

These plants would be expected to use Steam Methane Reforming as the hydrogen supply using
natural gas as the feedstock. At full capacity these five plants would consume ~400 billion cubic feet of
natural gas annually. This rate is about three times the production rate in Kentucky in 2010. Since most of
the natural gas is produced in eastern Kentucky deployment of these plants would have the added benefit
of substantially increasing the demand for eastern Kentucky natural gas as well as coal

3.5.1.2 Carbon Conversion Industry Deployment Schedule

For the purposes of analysis the notional carbon conversion fleet has been defined as comprising two
CTG and three CTL plants. As noted one CTG plant would be sited in Paducah and one as EK-1 in
eastern Kentucky. The three CTL plants would also be sited in eastern Kentucky. It was beyond the scope
of this report to identify the specific sites in eastern Kentucky; however, preferred sites would be near a
coal mine mouth and natural gas wells. Based on Kentucky Geological Survey data such sites appear to
be plentiful in eastern Kentucky; see Figure 3-23.
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Figure 3-23. Coal mine and natural gas well locations in Kentucky.
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Figure 3-24 shows the schedule for deployment of the carbon conversion industry. As discussed EK-1
would be constructed in parallel with the Paducah plant and reach full capacity one year after Paducah
reaches full capacity. The other three CTL plants (EK-2, 3, and 4) would follow in one year increments.
This is judged to be an aggressive schedule, but reaches the cited goal for consumption of eastern
Kentucky coal and natural gas in a timely manner; (within the 10 year period cited by the Kentucky
Energy and Environment Cabinet). As discussed for the Paducah plant deployment it is assumed that
HTGR technology will be integrated into the processes of these plants providing heat and electricity when
commercialized. This integration will reduce CO, emissions to lower levels and will provide a stable
energy price over the longer term. These HTGR plants will also be sized to supply electricity to the
regional grid to replace coal based generation as those plants are retired due to age or EPA regulations.
The addition of the HTGRs to the process plants reduces the quantities of natural gas consumed. This is
reflected in the reduction of natural gas consumption shown in Figure 3-25 in the 2029 to 2034 time
frame.
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Figure 3-24. Carbon conversion industry deployment by calendar year.
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3.5.1.3 Carbon Conversion Industry Revenues and Contribution to the Kentucky GDP

The production of synthetic fuels by these plants will also increase the value of the coal and natural
gas they consume. Based on average costs in 2011 of refining these fuels from crude oil these plants when
operating at full capacity are projected to generate $11.8B (20118$) per year. This is projected to translate
into an $8.5B contribution to the Kentucky GDP or ~5% of the 2011 GDP as shown in Figure 3-26.
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Figure 3-26. Carbon conversion industry deployment annual revenues and contributions to Kentucky
GDP.

The expenditures during deployment of the carbon conversion industry and integration of the HTGR
technology into the carbon conversion processes would be large and would also add to the Kentucky GDP
during the periods of construction. Figure 3-27 shows the expenditures and the projected contributions to
the Kentucky GDP over the 2013 through 2040 time frame. The peak contributions to the GDP are in the
$3 to $4B (20118) range or ~2% of the 2011 GDP. Please note that manufacture of major equipment that
constitutes about 30% of the capital costs in building a major process plant has been assumed to occur
outside of Kentucky, hence not contributing to the GDP. Depending on the extent an industrial
manufacturing capability exists or will be developed in Kentucky, the contribution to Kentucky’s
economy and the GDP can be further increased by up to $1B.

Although these are relatively modest contributors to the Kentucky GDP the contribution from the
long term revenue from the carbon conversion plants is ~1-1/2 times the total mining contribution to the
GDP in 2011. The periods of construction not only add to the GDP but do so while providing jobs. The
plants also provide jobs in Paducah and eastern Kentucky while operating; ~1,000 personnel per plant
when the HTGR is fully integrated. Therefore, the deployment of this industry presents a significant step
toward offsetting the projected reductions in coal production in eastern Kentucky in addition to the
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Figure 3-27. Estimated expenditures and contributions to GDP during initial deployment of carbon
conversion industry.

economic loss from the closing of the Paducah PGDP. It should be noted that the economic multiplier
effects of business growth (e.g., real estate, retail sales growth) that accompanies such industry
development has not been included.

3.5.1.4 A Distributed Configuration for the Carbon Conversion Industry

Production and transport of finished products from eastern Kentucky may not be practical depending
on the infrastructure and terrain at the plant sites. For this reason or for other reasons such as to facilitate
product distribution, a distributed approach to deployment of the facilities that will make up the carbon
conversion industry may be warranted. Figure 3-28 illustrates this approach. The mine mouth plants
would produce synthesis gas which would then be piped to other locations that would process that gas to
produce synthetic fuels and/or chemicals. These facilities would be located in areas that have favorable
infrastructure to support construction and operation of these plants and locations that facilitate distribution
of the finished products within the Commonwealth, nationally and internationally.
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Figure 3-28. Distributed approach to deployment of a carbon conversion industry.

3.6 Transformation of Kentucky Electricity Generation Industry

3.6.1.1 Electricity Generation Transformation Objectives

Over 90% of electricity in Kentucky is generated using coal. The current and pending EPA
regulations on mercury and toxic chemicals require the installation of expensive emissions control
equipment that is not economically viable on some Kentucky plants leading to the potential for their
earlier retirement than might otherwise be expected.’**' There are also pending EPA regulations on CO,
emissions that currently apply to new plants. It is uncertain whether the EPA intends on applying these or
similar regulations to existing plants. Discussions of industry and environmental groups seem to indicate
that there is an expectation that this will occur.**

1t remains unclear what EPA intends to do to address CO, emissions from
existing plants. Jackson [EPA Administrator] told reporters Tuesday that EPA
has no plans to propose an NSPS for existing plants, despite the fact that the
December 2010 settlement [that resolves a lawsuit filed by states and
environmental groups], required EPA to propose NSPS for new, modified and
existing plants at the same time. Industry sources are skeptical of Jackson’s
assertions.

“We have little confidence that the administration will adhere to this view,
particularly after the election is over,” Segal [Executive director of the Electric
Reliability Coordinating Council, a utility coalition] said.

David Doniger, policy director of the climate and clean air program at the
Natural Resources Defense Council, said NRDC and other parties to the
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settlement agreement are continuing discussions with EPA on how to regulate
existing sources.

“Existing power plants are not covered by this standard but the Clean Air Act
requires EPA to follow up with requirements for those sources, too,” Doniger
said. “The proposal acknowledges this responsibility.

“The settlement discussions continue, and we look forward to reaching an
agreement with EPA on a schedule for completing the standard for new sources
and developing standards for existing sources.”

If implemented these regulations could also lead to early retirement of those plants that have become
marginally economic or uneconomic due to the regulatory impositions. These retirements in addition to
normal retirements due to age and obsolescence require addition of new generation technologies. The new
technologies must also be consistent with regulations on CO, and other GHG emissions.

The Commonwealth’s goal of transforming the electricity generation technologies in Kentucky from
one dominated by coal to diverse sources with improved emissions characteristics was outlined by the
Secretary of the Kentucky Energy and Environment Cabinet in a presentation to the National Governor’s
Association.” This is shown in Figure 3-29. As shown this transformation would ideally occur over a
twenty year period resulting in a mix of electricity sources with coal, coal with CCS and nuclear
contributing ~29% each of the total Kentucky grid capacity and petroleum, natural gas, biomass and
renewables contributing the ~10% balance. Since this objective transformation was developed in the
2007-2008 time frame it did not take into account the recent reductions in natural gas prices resulting
from the large number of gas shale plays. The potential effect of these low gas prices on the actual
transformation is discussed in the next section.
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Figure 3-29. Electricity generation transformation strategic goal.
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Including coal-fired plants as a primary constituent of the final mix of generation will necessitate
addition of emissions control equipment to existing plants and new plants for continued operation over
the long term. Review of the existing fleet of coal plants shows that the average age of these plants is
almost 40 years and the newer plants will reach 60 years of age in the mid-2020s. Additionally, if the
EPA extends regulation of CO, to existing plants it may not be practical or economic to modify existing
plants to meet these regulations. It may be necessary, therefore, to replace all existing plants as part of this
transformation. The strategy developed herein, however, assumes that a substantial number of the existing
coal plants can be modified and retained for long term operation.

3.6.1.2  Electricity Generation Transformation Strategy

The strategy for meeting the objectives of transforming the electricity generation to the mix shown in
Figure 3-29 is developed in detail in Appendix F and is shown in Figure 3-30. This strategy includes three
principal generation technologies; the upgrade of existing coal plants with emissions control equipment
and addition of new plants using coal with CCS and nuclear energy technologies. The Commonwealth’s
long term objective does not include substantial renewable, petroleum and natural gas generation.

With respect to addition of nuclear generation it is assumed that a mix of LWR and HTGR
technologies would be deployed. The LWR technologies could include large plants similar to those
currently in operation and small modular LWR (SMLWR) plants. The modular characteristics of the
SMLWR may be an advantage compared with large LWR plants in siting where transmission capacity is
limited. This is also an advantage of the modular HTGR technology. There is considerable uncertainty in
the schedule for commercialization of the SMLWR technology so it may not be available as an alternative
to the large LWRs when nuclear technology is needed in the transformation. The transformation strategy
is configured to be consistent with the schedule for retirement of existing generation due either to age or
EPA regulations and with the deployment of the carbon conversion industry which includes addition of
HTGR electricity generation as this technology is integrated into the processes. (The assumed mix of
nuclear energy technologies does not strongly affect the economic results that follow.)

Figure 3-30 shows the annual change in the sources of generation to achieve the Commonwealth’s
goal of shifting from the original coal based generation to the new mix of generation with lower
emissions and varied technologies. It will be noted in review of this figure that the transformation cannot
be practically achieved in 20 years. Also note a significant deployment of natural gas generation to fulfill
the transformation requirements is necessary as an interim step to reaching the Commonwealth’s final
goal, with that goal being achieved in 2040 rather than 2025 as suggested in Figure 3-29.

The 27-year period is required to be consistent with the expected retirements of existing plants (as
shown in Figure 3-30) and the expected schedule for commercialization of the Coal with CCS and HTGR
technologies in the early-to-late 2020s. It has been assumed that natural gas generation will be used to
substitute for retiring coal-fired generation early in the transformation to take advantage of the current
low prices of natural gas that are expected to remain low for at least the next decade and the relatively low
capital cost for NGCC generation. This is consistent with the overall trends in the United States wherein
there has been a substantial increase in the new natural gas generation being built and planned for future
replacement of coal-fired plants. The downside of maintaining a significant level of NGCC generation on
the grid over the long term is the volatility of natural gas prices and the strong relation between natural
gas prices and the price of electricity production of NGCC plants. It is expected that as gas shale reserves
are depleted the prices will rise rapidly making NGCC generation less economic than other forms of
generation. The effect of natural gas price on generation costs for NGCC plants is shown in Figure 3-31.
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Figure 3-30. Transformation of electricity generation sources.
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Figure 3-31. Comparison of electricity generation costs for HTGR with other power conversion systems.

Figure 3-31 compares the costs of generation for several technologies with NGCC plants with and
without CCS and with the HTGR as a function of the price of natural gas. As shown the HTGR is
competitive with an NGCC plant with CCS for a natural gas price of a little higher than $6/MMBtu and
above. It is competitive with NGCC without CCS for natural gas prices near $10/MMBtu and above.
Analyses in Appendix C show that long term prices of natural gas are projected to be in a range that
includes these values and above by 2035. The HTGR is also competitive with other low or non-GHG
emitting sources of power. It is, therefore, a very viable alternative over the longer term for replacing coal
based generation in Kentucky.

Figure 3-32 illustrates the transformation of the electricity generation sources in Kentucky for the
strategy developed herein. NGCC technology (without CCS) is first used to substitute for retirement of
coal based generation in the 2013-2023 time frame. Coal with CCS and nuclear technologies are then
brought on-line over the 2020 to 2040 time frame as they are proved technically and economically viable.
The NGCC generation is phased out over this period to achieve a mix of technologies consistent with the
Commonwealth’s long term goal. If the costs of natural gas remain low, however, it would not be prudent
to phase NGCC out of the mix but rather to reduce the amount of Coal with CCS, modifications of
existing coal-fired plants or nuclear depending on the economics of each at that time.
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Figure 3-32. Generation technology mix during transformation of Kentucky's electricity generation
sources.

Note that the HTGR technology is brought on-line both as part of integrating this technology for the
supply of heat and electricity in the carbon conversion processes and as standalone electricity generators.
LWRs have also be used in the transformation to substitute non-greenhouse gas emitting generation
capacity for retiring coal-fired plants. Although the HTGR cost of generation is ~ 15% less than that of
light water based technologies, as shown in Figure 3-32, the light water technology is used in the earlier
deployment of nuclear generation, (starting in the early 2020s) since the HTGR technology is projected to
be available commercially in the late 2020s). If the need for integration of nuclear technology occurs later
than used herein then HTGR would be a more economic addition than LWRs.

3.6.1.3  Electricity Generation Transformation Costs

Figure 3-33 shows an estimate of the capital costs for achieving this transformation in electricity
generation sources and the annual contributions to the Kentucky GDP. The costs are high; averaging $2B
to $3B per year with a total estimated investment of ~$80B. As shown this capital investment would have
a beneficial impact on the Kentucky GDP during construction and would add jobs to the localities at the
construction sites. Note that manufacture of major equipment that constitutes about 30% of the capital
costs in building a major generating plant has been assumed to occur outside of Kentucky, hence not
contributing to the GDP. Depending on the extent an industrial manufacturing capability exists or will be
developed in Kentucky, the contribution to Kentucky’s economy and the GDP can be further increased.
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Figure 3-33. Estimate of capital cost and annual contributions during the electricity generation
transformation.

Replacement of the current low cost coal based generation can be expected to increase the average
cost of power generation in Kentucky by more than a factor of two; the increase as the transformation
proceeds is shown in Figure 3-34. This increase is typical irrespective of the mix of generating
technologies due to capital investment that must be made either in new generation or for back-fitting
additional emission controls. This will have some impact on the competitiveness of exporting power from
Kentucky that has not been quantified in this report, and is a strong function of the extent to which
Kentucky plans to be a net exporter of electric power. More importantly, there may be a disproportionate
effect on large industrial customers, the net effect of which will be dependent on some combination of
power costs, labor costs and incentives offered in states and locales that may compete for such industry.
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Figure 3-34. Estimate of increase in generation costs resulting from electricity generation transformation.

It should be stated that the electricity transformation strategy was developed herein for the purposes
of analysis and to provide a perspective on the potential costs, schedule and technologies involved in
making this transformation. The decision on making shifts in generation technologies will be the
responsibility of the electric plant owners. The decisions will reflect the status of government regulations,
market conditions, technologies’ economics, Commonwealth goals and a wealth of other factors that will
change in their nature and influence over time.

3.6.1.4 CO;Emissions Reductions Resulting from Electric Power Industry
Transformation

An important outcome of the transformation of the electricity generation sources is a net reduction in
the CO, emissions associated with electricity generation in Kentucky. The reductions accrue from
retirement of existing coal based plants that have the highest emission characteristics of the alternative
generation technologies (0.97 million metric tons of CO, per billion kilowatt hour generated
(mt/Bkwe-hr)) and replacing them with lower emission technologies, (e.g., natural gas (0.4 mt/Bkwe-hr))
and with technologies that have no emissions, (e.g., nuclear). There are important uncertainties due to
backfit costs and technology development that will determine whether the existing coal fired power plants
will be upgraded to meet current EPA regulations on toxic chemical emissions and/or retrofitted with
CCS equipment to limit CO, emissions. The latter retrofit would be required only if the EPA decides to
apply CO, emission regulations on existing plants as discussed above. Accordingly, two conditions have
been analyzed. The first completes the analysis with no CCS equipment on the retained plants; the second
includes the effect of CCS. The results of these analyses are summarized in Figure 3-35. As shown the
addition of CCS equipment to the retained plants has a significant effect; increasing the reductions in
emissions by almost a factor of two (2). Such equipment would be added if government actions either
regulate or tax CO, emissions. It is would likely not be installed if they do not because of its high costs.
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Figure 3-35. CO, emissions during the electricity generation sources transformation.

There is also uncertainty in how effective CCS will be in reducing the emissions from existing coal
plants and new plants originally installed with it. Based on the current pending regulations on emissions
of CO, for new generating plants, (emissions can be no higher than a well operating NGCC plant,

0.4 mt/Bkwe-hr) these analyses have been performed using that value for the emission rates of plants with
CCS. In any event the reductions projected for the notional strategy developed herein are substantively
addressing one of the primary objectives of the Kentucky Energy Policy.

3.7 Composite Effect of Developing a Carbon Conversion Industry
and the Electric Power Industry Transformation

As shown in previous discussions the deployment of a notional carbon conversion industry would
have a positive effect on the Kentucky economy by providing a continuing demand for indigenous coal
and natural gas resources and increasing the value of these resources by transforming them into high
value products. The investment in constructing the facilities that would make up this industry would also
add value to the GDP during construction and the construction activity and operation of the facilities will
provide jobs. The same is true of the investment required to transform the electricity generation sources in
Kentucky. During construction of the new generation and upgrade of the emissions control equipment of
the retained generation the investment would add value to the GDP and would create jobs on the plant
sites. Figure 3-36 shows the projected contributions from these two initiatives and the total annual
contribution to the GDP in 20118$. In 2011 the mining industry contributed ~3% of the total Kentucky
GDP or about $5B. At the peak of construction the deployment of the carbon conversion industry and the
transformation of the electric generation industry will be in the order of $12B (2011$) or more than twice
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Figure 3-36. Contributions of carbon conversion industry and electricity generation transformation to the
Kentucky GDP.

that of the mining contribution in 2011. Once the carbon conversion industry is fully deployed it will add
~$8.5B to the annual GDP or 70% more than the mining industry contributed in 2011. These are
substantive contributions on a real dollar basis and support the Commonwealth objectives of revitalizing
the coal and natural gas production industry in eastern Kentucky and providing a viable sustainable mix
of electricity generation over the long term. Also, it should be noted that the economic multiplier effects
of business growth (e.g., real estate, retail sales growth) that accompanies such industry development and
transformation has not been included.

An important consideration in evaluating the long term effect is that this report does not attempt to
quantify the extent to which the carbon conversion industry may continue to grow beyond the notional
assumptions evaluated. As an example, if the carbon conversion industry were continue to grow to utilize
the entire current coal production in Kentucky, the effect on the GDP would be an order of magnitude
larger. Long term planning in the Commonwealth would be well advised to include such considerations in
evaluating the overall benefit to Kentucky of developing and growing such industry.
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3.8 Path Forward

The following actions are recommended to support deployment of the Paducah and EK-1 coal
conversion plants, the carbon conversion industry and the transformation of the Kentucky electricity
generation sources.

L.

Pursue developing collaborative partnerships with industry to build the initial portions of a carbon
conversion industry. It is suggested that such partnerships be based on constructing and operating
at least two initial coal conversion facilities, one located in the Paducah area and one in eastern
Kentucky, either in parallel or one shortly following the other. These facilities would be used for
conversion of western Kentucky coals and eastern Kentucky coals, respectively. The considerable
differences in the coal characteristics suggest that two separate initial process plants should be
constructed, potentially based on two different carbon conversion process technologies.

These partnerships should include development of strategies for achieving these initiatives. Such
strategies would address project market and transportation and distribution needs, investment
structure and incentives, support of the mining industry, goals for GDP growth, desired increases
in export of natural gas, coal and electricity, reductions in emissions, and tempering of increasing
costs of energy. Relevant projections could include long term coal and natural gas production
rates, competitive coal and natural gas pricing, existing coal-based electricity plant retirements
and upgrades.

Confirm that there can be a sufficient supply of indigenous natural gas to support carbon
conversion processes that use SMR for hydrogen production.

In the planning basis for the carbon conversion industry, ensure that process plant design
configurations are chosen that support a phased approach to integrating nuclear energy as the long
term source of energy.

Determine the long term plans for operation of the TVA’s Shawnee Fossil Plant (net summer
rating of 1,206 MW(e)).

Develop a plan for utilization of the experienced workforce in transitioning from the operation
and maintenance of PGDP and decommissioning (and possible demolition) of PGDP to the
construction and operation of the initial Paducah coal conversion plant module and the transition
to its expanded capacity. Establish agreements-in-principle with DOE regarding use of the
Federal property in Paducah.

Prepare a plan that anticipates retirement of portions of the current coal fired power generation
fleet (e.g., considering age and evolving regulations) and the deployment of a diverse set of
alternative technologies including nuclear energy technologies for base load capabilities. This
report provides a notional basis for such planning. An essential decision is the extent to which
Kentucky and its power generating industry plan to be a net exporter of energy in the form of
electricity considering tradeoffs such as investments in new generating capacity and enlarged
transmission system capacity.

Prepare a plan for industrial infrastructure development based on the needs of a growing carbon
conversion industry and in the future, a nuclear energy industry. This should include regulatory
and educational institution changes that will be required within the Commonwealth.

Prepare an evaluation of the overall effect on the economy and demographics in Kentucky as
these industrial capabilities are realized.
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4. INFRASTRUCTURE DEVELOPMENT

There are multiple needs and opportunities for infrastructure expansion and development to support
deployment of a carbon conversion industry incorporating nuclear energy technology and transforming
the electric power industry in the Commonwealth. Important examples include:

¢ Industrial equipment manufacturing capabilities ranging from large pressure vessel material forging
and fabrication to digital electronics

e Transportation and distribution capabilities for the feedstock and products produced in the carbon
conversion industry

e Education and training capabilities to develop and maintain a technically competent workforce

The extent to which these capabilities are, or become, indigenous to Kentucky is directly a function of
the character, size and pace at which a carbon conversion industry is developed and the electric power
industry is transformed. Further, whether these infrastructure capabilities are indigenous will reflect the
incentives offered industry to invest in industrial facilities and the education system in Kentucky. Hence,
no attempt is made in this report to quantify the effect of such infrastructure expansion and development
on the economy of Kentucky. However, to provide some perspective, if the industrial equipment
manufacturing capability needed to accomplish the notional scope of a carbon conversion industry and
transform the electric power industry, there would be a greater than 30% increase in the contribution to
the GDP compared to that shown in Section 3 (the economic analyses in this report are based on
equipment manufacture occurring outside of Kentucky).

Each of the areas is addressed in brief in the following.

4.1 Industrial Equipment Manufacturing

The following summarizes the features of the key equipment and components for the notional carbon
conversion industry and transformation of the electric power industry and the nature of support that is
required for their design, construction and operation. There is no attempt in the following to estimate the
potential market in each of the following areas; that will be dependent on the strategy used for
deployment of the industry. As discussed previously equipment and material costs comprise about 50% of
the plant costs. For the deployment of the Paducah process and HTGR plant this amounts to about ~$500
million per year during construction. Larger scale expansion of carbon conversion facilities and/or HTGR
electricity plants throughout K'Y would result in much larger annual expenditures. These expenditures for
new plants combined with maintaining the plants would require a significant support infrastructure.

411 Process Plant Vessels

In general, the largest pieces of equipment in a synthetic fuels plant are the FT reactor and the
gasifier. Of these, the FT reactor designs are the largest. Sasol's Oryx GTL plant in Qatar currently
includes the largest FT reactors built to date. Each reactor was designed to produce 17,000 bpd of FT
liquids. To achieve this capacity, each reactor is 10 meters in diameter by 60 meters tall. Approximate
weight of each reactor is 2,100 tons. Figure 4-1 shows one of the Oryx plant FT reactors during
fabrication.
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Figure 4-1. Oryx Plant Fischer-Tropsch Reactor.

Gasifiers can also be quite large. The GE (Texaco) gasifier installed at Tampa Electric's Polk Power
station can process 2,200 ton/day of coal. This gasifier is approximately 4 meters in diameter. The radiant
gas cooler downstream of the gasifier is even larger with a diameter of nearly 5 meters and a height of 30
meters. Weight of the syngas cooler and gasifier combined are around 900 tons. Shell's gasifier designs
are similarly large. The NUON Power Buggenum plant in the Netherlands utilizes a Shell gasifier and can
process between 2,000 to 2,500 ton/day of coal. This gasifier has a diameter between 5 to 6 meters and a
height of 50 meters. The syngas cooler is also very large with a diameter of 4 meters and a height of 64
meters. Figure 4-2 shows the membrane wall under construction for such a gasifier (picture taken from a
Shell presentation courtesy of Babcock Borsig Espana, Bilbao, Spain).

With a capacity of nearly 4,000 ton/day of coal throughput, the gasifiers assumed in the INL models
are larger than the Polk and Buggenum gasifiers.

In the CTG and CTC processes, the gasoline and olefin synthesis reactors are designed modularly;
hence, reasonable sizes for these reactors are maintained by using multiple trains. Methanol synthesis
reactors can also be quite large; however, it is possible to keep the diameter of the methanol synthesis
reactor at or below a 6 meter inside diameter and still achieve a production rate of 5,000 tons/day of
methanol. This is true for many commercial methanol reactor designs: Lurgi tubular packed bed reactor,
ICI quench reactor, Casale mixed flow reactor, and other common designs. In the CTG process models
developed herein there are 15 major pumps. In addition to these pumps, numerous other smaller pumps
will be required to support the major processing units of the plant. Some other large pumps will also be
required to support the utility systems. In many critical applications, it will be necessary to install spare
pumps to minimize unplanned down time for the plant. Hence, the number of actual pumps in the plant
could easily exceed ten times the number of pumps included in the process models developed as part of
this study.
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Piping and valves account for a significant fraction of the cost of a synthetic fuels or chemical plant.
Typically these costs can range from 18 to 61% of the freight-on-board equipment cost, which would

normally represent about 7 to 15% of the installed plant cost. Therefore, the cost associated with piping
and valves for such a plant are obviously significant.

HTGR Major Components

75% of the equipment cost of a HTGR plant is made up of the following components and systems in
the order of their relative costs:

Reactor Building

Reactor Vessel

Reactor Initial Core

Reactor Metallic Internals
Reactor Graphite Internals
Reactor Cavity Cooling System
Core Refueling Equipment
Heat Rejection System

Heat Transport System

Power Conversion System
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The primary system vessels which include the reactor vessel, the crossover vessel and the heat
transport system vessel are among the more costly items in the plant. They are also heavy and large and
not transportable by rail or road, so unless the plant is located on a major waterway the vessels will be
fabricated on or near the plant site. The development of the remote fabrication facility and its operation
during construction of the plant is a significant opportunity for a local qualified vessel manufacturer.

Each of the systems is comprised of many valves, blowers (circulators) and pumps that represent a
significant fraction of their costs similar to that cited for the process plants.

Additionally, depending on the extent of commitment to nuclear energy, the infrastructure for
fabrication of nuclear fuel is an important part of supporting the operation of these plants with expected
80 to 100 year lifetimes. Nuclear energy plant refueling occurs at one year to 18 month intervals.

4.2 Transport and Distribution Systems

As the carbon conversion industry is developed, it is important to evaluate the most important
markets and the means of transporting the feedstock (coal and natural gas) and transporting and
distributing the products, whether by waterways, truck, rail or pipeline. Further, if a distributed
configuration for a carbon conversion industry should evolve as described in section 3.3.1.4, a system of
pipelines will be required that interconnect the process plants producing synthesis gas and the various
process plants that produce synthetic fuels and chemicals.

At the outset, a notional initial coal conversion plant located in Paducah could utilize existing
waterway, rail and truck transport infrastructure. As a coal conversion industry expands, existing
infrastructure is anticipated to be inadequate and planning for production, transport and distribution needs
to be accomplished in an integrated manner, with necessary participation by the investing industries and
consideration of necessary incentives for investment in an anticipatory manner.

Further, as the electric power generating industry is transformed, the electric transmission system will
need modification and enhancement depending on the specific types and location of the new generating
plants, and the extent of electric power export that is planned.

4.3 Education and Training

A well-educated and trained, technically competent workforce is essential to the successful
development of a carbon conversion industry and transformation of the electric power industry to include
diverse generating sources. In brief:

e Designing, licensing/permitting and maintaining these industries will require university educated
engineering and scientific personnel at both the bachelors and graduate levels

¢ Construction will require crafts personnel trained and experienced in trades such as welding, pipe
fitting, electrical and computer systems

e Plant operations and maintenance will require technician-level training in the respective technologies
(e.g., chemical processes; nuclear energy systems; computer systems)

The companies that will invest in, develop and build the process plants and power generation plants
could be expected to initially import the management and senior technology personnel. However, typical
experience is that the bulk of the industrial workforce for construction, operations and maintenance will
need to be developed from within the indigenous population. The specific case of a notional coal
conversion facility in Paducah can make important use of the existing technically capable and
experienced workforce that today operates the PGDP — but this is most likely the exception.
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Appendix A
Evaluation Team and Summary of Paducah Area
Characteristics

A-1. Kentucky Evaluation Team Members

The following lists the Kentucky members of the team performing the evaluation of Energy
Deployment Energy Opportunities for Kentucky

Don Newell KY Energy and Environment Cabinet
Mark Keef USEC

John Anderson PADD

Chad Chanceller  Paducah Economic Development

Charlie Martin Paducah Economic Development

A-2. A Summary of Paducah Area Characteristics Supporting Energy
Development Opportunities

A-2.1 Introduction

There are two imperatives which led to this study: First, in order to secure a source of reliable, ultra-
low polluting power (both electricity and heat) the United States needs to pursue development of the Next
Generation Nuclear Power Plant (NGNP). Second, the Commonwealth of Kentucky needs to find a
replacement for the Paducah, Kentucky, Gaseous Diffusion Plant (PGDP). It has been producing enriched
uranium since 1952, but is scheduled to go out of service in May, 2013.

To support PGDP, Paducah has developed a workforce that is highly trained and experienced in
nuclear and heavy industry. In order to maintain this workforce and the high level of economic activity in
the Paducah area, the Kentucky Energy and Environment Cabinet has been actively seeking a high tech
replacement for PGDP. An ideal application would be one that furthers Kentucky’s involvement in the
nuclear field and helps to support Kentucky’s energy and environmental protection goals. This study,
which examines the use of a nuclear facility to power an industrial application such as a coal conversion
process, reprocessing of spent nuclear fuel, or reclamation of radioactively contaminated metals, would
fulfill all of those goals.

Paducah, located in the Purchase Area of western Kentucky, has much to offer independent of the
PGDP nuclear facility. The following sections outline both the nuclear/industrial assets available in the
region, and the amenities available in the Purchase Area.

A-2.2 Paducah Gaseous Diffusion Plant

The heart of the industrial capability in the Paducah area is the PGDP. PGDP was constructed to
enrich uranium for use in nuclear weapons and later began supplying enriched uranium to the commercial
nuclear industry. The original facilities are still in operation, albeit with substantial upgrading and
refurbishment. The plant is situated on a 3,556-acre parcel of DOE-owned property in McCracken County
in western Kentucky, approximately ten miles west of the city of Paducah and three miles south of the
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Ohio River. The primary operations associated with the enrichment process are located on approximately
650 acres within the plant area. Of the remaining DOE-owned acreage, 1,986 acres are leased to the
Kentucky Department for Fish and Wildlife Resources as part of the West Kentucky Wildlife
Management Area.

The infrastructure built to support the enrichment process is significant and will support various
industrial endeavors. This infrastructure includes an onsite steam plant, a water treatment facility, a
sewage treatment facility, and an electrical distribution system.

The plant raw water supply is taken from the Ohio River. A portion of this supply is treated at the C-
611 Water Treatment Facility to provide potable water to the entire plant site. In additional to the removal
of sediment and softening treatment that all water receives, the sanitary stream is sand-filtered and post-
chlorinated in accordance with the requirements of the Kentucky Division of Water and the Safe Drinking
Water Act. The maximum site capacity for treatment is about 30 million gallons per day (mgd) of treated
water.

The PGDP sanitary sewage treatment system consists of a collection system with four lift stations that
collect sanitary waste from most buildings and convey it to the C-615 Sewage Treatment Facility. The C-
615 Sewage Treatment Facility has a design capacity of 500,000 gallons per day (gpd) and currently
operates at approximately 325,000 gpd. The C-615 Sewage Treatment Facility uses primary and
secondary treatment. Anaerobic digestion is provided in a heated digester and aerobic digestion by means
of a trickling filter.

The existing steam plant system uses three boilers. Two boilers burn pulverized low-sulfur coal with
hot side electrostatic precipitators for emissions control. One boiler is fired with natural gas or fuel oil.
The steam generating capacity is about 300,000 pounds per hour (Ib/hour) at 100 psig, saturated. The
primary steam line from the plant is 12 inches in diameter and located above ground.

The closest natural gas line on the plant site is an ATMOS Energy 6 inch line located at C-600.
Propane use at the plant site is limited and is supplied by small tanks for each particular user.

Electrical power is supplied to the plant site primarily by two local utility companies: Electric Energy,
Inc. (EEI) of Joppa, Illinois, which is located approximately seven miles from the plant site, and
Tennessee Valley Authority’s (TVA) Shawnee Fossil Plant, which is 3.5 miles northeast of the plant. EEI
operates a coal-fired generating station. TVA also operates a coal fired generating station and is the
primary power supply for current operations. EEl and TV A have supply capacities of 1086 megawatts
(MW) and 1200 MW, respectively. Additionally, Kentucky Utilities Companies supplies one
transmission tie line, which connects to a small switching station in Paducah, Kentucky.

There are six dedicated 161 kV transmission lines to the site from the EEI plant and another ten 161
kV lines from the TVA Shawnee power plant. The EEI and TV A lines are completely independent and
fed from opposite directions. All lines from both supplies are tied into utility grid networks, providing
access to other remote power generating locations (nuclear, fossil fuel and hydroelectric). These 16 lines
supply power to the plant through four switchyards and a distribution voltage of 13.8 kilovolt (kV).

The Paducah site is located in an area with an established transportation network. It is served by three
east-west interstates and highways — Interstate 24, U.S. Highway 60 and U.S, Highway 62, one north-
south highway — U.S. Highway 45; and numerous state and county roads. It is also near the planned
corridors of [-69 and I-66. The main plant access road begins at Highway 60 and runs north to the south
(main) entrance to the plant.

The area is also served by two major rail systems — Burlington Northern Santa Fe and CSX — and two
regional rail systems — CN and Paducah and Louisville. Rail-highway services are provided by three
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carriers with regional hubs at Paducah. Rail spur service is available when entering the plant on the west
side and extends to several locations within the plant.

The Ohio River is located approximately three miles north of the proposed site. Barge service is
available through the Riverport Authority on the Ohio River in Paducah, Kentucky. The terminal has
onsite rail and truck service. It has three deck facilities and capacity for four barges. Other terminals are
available in Cairo, Illinois; Mound City, Illinois; Metropolis, Illinois; and Ledbetter, Kentucky. Other
navigable waterways in the area are the Cumberland, Tennessee, and Mississippi rivers.

Air service to the site is provided by the nearby Barkley Regional Airport, which is located within ten
miles south-southeast of the proposed site.

A-2.3 Purchase Area Characteristics

The Purchase Area of western Kentucky encompasses a 2,392 square mile area at the confluence of
the Mississippi, Ohio, and Tennessee Rivers. With a labor pool of 211,822 (Wadley-Donovan
GrowthTech, LLC: 07-08-2011) it is a center of economic activity impacting the rest of the state’s
economy. The region contains one of Mid-America’s most heavily traveled north-south interstates (I-24),
the Paducah Gaseous Diffusion Plant (PGDP), the DUF6 Plant located at the PGDP site, a vast chemical
complex located in Marshall County, the electrical generators located at Kentucky Dam, and the TVA
Shawnee Steam Plant which generates 7.5 billion Kilowatt hours of electricity and houses an electrical
grid which handles a large portion of the nation’s power.

The quality of life in the Purchase Region has matured to a level that enhances the competitive
recruitment of a talented workforce as shown in Table A-1. Paducah offers music, art, and festivals year-
round. The Artist Relocation Program, The National Quilt Museum and Luther F. Carson Four Rivers
Center are venues which keep the city vibrant. A full symphony orchestra adds to the rhythm. Indoor
tennis and golf complexes keep people in the swing. An equestrian stable offers riding lessons and
competitive instruction. Golf courses abound, and national fishing tournaments lure the best anglers in the
world.

Table A-1. Composition of the available purchase area labor pool in target sectors:

Medical
Primary | Transportation Food & | supplies
Nonmetallic metals & Equipment | Alternative | Logistics/ | beverage &
Materials | Chemicals | fabrication | manufacturing | energy | distribution | processing | devices
Female 31% 35% 17% 22% 19% 24% 35% 43%
Male 69% 65% 83% 78% 81% 76% 65% 57%
Most significant source of education and training
4-year
degree or 6.0% 22.8% 8.1% 19.7% 21.2% 5.5% 4.4% 16.2%
higher
Vocational
or 2-year 1.4% 6.0% 1.5% 6.0% 8.7% 4.1% 0.9% 2.6%
degree
On-the-job
g;‘onrmg Tl 92.6% 712% | 90.4% 74.3% 70.1% 90.4% 94.8% | 81.2%
experience
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The region is home to numerous institutions of higher education, including a branch of Murray State
University, a branch of the University of Kentucky’s School of Engineering, and the West Kentucky
Community and Technical College. Those institutions have a total enrollment of 10,000 students. West
Kentucky Community and Technical College (WKCTC) Emerging Technology Center affords substantial
room and training equipment for robotics, automated machining, computer modeling and other high-tech
systems. The Emerging Technology Center also houses University of Kentucky College of Engineering
research, largely financed with grants and contracts from private companies and government agencies.
The Emerging Technology Center is structured to provide training for existing technologies and work
with business/industry in designing programs for specific skill sets.

Barkley Regional Airport offers daily flights to Chicago’s O’Hara Airport, making air travel out of
Paducah affordable and convenient due to competitive pricing and eliminating the drive to larger airports.
The region also provides historically impressive links to the nation’s inland waterways, interstate
highway system and rail system (five Class I railroads operate in the Purchase Area) that provide
convenient connections to the nation’s largest markets. The Purchase Area is a day’s drive or less from
2/3 of the nation’s population.
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Appendix B
High Temperature Gas-cooled Reactor Technology
and Safety Basis

B-1. NUCLEAR HEAT SUPPLY SYSTEM

The high temperature gas-cooled reactor (HTGR) is helium cooled, with a graphite moderated reactor
core and robust ceramic fuel. The HTGR nuclear heat supply system (NHSS) is comprised of three major
components: the helium cooled nuclear reactor, a heat transport system, and a cross vessel that routes the
helium between the reactor and the heat transport system. The NHSS supplies energy in the form of steam
and/or high-temperature fluid that can be used for the generation of high efficiency electricity and to
support a wide range of industrial processes.

The NHSS design is modular with
module ratings from 200 to 625 MW(t),
reactor outlet temperatures from 700 to
850°C and heat transport systems that
provide steam and/or high temperature
fluids. The range of power ratings,
temperatures and heat transport system
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—
configurations provides flexibility in ANNULAR " CRCULATOR
adapting the modules to the specific REACTOR CORE —
application.

STEAM
4 GENERATOR

SHUTDOWN HEAT VESSEL

As shown Figure B-1, the three major .
EXCHANGER

components are enclosed in metallic
pressure vessels that make up the primary
helium circuit. Under normal operating
conditions helium flow is maintained by

SHUTDOWN

2. a— STEAM
CIRCULATOR = i

OUTLET

STEAM
GENERATOR

the main circulator and heat is transferred
from the reactor to the heat transport
system (shown as the steam generator in
Figure B-1) and then to an energy
conversion system (e.g., a steam turbine
generator) that interfaces with the
industrial process and/or the electrical grid.
When the reactor and plant are shut down for maintenance or refueling, reactor temperature is maintained
by the shutdown cooling system. In the event the heat transport system or shutdown cooling system are
not operational (e.g., on loss of all electrical power), reactor temperature is maintained via a radial
conduction path through the reactor pressure vessel to an annular cavity formed between the reactor
pressure vessel and the reactor building structure (silo)—the so-called reactor cavity. This cavity can be
actively cooled or cooled by natural circulation. In the event neither of these reactor cavity cooling
mechanisms is operational, conduction through the reactor building structure to the ground is sufficient to
maintain reactor temperatures within acceptable limits.

- FEEDWATER
- INLET

Figure B-1. HTGR and HTS.

Several different plant configurations have been developed as part of the Idaho National Laboratory
(INL) Next Generation Nuclear Plant (NGNP) Project and in prior work conducted by the Department of
Energy (DOE). These are described in References 1 thru 6.'**>¢
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B-2. HTGR SAFETY BASIS

The principal design objective of the NHSS is to ensure that there is no internal or external event that

could lead to substantive release of radioactive material beyond the boundaries of the plant and endanger
the safety of the public. This reduces the complexity and extent of emergency planning and response and
facilitates use of the HTGR technology in industrial applications.

This objective is met by provision of multiple barriers to the release of radioactive material from the

plant that provide retention of those materials, thereby meeting associated regulatory requirements and
assuring the protection of public health and safety and the environment under all normal, abnormal, and
accident conditions, whether affected by internal (e.g., loss of all electrical power, a leak in a steam
generator tube) or external events (e.g., earthquakes, flooding, tornadoes). These barriers include:

A robust carbon-based fuel P G
structure that forms the - Silicon Carbide

principal barrier to release and e I e ol

transport radioactive material.

As shown in Figure B-2, the b_.%!
fuel is made up of minute ‘

(~1 mm diameter) particles

Partiches Fusd [Ebomant
TRISO-coled hed particles |I-uH] are Sormed o fuel compacts
{caniad | and irsaried inle graphite les slamants (night) lor the
Al roACiy

comprised of multiple ceramic
layers surrounding the uranium g
based kernels. These ceramic

layers are designed to retain the —

products of nuclear fission and e S mm Graghie Layer
limit release to the fuel elements w @ E“G“'m"';j:,j:ﬁfw
and the helium coolant.

Distribution and containment of A o Pc-Layes | Fﬂ o “

the fuel particles in fuel R une Py e

elements (compacts or spheres) TRISD-comted fusl particlos ane ks

wio fuel sphaies lor pobble besd remcion

of carbon based material.

Enclosure of the fuel elements Figure B-2. HTGR TRISO fuel.
in a large graphite core.

Enclosure of the core structure and the helium coolant system in American Society of Mechanical
Engineers (ASME) Nuclear Grade metallic vessels meeting ASME Code requirements for nuclear
components.

Enclosure of the NHSS vessels in a robust underground reactor building.

Additional reactor characteristics that prevent release of radioactive materials include:
Extreme high temperature capability of the ceramic coated and carbon-based fuel and core structure.

No metal or water in the fuel and core structure that can, in combination, chemically react to form
hydrogen or increase pressure.

Plant design features limit intrusion of air or water so that the reactor remains shutdown and
containment of radioactive materials is maintained.

Chemically inert helium coolant.

Inherent nuclear and heat transfer properties of the reactor design that are continuously functional to
ensure that the fuel temperatures remain within acceptable limits under all conditions.
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e Inherent properties of the reactor core that regulate nuclear power so no electrical power, coolant
flow, or any other active systems or operator actions are required to limit nuclear power levels and
fuel temperatures under any condition (see Figures B-3 and B-4).
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Figure B-3. Demonstration of response to loss of flow accident.
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Figure B-4. Typical reactor building.
e Reactors and heat transport systems are located underground in reinforced concrete silos reducing

response to earthquakes and providing a natural heat transfer path from the core, through the reactor
pressure vessel, into the silo, and ultimately to the passive reactor cavity cooling system under loss of
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all forced cooling conditions. If the reactor cavity cooling system is unavailable, heat transfer to the
ground is sufficient to maintain fuel temperatures in the acceptable range.

e The graphite core has the ability to absorb large quantities of heat. It takes hours or days to reach peak

accident temperatures, independent of whether active cooling systems are working or not.

e The heat transfer path from the core to the reactor cavity cooling system and to the ground is
continuously functional, making it available independent of the plant condition.

B-3. SPENT AND USED FUEL STORAGE

¢ Spent and used fuel is stored in casks or tanks in
underground vaults that can be cooled by
naturally circulating air as shown in Figure B-5.

e Active systems are not required to maintain
acceptable temperatures of stored spent or used
(defined as not completely used but removed
from the core for maintenance) fuel because of
low retained energy and robust carbon based fuel
material.

e Carbon based material used for the fuel and fuel
elements facilitates long term stable storage

B-4. STATUS AND PATH
FORWARD

The design of the NGNP HTGR Demonstration
Plant has not progressed beyond the pre-conceptual
design work completed in FY 2007 and the Figure B-5. Spent fuel storage.
beginning of conceptual design work performed by
General Atomics for the DOE in FY 2010. Design
work was halted by the DOE in early 2008 in anticipation of initiation of the public-private partnership.
This partnership has not been formed and is not likely to be formed, if at all, until late 2012.

The safety basis of the HTGR has been developed and described in detail in several white papers
submitted to the Nuclear Regulatory Commission for review. These white papers cover the elements
described above and the mechanisms that are being executed to confirm their performance over all
possible normal, abnormal, and accident conditions. The following documents provide design
descriptions for HTGR plants and the safety basis of the HTGR technology.
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Reactor (SC-MHR) Demonstration Plant,” Revision 1, July 15, 2011.
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Appendix C
NGNP Industry Alliance, Ltd.

ABOUT NGNP

Mamber companias have jeined in this allance with the primary purpose to promote the development and commercialization of
High-Temparature Gas-Cooled Reactor (HTGR) fechnologies. Cur alllance reprasents the Inberests and views of our members that infend
o ml.rl'ua‘l:,- support and direct pw_lr.u;l plans to do:i@_n. build, operale and wse the HTGR ‘|EI:|'II'.DIDEY. W provide a forum and focus o
communicate industry reeds and requinements and work In concert with the ldahs National Laboratory and others fo ek out and
promate industrial uses for HTGR technologies within the United States, North Amedica and ofher continents around the work.

HTGR technology offers a major opportunity o stabiize historicaly volabbe prices for premium fossd fuels and provide a new eneegy
oplion to provide high femperature process heat for indusirial applications, Mabilizing enargy costs will encourage a refurn of process
industry facilities fo the LS. from offshore locations whese lower and more stably priced fuels and feedstocks have been available. As
conventional fossil fuel supplies becoma more limited in the future due to supply or regulatory restrictions. HTGRs promise 1o provide new
sources of hydrogen and ways fo shift chemical and fuels production fo new feedstocks with reduced green-house gas (GHG) amissions.

Commerclalization of HTGR technology Is essential to the National inferests In achieving the evolving ervircnmental and energy policy
goals. HTGR techrology offers benefils Inchading: 1) Reduced GHG thiough lange scale displacement of premium fossll fues In a wide
range of induwstial and commercial applications; 2) Reduced relance on imported ol and gas supplies as industry Fuels; 3] Extending
lifie of domastic oil and natual gas supplies as skategic assefs for tansportation fuels wntil altematives becoms viable fechnically and
economically: 41 Sustainable expansion of American Industrial manufacturing capabilities for energy infersive industries; and 5) Job
creation within the U3, supplying materials and equipment to construc! and oparate HTGR-based industrial infrastrecture,

NGNP Industry Alliance Officers

Donald Halter, Executive Director | executivedirector@ngnpalliance.org

Don is curently Manager of Business Development for ConocoPhillips. He has cver 32 years of global enegy
induatry expedence with commencial and operating background in crude ol, nahwal gas, refined peoducts,
heavy o, biafuels, coal, LPG, haavy all and managenent consulling. Mr. Halter holds & BA in Ecanamizs from
the State Unboersity of New Yok, Geneseo and a Master of Business Administration, Finance fram the Wharten
School, Unhasrsity of Pennaylvania. He has held a Commodity Futures Trading Commilsslon Seres 3 lcense for
futures and ophons I'r.u.dl.ng Hnacthes stafus],

Jeff Jarrell, Vice-Chair (Executive Director-Elect) vicechair@ngnpalliance.org
Jeff s I:LI:NH'IH:( e TI'.‘I:hI'dDg:f Cender Director foe EI'HH'E"' & Climate I:h.ungc at Thie Dowe Chamical 'El:unpnn:f.
In his role, he s responsible for our Energy Systerms Techneology Center and Dow’s Global Improvernent
Chrganizations = managing enegy process safety requisements, technical support of plant/site energy operafions.,
1-n|:|'|rn|nmr dr:\rnlqﬂ'n-cm and :aplhﬂ plcjud:. h'nplcn'uznla'llnn In mnrg'l-mhhd hcchru:\bglus. Me Jarrell has
wirked for Dow for 30 years, 25 of those years In manufaciuing and enginearing, He has been a part of Dow's
lnadorship toams for 14 yoars and has boen supendsing project and cparational teams for tha past 23 years. Joff
hvolds a Bachelors of Science degree in Chemical Engineering from Texas Tech University,

John Maheney, Secretary-Treasurer | secretary@ngnpalliance.org

John Mahaney has moes than 30 yean of experdence in the commescial energy business in managerial and
tochnical pesiions. In his cument position at the Entesgy Nuclear fleet headguarters |3 in business development
and project management working with companies and enfities globally in the development of nuclear energy
oppartunifies. Mahoney holds a Bachelor of Sclence degree in business administration fram Northwood University
and a Master of Science degree in business from Troy Unbversity. He s cerified by the Project Management
Irsfitute as & project managament professional and is President Emertus of the Central Mississippd PMI Chapber.
Mahaorey is an officer of the Mississtippl Section of the Amedican Nuclear Society and was elected in 2011 to
tha ANS Executive Committes of the Human Fachors, Instumentation and Controls Division Bor & 3-year term,

Fred Moore, Executive Director—Emeritus | executivedirecton® ngnpalliance.org
Fred Moot is the Global Directar of Manufachusing & Technology for the Energy business in Dow. At Dow, he
i respondlble for the safe and rellable production of power, sleam, and other ulilities For Dew globally, which
nepresents mone than 10X of Dow's asset base. In his Technology role, be i responsible for development, suppart
and application of Enengy technology globally and with Dow's majer joint wentures, Fred holds a Bachelor of
Schence in Envisonmental Englineering From Purduwe University. He was the Allance execufive director from June
2010 to Jun 2012 and remalns a voling member of the Executiee Commities In his capacity,

\[(
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The NGNP Alliance, Ltd Business Plan is attached to the end of this report
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Characteristics

D-1. INTRODUCTION

In 2011 ~45% of the electricity consumed in the United States was generated from coal fired power
plants. Importantly, over 90% of the electricity consumed in Kentucky in 2011 was generated using coal.
The future of this application of coal energy is not certain, however, because of existing and potential
federal policy and regulations on mining practices, emissions from the burning of coal, the disposal of
coal based waste and transport'. Since coal is an indigenous resource and factor in the Kentucky economy
it is imperative that alternative applications for coal be identified and deployed as the more traditional
uses are reduced. A further objective in defining and developing alternative applications is to increase the
contribution made to Kentucky’s economy by the extraction and use of coal.

Markets exist for synthetic transportation fuels, (e.g., diesel, gasoline) and commodity chemicals,
(e.g., ethylene, propylene) that can be produced using technically and economically viable carbon
conversion processes using coal and natural gas as feedstock. These processes provide (1) additional uses
and markets for the indigenous coal and natural gas resources of Kentucky and (2) the opportunity to
increase the value of these resources by converting them to higher value products; a benefit to the
Kentucky economy.

Processes for the conversion of coal to synthetic transportation fuels were developed by the Germans
to support their campaigns during World Wars I and II. South Africa has used these processes for
decades. Conversion of coal to chemicals has been extant in the United States for decades, (e.g., Eastman
Chemical) and is being exploited in large scale in China. However, these traditional processes have been
characterized by large scale emissions of greenhouse gases, (e.g., CO,) that have made them
environmentally challenging and would be subject to the same regulations that are causing the early
retirement of coal fired power plants. Fortunately, modern carbon conversion processes provide means to
minimize and control these emissions to reduce their environmental impact through carbon capture for
enhanced oil recovery (EOR) or sequestration. Incorporation of non-emitting nuclear energy supplies
such as the HTGR and the nonemitting high temperature steam electrolysis (HTSE) supply of hydrogen
results in further reductions making these processes even more viable from an environmental perspective.

Natural gas is also a viable feedstock for conversion to transportation fuels, (e.g., major oil companies
are developing natural gas to gasoline (GTG) plants in Louisiana and elsewhere?) and is the primary
feedstock for chemical production. The natural gas resources in Kentucky are also considered for
conversion either as the primary feedstock or in combination with coal.

The following sections describe the alternative carbon conversion processes covered in this study and
characterize their functional and performance characteristics.
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D-2. CARBON CONVERSION ALTERNATIVES
D-2.1 Syngas Generation

The carbon (coal and natural gas) conversion processes evaluated include those producing some
combination of diesel, naphtha, LPG, gasoline and commodity chemicals, (e.g., ethylene and propylene).
In all cases the first step in these processes is the conversion of the feedstock to synthetic gas composed
of a specific ratio of CO and H,; see Figure D-1. With coal as the feedstock the Syngas is produced in a
gasifier. There are several types of gasifiers commercially available; for the purposes of this evaluation a
dry-fed gasifier similar to those supplied by Uhde and Shell* was used."

In the coal gasification process the coal is burned generating CO and hydrogen among other tramp
constituents in the coal and slag. There is insufficient hydrogen in the coal to achieve the required ratio of
CO to H; in the syngas; another supply of hydrogen is required. In most commercial gasifiers this is done
by injecting steam and using the water shift reaction to produce the hydrogen; CO + H,O >> CO, + H..
This is a major source of CO, in this process.

For natural gas feedstock the syngas is produced through a reforming process splitting the carbon and
hydrogen in the gas and adding oxygen to produce the CO and H, components of the syngas. In this case
there is sufficient hydrogen in the natural gas to obtain the required ratio of CO to H,. This is an
endothermic process and the heat is supplied by burning some of the natural gas. This is a major source of
CO;, in this process.

The quantities of CO, produced in the coal gasification process are significantly higher than that for
the natural gas reformer. In both cases, however, the majority of the CO, generated in these processes can
be captured, compressed and transported for sequestration or EOR. This is costly, there is uncertainty in
the viability of sequestration as a method for disposing of this CO, and there is insufficient capacity in
EOR to make that a viable long term repository. Pending government regulation of CO, emissions also
make release an untenable option. Accordingly, there is advantage to reducing the amount of CO,
generated in the syngas processes. Figure D-2, Alternative Syngas Supply Feedstocks and Configurations
shows four approaches that are evaluated herein.

f. There is an alternative process for direct production of synthetic transportation fuels using coal liquefaction reactor developed
originally by the Germans and being promoted by KBR. This is also being considered but its evaluation is in an early stage.
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Figure D-2. Alternative syngas supply feedstocks and configurations.

Referring to Figure D-2, three different configurations are shown for providing an external supply of
hydrogen to the coal gasifier as a substitute for the water shift reaction to produce the required CO to H,

ratio.

78



INL/EXT-12-26710
Revision 1
February 2013
Steam methane reforming (SMR); A common process used in the United States to produce
hydrogen from natural gas and water. These components are used throughout the petro-chemical
industry with good success.

Steam Methane Reforming with HTGR heat; conventional SMR burns some of the natural gas to
supply the heat required for the endothermic reaction. This and the reaction itself produces about 9
tons of CO, for every ton of hydrogen produced. Adding high temperature heat from the HTGR
reduces this by 7.5 tons per ton (83% reduction) and also generates about 15% more hydrogen for the
same feed rate of natural gas.

HTGR and HTSE; the HTGR supplies heat and electricity to the HTSE process to produce hydrogen
with no CO, emissions. This is the most effective process for reducing CO, emissions in the
gasification process.

Natural Gas Reforming, the addition of HTGR heat to the reformer in the natural gas to syngas

process reduces the generation of CO, by 23% and reduces the amount of natural gas required for the
process.

All of these methods for providing an external supply of hydrogen and heat have been evaluated for

the process alternatives considered herein.

D-2.2 Syngas Conversion

The Syngas can be used to synthesize many different products. In the evaluations reported herein the

following processes were analyzed:

Coal and Natural GTL producing diesel fuel, naphtha and liquid petroleum gas (LPG) using the

conventional Fischer-Tropsch (FT) process.
Syngas
CO & H2 "
Eicher FT Liquids
‘ [ropsen Processing Riees)
Synthesis

Figure D-3. Conventional FT Production of Diesel, Naphtha and LPG.

A CTL alternative of converting the naphtha to higher value products including gasoline and olefins
was also evaluated.
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Figure D-4. Alternative further processing of F-T naphtha to produce chemicals.
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Figure D-5. Methanol to gasoline and LPG.

e Coal to chemicals (e.g., olefins such as ethylene, propylene) using the coal to methanol to olefins
(CTO) process

Ethylene,
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CO & H2
‘ Methanol M%?sgg 1o
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Figure D-6. Methanol to olefins.

A total of 16 process configurations were evaluated. For the purposes of discussion and to distinguish
the processes, the processes that use current technologies are designated as “Conventional”. The
configurations that apply HTGR and HTSE technologies are described as “incorporating HTGR and,
where applicable, HTSE technologies”. The processes evaluated are listed in Table D.1.

Table D.1. Carbon conversion alternatives evaluated.

CTL Conventional CTL using the FT process producing diesel, naphtha and liquefied
petroleum gas
CTL w/SMR Conventional CTL with SMR supplying hydrogen to the coal gasifier
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CTL w/SMR & HTGR CTL w/SMR with HTGR supplying heat and electricity to the steam methane reformers
CTL w/HTGR & HTSE CTL with HTGR and HTSE supplying hydrogen to the coal gasifier

GTL Conventional natural GTL using the FT process producing diesel, naphtha and liquefied
petroleum gas

GTL w/HTGR Natural GTL with HTGR supplying heat to the primary reformer

GTG Conventional natural GTG using the MTG process producing gasoline and liquefied
petroleum gas

GTG w/HTGR Natural GTG with HTGR supplying heat to the primary reformer

CTG Conventional CTG using MTG producing gasoline and liquefied petroleum gas

CTG w/SMR Conventional CTG with SMR supplying hydrogen to the coal gasifier

CTG w/SMR & HTGR CTG w/SMR with HTGR supplying heat and electricity to the steam methane reformers
CTG w/HTGR & HTSE CTG with HTGR and HTSE supplying hydrogen to the coal gasifier

CTO Conventional CTO, olefins such as ethylene and propylene

CTO w/HTGR & HTSE CTO with HTGR and HTSE supplying hydrogen to the coal gasifier

Modifications of the traditional processes developed as part of this evaluation are in the gasification
and reforming stages. These include the use, for example, of SMR or HTGR and HTSE for hydrogen
production as a substitute for the traditional water-shift reaction in the CTL process. The advantage of
these substitutions is a significant reduction in the quantities of CO, produced and emitted in the
gasification and reforming stages. As also shown the HTGR technology is incorporated into the processes
in these stages supplying heat and electricity as well as hydrogen.

Figure D-7 illustrates the advantages in emissions reductions that result from the use of SMR and
HTGR/HTSE for hydrogen generation in the alternative processes. For example in the CTL process, the
use of SMR reduces the total CO, generated by ~60% whereas full use of the HTGR/HTSE technology
offers reductions >90%.
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Figure D-7. Comparison of CO, generation and the potential for capture in coal to liquids process
alternatives.

D-2.3 Aspen Models

Detailed development of each of the processes evaluated in this study is documented in INL technical
evaluation reports listed in Appendix G of this report. In all cases detailed models of the processes in the
conventional configurations and with HTGR and HTSE incorporated configurations were developed in
Aspen+© to establish their performance characteristics. The following discusses the characteristics and
bases of the process models used in this evaluation.

D-2.3.1  Coal to Liquids

Figures D-8 and D-9 are schematics of the models of the Conventional and HTGR/HTSE
incorporated coal to liquids (CTL) plant using the traditional FT process. Figures D-10 and D-11 show
schematics of these models for the CTL processes in which SMR is used to provide hydrogen, including
that configuration with the HTGR providing heat to the SMR process. Each of the blocks in these figures
represent very detailed Aspen+© models that INL has developed over several years to support these
analyses. These are typical of the models used in the evaluations herein °.
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Each of the coal-based models relies on gasification to convert coal into synthesis gas. Gasification is
a mature technology which has been used to produce gas for lighting and heat since the early 19" century.
Although the discovery of natural gas in the late 19" century displaced coal gasification for these
applications, coal gasification technology has continued to evolve. Entrained flow gasification represents
the state-of-the-art today, with several commercial vendors offering such designs. GE and ConocoPhillips
currently market slurry-fed entrained-flow gasifiers, while Shell, Uhde, and Siemens offer dry-fed
entrained-flow gasifiers. The Aspen+© gasification models selected for use in this study are
representative of the dry-fed designs offered by Shell and Uhde.

The Conventional CTL process, Figure D-8, uses the water shift reaction to produce the additional
hydrogen needed in the coal gasification process to develop the hydrogen to CO ratio required for the FT
reaction. The water shift reaction is one of the largest sources of the large quantity of CO, generated in
this process, see Figure D-7. The integration of the HTGR and HTSE technologies, Figure D-9, provides
an external source of hydrogen eliminating the need for the water shift reaction and the CO, associated
with that reaction. The HTGR also supplies electricity required for operation of the process permitting
recycle of tail gases that are used in the Conventional process for electricity generation. This eliminates
the other large source of CO, generation in the Conventional process. As shown in Figure D-7, the
integration of the HTGR and HTSE technologies in the CTL process reduces CO, generation by over
95%.

Figures D-10 and D-11 show alternative configurations using SMR for supplying hydrogen to the
CTL process as a substitute for the water shift reaction. Steam methane reforming is the most widely used
technology in the world today for production of hydrogen. Hence, it is a critical technology supporting an
array of processes from ammonia production to petroleum refining. Many variations of the technology
have been commercialized, such as autothermal reforming. In these studies, hydrogen production is
modeled using conventional SMR. In conventional SMR using natural gas as the feedstock some of the
natural gas is burned to produce the temperatures required in the endothermic reforming process. Figure
D-10. When the HTGR technology is applied to the process, Figure D-11, the heat for reforming is
provided by hot gas from the HTGR as well as electricity for operation of the ASU and SMR plants. As
shown in Figure D-7, use of conventional SMR in place of the water gas shift reaction reduces CO,
generation in the conventional CTL process by more than 60% and the use of HTGR results in a further
reduction of more than 90%.

For syngas purification in all processes, only mature, commercial technologies were selected. In the
SMR scenarios, sulfur was removed prior to reforming using a standard zinc oxide sorbent. In the
gasification scenarios, sulfur was removed using Rectisol solvent in an absorber/stripper configuration,
and captured sulfur was further processed using a Claus and SCOT process. In the gasification processes,
Rectisol was also used to capture CO, from the process gas. In some of the SMR scenarios, CO, was
captured using a Fluor propylene carbonate solvent. Hydrogen separation in all scenarios was
accomplished using pressure swing adsorption (PSA). All of these technologies have broad commercial
application and are considered mature.

In the CTL processes and in the Gas to Liquids (GTL) process shown later, purified syngas was
converted to diesel, naphtha, and LPG using the FT process. The FT process was commercialized by
Germany prior to WWII, and was used to produce fuels for use in both war machinery and automobiles.
The FT process was later implemented by Sasol in South Africa in 1952. Today this technology is used to
produce most of that country’s diesel fuel. In the early years of FT commercialization, iron-based
catalysts were primarily used. More recently, cobalt-based catalysts have also been developed and used
commercially for FT synthesis. In the technical evaluations considered in this study, a cobalt-based
catalyst was modeled.
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In the coal to gasoline (CTG) and coal to chemicals (CTC) scenarios considered in this study,
methanol is produced as an intermediate product™ Figure D-12 and Figure D-13 are schematics of the
CTG Conventional process, and the HTGR/HTSE incorporated configuration supplying hydrogen, using
the MTG process. Figure D-14 and Figure D-15 are schematics of the CTG process using SMR for the
hydrogen supply and HTGR supplying heat and electricity to the SMR process.

Figures Figure D-16 and Figure D-17 are similar schematics for the CTC process.

These processes use gasification processes similar to those described for the CTL processes but the
synthesis gas is used to produce methanol suited for processing into gasoline and chemicals.

Figure D-13 and Figure D-15 show the processes incorporating the HTGR and HTSE technologies to
supply hydrogen and electricity similar to that discussed for the CTL processes. As discussed in the
preceding section this external source of hydrogen and electricity provides more than 90% reduction in
CO; generation in these processes.

In Figure D-15 the HTGR is supplying heat and electricity to the SMR plant to substitute for the
burning of natural gas, similar to that for the CTL w/SMR configuration discussed previously. In this case
the CO, generation is also reduced by ~90%.
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Figure D-12. Conventional CTG using the MTG process.
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Figure D-14. CTG using an SMR hydrogen supply.
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Figure D-15. CTG using an SMR with HTGR hydrogen supply.

Synthetic methanol production is well developed, with the first plant beginning production in 1923 at
BASEF’s plant in Leuna, Germany. Refinements to that process were developed by ICI in the 1960s, thus
allowing synthesis to be performed at much lower pressures. The ICI process and its derivatives are still
widely used today, although significant improvements in energy utilization have been realized. In the
CTG scenario, methanol is further converted to dimethyl ether and then to gasoline using a zeolite
catalyst. For the evaluations in this study, ExxonMobil’s methanol-to-gasoline (MTG) process was
selected. This technology was first demonstrated on a commercial scale as a partnership between
ExxonMobil and the New Zealand government’. The plant began operation in 1985 and ran for
approximately 10 years; production rate of the plant was 14,500 barrels per day of gasoline.

There is considerable current activity in development of CTG plants:

e In June of 2009, Jincheng Anthracite Mining Group (JAMG) in Shanxi Province, China started up
Phase 1 of a second generation MTG plant.” Phase 1 of the plant development has a relatively low
capacity of 2,500 bbl/day. This plant was producing on-spec gasoline 60 hours after initial startup of
the plant. That is fairly impressive for this type of facility. Phase 2 will expand the plant to
approximately 25,000 bbl/day.

e This same technology has been selected for a synthetic fuels plant under construction by DKRW near
Medicine Bow, Wyoming®. Engineering for Phase 1 (11,000 bpd) of this plant is complete, and
construction is scheduled to ramp up during 2012.

e TransGas is (or was) planning a CTG plant for Mingo county, WV,
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e Synthesis Energy Systems (SES) has an agreement with ExxonMobil to build up to 15 MTG plants.
Their agreement was put in place in 2008. They have since teamed with CONSOL Energy, and a

plant was announced for Benwood, WV.

e There are also three Conventional MTG plants that have initiated construction in Kentucky including
the Secure Energy Paducah Gasification Plant on the Ohio Triple Rail Megasite near Paducah
(~12,000 bpd)'’, Chisholm Energy in Pike County (18,000 bpd)'' and Buffalo Creek Energy in

Pikeville (18,000bpd)"*.

In reference to Figure D-16 and Figure D-17 that show the models for the chemical production
scenarios in this study, methanol is converted to ethylene and propylene using a zeolite catalyst with a
slightly smaller pore size than that used for gasoline production. The specific process selected in this
evaluation is UOP’s methanol-to-olefins (MTO) process. This process was successfully demonstrated in
Norway in 1995. In 2005, UOP and Total Petrochemicals began collaboration on a process to further
increase ethylene and propylene yields from the process. A demonstration unit was built and began
operation in 2008 at Total’s petrochemical complex in Feluy, Belgium. The first commercial plant based
on this technology has been announced in China, and is targeted to start up in 2013".

It should be noted that coal to chemicals processing has been extant in the United States for many
decades; principally, by the Eastman Chemical company in Georgia.
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Figure D-17. Coal to chemicals process incorporating HTGR and HTSE technologies.

D-2.3.3 Natural GTL and to Gasoline®>™

When natural gas is chosen as the feedstock, SMR is used to convert natural gas into synthesis gas
which can then be processed using FT to produce diesel, naphtha and LPG or into gasoline and LPG
using the MTG process. Figure D-14 and D-15 are schematics of the Aspen+© models for the
Conventional and nuclear incorporated GTL processes. Figure D-18 and Figure D-19 are schematics of
the Aspen+© models for the conventional and nuclear incorporated natural GTL processes.
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Figure D-18. Conventional natural GTL process.
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Figure D-20. Natural Gas to gasoline using the MTG process.
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Figure D-21. Natural GTG using HTGR.

When the syngas is used to make FT liquids, autothermal reforming alone was modeled. When the
syngas is used to make methanol for the natural GTG process two-step reforming was selected. In two-
step reforming, an autothermal reforming stage is placed downstream of a conventional SMR stage.
Selecting the appropriate reforming scenario allows great flexibility to produce a synthesis gas with the
optimal H,/CO ratio for the downstream process.

As shown in Figure D-15, the HTGR provides heat in the form of high temperature helium or other
chemically inert gas to offset the burning of natural gas in the Conventional process in the endothermic
parts of the process. This reduces the CO, generation by more than 40%. Similarly, in Figure D-17 HTGR
heat is substituted for the burning of natural gas in the reformer and for electricity to operate the process.
This reduces the CO, generation by ~70%.

D-2.4 Performance Characteristics of the Alternatives

The following discusses and makes brief comparisons of the performance characteristics of the
carbon conversion alternatives. A 50,000 bpd plant was modeled for the processes converting coal or
natural gas to transportation fuels. A 3,000 tpd plant was modeled for the coal to chemicals process. The
following figures show the inputs and outputs of each of the processes; (e.g., for the CTL process the coal
feed rate, water requirements, the quantities of diesel, naphtha, LPG and CO, produced) and consolidated
figures compare these factors for the conventional and nuclear incorporated processes.
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In addition to calculating the total amount of CO, produced in each process, assessments were also
made of the capability to capture some of that CO, for sequestration or EOR; the balance not captured is
cited as that emitted. In the cases where sequestration is judged feasible, the equipment costs and energy
requirements for capture and preparation for sequestration are estimated and included in the evaluation.
An example of this effect can be seen in the summary for conventional CTL. This process generates
excess electricity that can be sold to regional utilities on the grid. The amounts of that electricity are
shown for the process with and without sequestration; the lower value reflecting the electricity required to
capture and pressurize the CO, for transport to the storage or EOR site. The operating costs include the
costs of transporting and injecting the CO, at the sequestration site.

D-2.4.1 Conventional CTL

e The nuclear incorporated case requires 65% less coal feed than the conventional case for the same
production rate with a commensurate reduction of 96% in CO, emissions.

e The use of HTSE for hydrogen production in the nuclear incorporated case requires the supply of
over 2.4 GW(e) and ~700 MW(t) of heat. This requires the installation of 10 HTGR plants to support
the 50,000 bpd production rate.

e The nuclear incorporated configuration requires 25% less water than the conventional case

e The carbon in the natural gas supplying hydrogen in the steam methane reformer reduces the coal
feed rate by ~70% when compared with conventional CTL

e The rates of CO, generation in the CTL w/SMR process are ~65% lower than the conventional CTL
process, but with incorporation of HTGR heat are higher than the CTL process with incorporation of
HTGR and HTSE. This is primarily due to the addition of CO, production in the SMR. In the
conventional CTL process all of the excess CO, in the gasification process can be recycled to
extinction in the gasifier. The addition of the CO, from the SMR exceeds the amount that can be
recycled. Therefore, some of the captured CO, in the CTL with SMR scenario must be sequestered,
used for EOR, or emitted.

e The inputs and outputs for the conventional and the HTGR incorporated configurations are very
similar; the HTGR incorporated configuration having ~45% less CO, generation
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Figure D-22. CTL process with and without HTGR and HTSE.

D-2.4.2

CTL with Steam Methane Reforming
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Figure D-23. CTL with SMR with and without HTGR.

D-2.4.3

CTG using the MTG Process

e Gasoline is the primary product (85% gasoline/15% LPQ); (e.g., when compared with CTL where the
production is divided 71%/24%/5% Diesel/Naphtha/LPG.

e The integration of HTGR and HTSE into the process reduces the coal feed rate by ~50% and CO,

generation by >98%.

The methanol process could be converted to chemical production (see Section on Coal to Chemicals,
below), if the economics and the market justified this shift later in the life of the plant.
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Figure D-25. CTG with SMR hydrogen supply and with HTGR heat.
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There is little difference in the performance characteristics of this process without and with

incorporation of HTGR heat except for a ~50% reduction in CO, generation.
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Figure D-26. Natural GTL with and without HTGR.
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There are at least two GTG plants currently in the planning and construction stages in the United
States due to the current low prices of natural gas.

This plant has low CO, generation in the Conventional configuration but the incorporation of the
HTGR heat reduces that generation by ~70%.

A coal gasification unit could replace the natural gas reformers and the reformers could be converted
to SMR hydrogen production with HTGR heat to convert the plant to a CTG plant if the economics
make that attractive.
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Figure D-27. GTG without and with incorporation of HTGR heat and electricity.
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D-2.4.6 Coal to Chemicals
o This process produces a large array of chemicals with good market potential.
¢ Integration of the HTGR technology in the process reduces the coal feed rate by ~55% and the CO,
generation by ~95%.
e This process could evolve from an initial CTG plant using the MTG process, see discussion on the
above CTG process.
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Figure D-28. CTO with and without HTGR.

D-2.4.7 CTL Process with Naphtha Converted to Gasoline and Olefins

[ ]
from an initial CTL plant if the relative prices of naphtha, gasoline and the olefins
the equipment.
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Figure D-29. Expansion of the CTL process to producing chemicals from naphtha.
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D-2.5 Conclusions on the Performance Characteristics of the

Alternatives

The following conclusions are drawn from review of the data in these figures and the summary
comparisons of the performance characteristics of the conventional and HTGR incorporated
configurations.

1.

The conventional processes utilize currently available equipment and facilities that could be
deployed in a reasonable period of time — initial start of the Project to deploy a plant to initial
start of plant operation in the 3 to 5 year time frame.

The conventional processes generate significant quantities of CO,. In most cases analyses have
shown the feasibility of capturing a large percentage of that generated for sequestration or EOR.
There is significant uncertainty, however, in the costs of capture and sequestration particularly at
the scale required for large scale deployment of these technologies. The economic analyses
conducted herein have assumed a cost of ~$16/ton of CO, for transport and injection based on a
recent Global Energy Technology Strategy Program (GTSP) report '°. However, this cost is very
location specific and much higher costs may arise. There is also uncertainty in the costs to cover
the potential for leakage of the CO, over the long term. The State of Wyoming, for example, has
passed legislation identifying the owner of the sequestration facility as having that liability for 10
years past the date on which the last quantity of CO; is injected into the storage facility. After that
the State transfers the liability to the Federal Government.

There is a market for the CO, for EOR throughout the United States based on Kentucky studies
performed in the early 2000s on the opportunities for CO, Sequestration in KY identified
potential sites for both EOR and sequestration'®. The availability of EOR sites, however, is
limited with capacity less than the current emission generation rates in the Commonwealth.
Quoting the report:

“Enhanced recovery projects designed to maximize CO, sequestration could use approximately
20% of the CO, emitted in the state.”

This conclusion is supported by the GTSP report that evaluated the broad applicability and long
term viability of EOR as a repository for excess CO, generation and concluded:

Although gigatons of low-cost CO; storage opportunities may be associated with
value-added reservoirs in North America alone [12 gigatons in depleted oil fields
with EOR potential], the long-term challenge presented by the need to stabilize
atmospheric concentrations of CO; indicates that, because the storage capacity
available in 0il- and gas-bearing reservoirs is dwarfed by capacity in reservoirs
that do not bear saleable products, over the long term, CO, storage in value-
added reservoirs may not represent as significant a portion of total CO, stored
as is widely believed. Our research suggests that all classes of CO, storage
reservoirs are valuable and will be needed once CCS technologies begin their
expected large-scale commercial deployment. ...

... there is likely some potential for very low and even negative cost (and
therefore perhaps already profitable) CCS opportunities, but these opportunities
represent only a small portion of the emissions mitigation potential to be
exploited. Many are likely already being utilized by the marketplace, albeit often
without application of MMV [Measurement, Monitoring and Verification]
systems, which would be required to demonstrate the long-term retention of the
injected CO, if the primary purpose of these projects was climate protection...
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Significant deployment of these carbon conversion plants will be required to meet the objectives of
KY in advancing alternative markets and increasing the value of indigenous coal and natural gas
resources. EOR is, therefore, not a viable long term repository for CO, generation from the
conventional plants.

6. The Kentucky study of CO, Sequestration Potential study also identified significant sequestration
sites. One of these is as part of natural gas recovery from Devonian Black Shales'’. Results of
evaluation of this repository concluded:

- “Estimates using the distribution of gas storage capacity of CO, from TOC data indicate a
sequestration capacity of 6.8 billion tonnes in the five-county area of the Big Sandy Gas Field of
eastern Kentucky.

- Assuming a thickness weighted average adsorption capacity of 40 scf/ton (at 400 psia), as much
as 25 billion tonnes of CO, could be sequestered in the deeper and thicker portions of the
Devonian Shales in the Appalachian and Illinois Basins of Kentucky. *

7. This study also concluded:

“In the state's coal basins, there are an estimated 283 bcf of coalbed methane
gas-in-place. For the shale and coals, using a recovery factor for natural gas of
17 percent, 5 tcf remain available for primary production and approximately 50
tcf available for enhanced recovery. CO; sequestration in these reservoirs could
result in an additional 30 bcf in annual production for natural gas in Kentucky
and sequestration of 60 bcf CO; annually. At this rate, in 10 years, as much as
31.8 million metric tons of CO; could be sequestered.”

8. The total potential capacity for sequestration in KY is, therefore, ~32 billion tonnes. Review of
Figure D-7shows that those processes with large sequestration requirements, (those with high
captureable rates; CTL, CTL w/SMR, CTG and CTO) the annual requirement ranges from ~3 to
10 million tonnes per year. In 2010 Kentucky CO, emissions were ~93 million tonnes. Even if the
majority of the current CO, emissions were to be captured and sequestered there is still sufficient
capacity to accommodate the captureable CO, emissions from several carbon conversion plants
with high CO, generation rates.

9. Incorporation of the HTGR and HTSE technologies has the advantage of making significant
reductions in the CO, generation of the carbon conversion processes reducing the long term
concern with disposition of the CO,. The HTGR energy also has a very stable price. The price of
uranium has less than a 10% impact on the cost of energy production. This shelters the carbon
conversion plant operating costs from the high variability of natural prices that have been
experienced in the United States over the last few decades as shown in Figure D-30
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Average Monthly Natural Gas Prices to Industrial Consumers in the U.S.
January 2001 through February 2012
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Figure D-30. History of natural gas prices to industrial consumers, January 2001 through February 2012.

10. Incorporation of the HTGR and/or HTSE technology into these processes requires completion of
the development of these technologies and of the interfacing equipment, (e.g., the HTGR
interface with the Steam Methane Reforming process for hydrogen production). This integration
would take place in the longer term 15 to 20 years out. The strategy for deployment considers that
the process selected for deployment in the shorter term (e.g., 2013 — 2028) can be re-configured
over the longer term (2028 and beyond) to react to changes in the market or feedstock and to be
compatible with incorporation of the HTGR and the HTSE technologies as they are proved
technically and economically viable.®
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Appendix E
Economic Analyses

E-1. DESCRIPTION OF THE ECONOMIC MODEL
E-1.1 Methods

The INL NGNP Project has developed a detailed discounted cash flow economics model for the
purposes of analyzing the economic viability of applying the HTGR technology as a high temperature
energy supply in industrial applications including the generation of electricity.’ The technical evaluation
reports listed in Appendix D summarize the results of applying this model to compare the economics of
the HTGR incorporated processes with the conventional processes considered herein. In this regard, the
metrics used for these comparisons are the costs of the products of each process that are calculated to
achieve a required return on investment. The economic model includes correlations on the overnight
direct and indirect costs, including owners cost and contingency, for industrial, HTGR, power conversion
and HTSE plants versus the size and operating characteristics of these plants, (e.g., as a function of the
process and the production rate for a CTL plant, the operating temperature and electricity and steam
generation rate for an HTGR plant with, for example, a sub-critical Rankine cycle power conversion
system, the hydrogen production rate for an HTSE plant). Typical construction periods and spending
profiles are applied for calculation of interest during construction and the debt ratio is applied to allocate
the cash flow during construction between debt and equity. Phased construction and start of operation for
modular expansion of plants can be accommodated in developing the annual cash flows, for example,
when parts of the plant are operating and generating revenue while other parts are still under construction.
The model will account for the effects on capacity factor of the plant due to planned and unplanned
shutdowns, (e.g., turnarounds in a petro-chemical plant, refueling of a nuclear plant).

There are several options for the calculations performed in the model. An internal rate of return for
the project” can be calculated for a given set of product prices or an iteration can be performed on the
products pricing to achieve a given internal rate of return. In the case where an HTGR plant is
incorporated with the process, the calculation of return can be made for the industrial and HTGR plants
separately or as an integrated entity. This permits evaluating conditions where there are separate owners
of the plants and different financial parameters are used for each plant.

E-1.2 Financial Parameters

The financial parameters used by the model include the following. The values shown are those used
for the evaluations described herein:

The analyses discussed herein were all performed for the set of financial parameters listed above to
support comparison of the economics of each process. These parameters were recommended by the
NGNP Industry Alliance, Ltd for evaluation of nth-of-a-kind HTGR applications. It should be noted that
the economic analyses reported in the INL technical reports listed in Appendix D were performed for
different financial parameters than those listed so the results in those reports are slightly different than
those reported herein.

" In this context “project” refers to the full scope of the plant design, procurement and construction, financing, operation and,

where applicable, decommissioning and disassembly.
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Table E-1. Summary of financial parameters.

Debt to Equity Ratio 80%

Interest During Construction 8%

Financing Interest 8%

Financing Term 20 years

Required Internal Rate of Return 10%

Effective Tax Rate 38.9%
Depreciation Rate MACRS, 15 years

E-1.3 Costs for CO, and its Disposition

The model also has provision to account for any operating costs associated with the production of
CO, from the processes. These costs could arise from taxes on emissions of CO, to the environment or for
capture of CO, for sequestration or EOR. In the latter case if capture of CO,is included in the plant, costs
for the equipment necessary for capture are included in the overnight costs of the plant and the costs for
the electricity required to operate that equipment is included in the operating costs of the plant. The costs
for transport and injection of the CO, are also included in the operating costs. If it is assumed that there is
a cost associated with emissions of CO; these costs are also included in the operating costs.

There is considerable uncertainty in what the costs of emissions and sequestration may be.
Accordingly, analyses were performed with and without these costs. In the case where analyses were
performed including costs for CO,, as shown in the other sections of this report, the CO, was sub-divided
into a fraction that could be captured and transported for sequestration or EOR and the balance that could
not be captured and would be emitted to the environment. The costs for transport and sequestration were
obtained from a GTSP study”. The costs for emission were varied over a wide range, (e.g., $0/ton to
$200/ton) to determine its impact on the required product pricing. Sensitivity analyses were also
performed to determine the effect of applying capture and sequestration (CCS) and not applying CCS
with variations in the cost of the additional emissions. The results of these sensitivity analyses are
discussed below.

E-1.4 Sensitivity Analyses

The model has provisions for performing analyses to establish the sensitivity of results to variations
in inputs, such as the costs of CO,, CCS and emissions, capital cost, debt ratio, internal rate of return, etc.
The results of these analyses are presented in tornado charts. Examples of these charts are shown below
for the carbon conversion alternatives. It is also possible to perform Monte Carlo analyses for the same
variations in input values to develop a probability distribution for the product pricing that represents the
composite effect of these variations. A typical chart is shown below for the CTL process with SMR.

E-2. Results of Economic Analyses

E-2.1.1 Short and Long Term Deployment Time Frames

The potential for deployment of carbon conversion technologies has been evaluated over short term
and long term time frames. The short term covers the period 2013 through 2029; the longer term 2029 and
beyond. The carbon conversion technologies considered for deployment in the short term are designated
as “Conventional” and, in general, are non-developmental with current and historical operating
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experience. The incorporation of the HTGR and HTSE technologies would be over the longer term
subject to demonstration of their technical and economic viability.

E-2.1.2 Carbon to Transportation Fuel Conversions

Figure E-1 shows the results of evaluating the economics of the Conventional carbon conversion
processes for the production of diesel fuel. Since the majority of diesel fuel is produced by refining crude
oil and the price of refined diesel oil is a strong function of the price of crude oil, the economic viability
of the carbon conversion processes is estimated by comparing the production cost of diesel produced
using these processes against that refined from crude oil as a function of the price of crude oil. The
correlation of the price of refined diesel with the price of crude oil shown in Figure E-1 was developed
using historical data supplied by the DOE Energy Information Agency.' Also shown on this figure is the
range of Energy Information Administration (EIA) projections on the price of crude oil through 2035."
Figure E-2 shows these projections and their wide range of uncertainty.

Figure E-1 shows the projected production costs and the equivalent cost per barrel of crude oil for
refined diesel for the conventional coal and natural gas to diesel processes and for those processes
integrated with HTGR and HTSE technologies. The HTGR and HTSE technologies are shown for several
different configurations:

e The HTGR supplying heat and electricity to the SMR process producing hydrogen to be used in coal
gasification to achieve the required H, to CO ratio in the synthesis gas (CTL with SMR and HTGR).

e The HTGR supplying heat to the primary natural gas reformer as a substitute for burning the natural
gas in that stage of reforming (GTL w/HTGR)
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Costs for Coal and Natural Gas Conversion to Diesel Alternatives
Compared with Refinery Diesel Cost vs Crude Oil Price
6
EIA Data -- Diesel Price Components
May 2002 through July 2012
Crude Oil:
5 - Cushing Price 7/23/2012 $88.14/bbl /
c Average Price in 2010 $79.40/bbl
o Average Price in 2011 $94.90/bbl CTL
© w/ HTGR & HTSE
D Natural Gas Price $5.50/MMBtu ($146/bbl)
©“4
©
[7]
K} CTL w/ HTSE
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G 3 ($96/bbl)  { v
b7
o Conventional CTL CTL with SMR & HTGR
2 ($71/bbl) ($85/bbl)
S ™~
5 2 CTL with SMR
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e ($66/bbl)
o
1
1 EIA Projections 2023 - 2035
| AEO 2012 Early Release ﬂ
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Crude Oil Price, $/Barrel (WTI, Cushlng, OK)
Excel: "Diesel Fuel Components History 10- 511

Figure E-1. Comparison of the production costs of conventional carbon conversion processes with
the production cost of diesel refined from crude oil vs. the price of crude oil.
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Oi1l prices in the Reference case rise steadily; the full AEO2012
will include a wide range of o1l prices
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Figure E-2. EIA projections of the potential range of crude oil prices from the present through 2035.

o The HTGR supplying electricity to HTSE supplying hydrogen to the gasification process instead of
the SMR (CTL w/HTGR and HTSE)

e HTSE supplying hydrogen to the coal gasification process and obtaining electricity for a source other
than an HTGR (CTL w/HTSE @ $40/Mw(e)-hr)

As shown all of the processes except the CTL w/HTGR and HTSE have production costs that are grouped
in the lower half of the projections of crude oil prices; $60 to $96/bbl. However, the production costs for
the CTL w/HTGR and HTSE is still within the upper range of the EIA projections

Figure E-3 is a similar figure showing the results of evaluating the coal and natural gas to gasoline
(GTG) MTG processes with the correlation of gasoline price with crude oil price. As cited for the
correlation of diesel production cost versus crude oil price, this correlation was also developed from EIA
data. The same variations in the use of the HTGR and HTSE technologies are shown in this figure. All
but the CTG w/HTGR and HTSE processes have equivalent costs of crude oil grouped in the lower half
of the EIA long term price projections; $56 to $96/bbl). Again the CTG w/HTGR and HTSE production
costs are in the range of refined diesel production costs for EIA projections of crude oil prices.

As shown in these figures the production costs estimated for the conventional carbon conversion
processes are competitive with the production cost of diesel and gasoline refined from crude oil for the

lower half of the EIA projections for the price of crude oil from the present through 2035 ($60 to
$145/bbl).
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Production Cost of Gasoline for Coal & Natural Gas to Gasoline
Processes Compared with Costs for Refined Gasoline

EIA Data -- Gasoline Price Components
Jan 2000 through March 2012

WTI Cushing Price March 2012 $106.27/bbl
5 | Average Price in 2010 $79.40/bbl
Average Price in 2011 $94.90/bbl
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Coal to Gasoline W/HTGR/HTSE
w/HTSE ($145/bbl)
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L 22
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‘\T\ Natural Gas to
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Gasoline wHTGR
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w
*
&

Natural Gas to Gasoline
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1 EIA Projections 2023 - 2035
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Excel: "Diesel Fuel Components History 10-21-12"

Figure E-3. Production costs of conventional and nuclear incorporated coal and natural GTG
processes compared with the production cost of gasoline refined from crude oil vs. the price
of crude oil.

Figure E-4 consolidates the results of the economic evaluations of all of the carbon conversion
processes comparing the production costs of the conventional with the HTGR/HTSE incorporated cases
and the costs of CO, emissions that would be required to raise the conventional process costs equal to the
nuclear incorporated process; a range of $17/ton to $170/ton. As shown, all of the candidate processes
except for those incorporating the HTGR and HTSE technologies have production costs lower than the
production costs of diesel and gasoline at $100/crude oil price.

The CO, cost required to bring the production costs for the conventional processes in line with those
for the nuclear incorporated case as shown in Figure E-5 vary considerably for several reasons. In those
cases where the conventional process generates large quantities of CO, (e.g., CTL) the effect of CO, costs
on production costs are higher than for those processes where the generation of CO, is lower (e.g., CTL
w/SMR, GTL and MTG). Secondly, for those cases using HTSE the cost of hydrogen produced by HTSE
is a strong function of the cost of electricity as shown in Figure E-4 and Figure E-5. The economic
evaluations performed for the case where the HTGR supplies electricity to the HTSE process, (red bars in
Figure E-4) used a conservative model of the HTGR with an equivalent electricity cost of ~$80/MW(e)-hr
and an equivalent hydrogen production cost ~ $3/kg. For an electricity cost in the $40 MW(e)-hr range
which is typical of the cost to industrial users in Wyoming the equivalent hydrogen production cost would
be ~$1.6/kg. For comparison the production cost of hydrogen using SMR with a natural gas price of
$6.50/MSCF is ~$1.9/kg. As shown in Figure E-4 (orange bars) for the case where the cost of electricity
is in this range the production costs using HTSE only are more competitive with the other processes. This
issue is discussed further in the conclusions below.
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Figure E-4. Comparison of production costs for alternative carbon conversion processes.
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Figure E-5. HTSE hydrogen production cost versus cost of electricity.
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E-2.2 Carbon to Chemicals Conversion

The comparison of the costs for chemical production using the Conventional and nuclear incorporated
processes is also shown on Figure E-4 along with the current price of Ethylene. For the purposes of the
discussion Ethylene is used as representative of the full range of chemicals produced in these processes.
As shown, the current price of Ethylene lies about half way between the costs estimated for the
Conventional and nuclear incorporated cases.

E-2.3 Projections on Natural Gas Long Term Prices

Since most chemical production in the United States uses natural gas as the feedstock, the price of
Ethylene shown in Figure E-4 reflects the current low price for natural gas. There are, however, several
factors that may result in an increase in natural gas prices over the next two decades. Figure E-6
summarizes the effect of these factors. The curve extending from 2010 to 2035 and bracketed by the
dotted lines reflects estimates by the EIA in the initial release of the 2012 Annual Energy Outlook (AEO)
on the potential increase in natural gas prices over this time frame and the uncertainty in those prices at
that time (20118). The range of potential prices in 2035 projected by EIA ($5.35 to $9.26/MMBtu) is
based on their assessment of the uncertainty in the quantities of gas shale reserves and the large variation
in the economics of extracting gas from the shale in the several locations currently being produced.

There are other factors, however, that can affect this uncertainty range and were not considered in this
EIA assessment. Examples of the multiple articles and studies assessing the effects of these factors are
provided in References 5 through 9.

Projections on Natural Gas Prices
11.00
EIA AEO 2011, Section 7
Potential Increase due to = $10.26/MMBtu
10.00 replacingcoal fired plants
with natural gas plants, | A
$1/MMBtu

9.00 # Revised
= y = Range
11] ’
= ’
= 8.00 —
& EIA range of Uncertainity v

- due to factors affecting 7.35/MMBt

8 Shale Gas recovery, —/—-u 2 / =
= 7.00 $5.35 to $9.26/MMBtu | S
o Potential increase in lower
2 / bound of range due to
(O] y 7 = | increased exports of natural
= , $2/MMBH
T 6.00 ~ s 4
= ”
® EIA Projections on | »* §
= Natural Gas Price to |~ i "$5.35/MiMBtu

5.00 | Industrial Users ==
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3.00
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Excel File: EIA Natural gas price projections AE02011 1-9-2012 Year

Figure E-6. Projections on long term price of natural gas.
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The low price of natural gas in the U.S. coupled with the high price of natural gas outside the United
States (see Figure E-7) presents an arbitrage opportunity through export. At the time of this writing at
least seven of the nine major LNG terminals in the United States have submitted requests to become
exporters and two of these had received approval. The amount of natural gas that will be exported and the
effect of this export on natural gas prices in the United States is uncertain. Review of the literature shows
a wide range of conclusions on this subject. On average an effect of $2/MMBtu is judged possible. As
shown in Figure E-7 this factor has been applied to the lower end of the range of uncertainty because
prices in the United States must remain low to make export economically viable (with an addition of $2 to
$3/MMBtu for compression and shipping).
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Excel File: natural gas price history C

Figure E-7. Comparison of United States with International natural gas prices in 2010.

The other factor potentially affecting natural gas prices over the long term as shown in Figure E-6 is
the potential for expanded use of natural gas for the generation of electricity. This has been occurring at a
rapid rate because of the low price of natural gas and the increase in EPA regulation on emissions that has
resulted in the actual and projected early retirement of coal fired power plants. Again there is considerable
uncertainty in this effect but a conservative estimate of a $1/MMBtu effect is judged to be reasonable.

This latter effect is assumed to affect the upper range of the natural gas pricing for the following
reason. As low natural gas prices make this technology viable as a substitute for the generation lost due to
retirement of coal fired plants the percentage of the electricity generation infrastructure in the United
States based on natural gas will obviously become higher. As natural gas prices increase due to the
several factors discussed herein there will come a price at which natural gas generation is not the most
economic compared with alternatives, (e.g., the HTGR or other nuclear based technologies). This price
will be lower if there are governmental actions that result in costs for CO,, CCS or emissions. It will not,
however, be economic at that time to replace the natural gas infrastructure over a short term because of
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the significant investment required. This will result in the continued use of the natural gas technologies
for electricity, even in the face of rising natural gas prices, for some period until retirement of that
infrastructure becomes economic.

Based on this analysis the range of the potential price of natural gas in 2035 is projected to be $7.35
to $10.26/MMBtu (20118$). This would have the effect of at least doubling the cost of chemicals produced
by natural gas raising the price of Ethylene to the range of $1.20/1b. On this basis both the Conventional
and the nuclear incorporated case would be competitive. The application of the nuclear technologies
would depend on the economics and governmental regulations on carbon. A CO, cost of ~$130/ton or a
prohibition on the release of CO, would be required to bring the costs of the Conventional up to the
projected costs of the nuclear incorporated process.

E-2.3.1 Maximum Production Capability

In 2010 Kentucky produced ~100 million short tons of coal. Review of the functional performance
data for typical coal conversion plants in Appendix D shows that feed rates for coal conversion to
gasoline, diesel and chemicals are in the range of ~10,000 to 26,000 tons/day for conventional processes
and ~4,500 to 12,000 tons per day for nuclear integrated processes. Those processes with the lower
generation rates of CO, production are those using SMR for hydrogen generation with coal feed rates in
the 10,000 tpd range. If all of the coal produced by Kentucky in 2010 were to be consumed by plants at
the rate of 10,000 tpd, and these plants operated at an 80% capacity factor 31 plants would be required. It
has been estimated that a plant could be constructed in 5 years. A compressed schedule of deployment
would commission a new plant every 18 months. On this basis the 31 plants could be on-line in ~52
years. At $5B (20118) per plant the total cost would be
~$150B (20118$). These plants would produce ~1.6 million
barrel per day of refined product. At average wholesale
prices for gasoline and diesel in 2011 (~$2/gal) these plants
would generate revenue of ~$43B (2011$) per year; ~26%
of the Kentucky GDP in 2011.

|:] Other Products
[] Liquefied Petroleum Gases (LPG)

D Jet Fuel
[T] Heavy Fuel Oil (Residual)

About 67% of a barrel of crude produces diesel and [ ] Other Distittates

gasoline, (see figure to the right). The 1.6 million barrels of 0 g::::"“ e
diesel and gasoline produced using all of the Kentucky coal "

would be equivalent to 2.3 million bpd of crude oil. This
would be equivalent to more than 50% of the crude oil
imported from OPEC in 2011.

A more modest deployment of five plants was used to develop the strategy for addressing the
immediate objectives of deploying a major industry in the Paducah area to offset the cessation of
enrichment at the U.S. DOE Paducah Gaseous Diffusion Plant (PGDP) and providing an internal market
for coal and natural gas to stem the reductions in their production from eastern Kentucky.

E-2.4 Capital Costs

Figure E-8 summarizes and compares the estimated total capital investment required for the candidate
process plants (20118$). These estimates were developed from determining the costs for the plant
equipment with the design and performance characteristics developed in the Aspen+ analyses with
additional factors for design, installation and contingency. Costs were also estimated for plant
engineering, permitting, site preparation, project and construction management, labor, startup and testing
and plant commissioning. Operating costs were also developed from the bottoms up using industry
experience on staffing, outage costs and materials and services as determined in the Aspen+ analyses.
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Figure E-8. Total capital investment for candidate process plants.

The capital and operating costs for the HTGR and HTSE plants are based on the module sizes,
number of modules, operating conditions and power conversion system design using correlations
developed as part of the INL NGNP Project .

As shown the natural gas plants have lower capital requirements than the coal plants due to lower
costs for the steam reformers used in the gas plants vice the large gasifiers of the coal plants. The addition
of the HTGR/HTSE technologies adds significant capital costs to the plant. This is reflected in the figures
in the preceding that show those processes having higher production costs that, in the case of those
processes utilizing HTSE, would be non-competitive in today’s markets. In all cases the capital
expenditures are large providing incentive for the modularized phased approach that is proposed for
deploying these plants to reduce the annual expenditure rate to a manageable level.

E-2.5 Electricity Generation

The high operating temperatures of the HTGR support electricity generation at high net efficiencies.
Depending on the Power Conversion System selected net efficiencies in the range of 40% to 50% are
achievable. These are higher than net efficiencies achievable with traditional light water (LWR)
technologies that operate at lower temperatures and typically have net efficiencies of ~33%. The
improved net efficiencies result in lower per unit costs for electricity generated by the HTGR than for
LWRs including Integrated Small Modular LWRs (ISMLWR <300 MW(e)) and the larger traditional
LWRs (up to 1500 MW(e)). As is true of other nuclear technologies the HTGR generates electricity with
essentially no greenhouse gas emissions. This makes it an attractive alternative in the event of
governmental action to regulate these emissions.

Figure E-9 compares the costs of generation for the HTGR with other generating technologies that
have no or low emission characteristics. In addition to LWRs projected costs for an Integrated
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Gasification Combined Cycle (IGCC) plant fueled by coal, a pulverized coal and an Advanced Natural
Gas Combined Cycle (NGCC) plant, all with carbon capture and sequestration (CCS), are shown. Also
shown is the range of projected natural gas prices in 2035 developed in the prior discussion. As shown in
Figure E-9 the HTGR cost of generation is lower than projected for the LWR, the IGCC with CCS, the
PC with CCS and for the Advanced NGCC with CCS plant at natural gas prices above $5.5/MMBtu.

Comparison of Electricity Generation Costs for HTG R with
Other Power Conversion Systems
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Figure E-9. Comparison of costs of electricity generation for several technologies.

E-2.6 Sensitivity Analyses

Figures E-10 and E-11 summarize in the form of Tornado charts the sensitivity of the calculated
production cost of Diesel for the CTL process with and without the use of SMR for the production of
hydrogen and with and without incorporation of the HTGR and HTSE technologies. The sensitivity of the
calculated production costs is calculated for the variations listed in Tables E-2 and E-3.

The Tornado charts are organized to show the variations in the order of their impact from highest to
lowest. It should be noted that the results show the effect of individual variations in each parameter while
the others are held at the baseline value. Accordingly, these results are not additive.
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Table E-2. Variations for conventional CTL processes without HTGR and HTSE technologies.

CO, Sequestration and Taxation

Natural Gas Price

Internal Rate of Return
Debt to Equity Ratio

Economic Recovery Period

Financing Interest

Financing Term

Construction Period

Total Capital Investment

None

None

None
$4.50/MSCF
10%

80%

40 years

6%

10 years

24 months
100%

No Sequestration

No Sequestration

No Sequestration
$5.50/MSCF
12%

50%

30 years

8%

15 years

36 months

100%

Table E-3. Variations for CTL processes with HTGR and HTSE Technologies

Internal Rate of Return

Debt to Equity Ratio

Economic Recovery Period

Financing Interest
Financing Term

Construction Period

Total Capital Investment

Refueling Period
Staffing Plan’

10%

80%

40 years
6%

10 years
24 months
85%

24 months

None

12%

50%

30 years
8%

15 years
36 months
100%

18 months
Vendor

No Sequestration
with $50/ton Tax

Sequestration with
$50/ton Tax

Sequestration
$12.00/MSCF
15%

20%

20 years

10%

20 years

48 months
100%

15%

20%

20 years
10%

20 years
48 months
125%

12 months
INL

Figure E-12 shows the results of applying the ranges of parameter variations listed above for the
Conventional CTL with SMR case in a Monte Carlo analysis of the cost of diesel. This shows the
combined effects of these variations in the form of a probability distribution on the cost. As shown the 2o
range for the cost spans from a low of $1.78/gal to a high of $2.86/gal. This wide range reflects the large

uncertainty in the input values.

i Note that these baseline values are different from the parameters listed in the prior Tables were used to perform the
economic analyses as discussed in the preceding sections. As cited in discussion of these Tables those values were
recommended for use in these analyses by the NGNP Industry Alliance, Ltd. The Baseline values and variations used in the
sensitivity studies summarized in Figures j and k were selected to bound the expected range of the parameters evaluated.

The INL Economic Model has two variations in the staffing plan for the HTGR plant; one that was generated from HTGR

Supplier data developed by the INL NGNP Project and an INL plan that was developed from review of existing LWR plant
staffing and adapting that data to the specific characteristics of the HTGR modular design. The INL staffing plan projects a
much higher number than the Vendor plan — 382 personnel for the first module and 71 for each additional module versus

165 personnel for the first module and 25 for each additional module.
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Figure E-10. Effect of variations in key parameters on diesel pricing for conventional CTL without and with HTGR and HTSE.
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Figure E-11. Effect of variations in key parameters on diesel pricing for CTL with SMR without and with HTGR.
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Figure E-12 Results of Monte Carlo analysis of parameter variations on the probability of diesel
productions costs using the CTL with SMR process conclusions on economics.

1.

The conventional processes are competitive with the market prices of transportation fuels and
primary chemicals at the time of this writing. This conclusion supports the strategy of beginning
the steps required to deploy a process as soon as practical.

The economics of incorporating HTGR technology to supply heat in the CTL w/SMR and the
GTL processes are the more favorable of the nuclear incorporation alternatives. These processes
can benefit from the zero CO, emissions and the stable energy cost characteristics of the HTGR
technology.

The economics of using the HTGR technology for electricity generation are very favorable even
at the time of this writing where the costs of natural gas are low. In February 2012, the price of
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natural gas delivered to industrial customers in the United States averaged a little less than
$4/MMBtu but ranged from a low of $2.80/MMBtu to a high >$11/MMBtu in the continental
United States. As was shown in Figure E-11 generation of electricity using the HTGR is very
competitive with other forms of non- or low CO, emitting baseload technologies including
NGCC in the upper level of this range. As shown in Figure E-11 it will be competitive with the
alternative no or low-CO, emitting technologies for natural gas prices projected in 2035.

4. The economics of incorporating the HTGR and HTSE technologies in the CTL, CTO and MTG
processes as discussed above do not appear favorable. The unfavorable economics stem from the
high cost of hydrogen produced using the HTSE process. There are two primary factors in the
HTSE costs; the costs of the plant that accounts for ~13% of the operating costs and the costs of
the electricity to operate the unit that accounts for the balance. As demonstrated above if
electricity can be obtained at costs in the $45/MW(e)-hr range, such as is the case in Kentucky,
then it is possible to produce hydrogen in the $2/kg range based on the current design
characteristics of the HTSE plant.

5. The principal process used to produce hydrogen in the United States is steam methane reforming
(SMR) using natural gas as the feed stock. The principal factor in the cost of hydrogen produced
using SMR is the cost of natural gas. If the government imposes taxes or regulation on the
emissions of CO,, that would also increase the cost of the hydrogen. The SMR process generates
~9 tons of CO, for every ton of hydrogen produced. Figures E-13 and E-14 show the effect of
varying natural gas and CO, costs on the cost of hydrogen produced using SMR. Figure E-13 is
for the case where the CO, is captured and sequestered. Figure E-14 is without any capture and
sequestration. The $2/kg cost line is highlighted on both figures.

Steam Methane Reforming, Hydrogen Production Cost vs
Cost of Natural Gas and CO, Emissions with Sequestration
===No Cost Of CO2 w==$50/ton ===3$100/ton ===$2/kg Line
3.5

Plant Size -- 63,800 kg/hr
~70% of CO, Generated Sequestered
3 || $15.65/ton Sequestration Cost

~30% of CO, Emitted at varying costs /

L
n

L8

\

-

Hydrogen Production Price, $/kg

o
o

0 2 4 6 8 10 12 14
Cost of Natural Gas, $/MMBtu

Figure E-13. SMR hydrogen production costs versus. cost of natural gas and CO, with sequestration.
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Figure E-14. SMR hydrogen production cost versus cost of natural gas and CO, without sequestration.

As shown for the sequestration case, the $2/kg line is crossed at natural gas costs in the range of
$6/MMBtu to $8/MMBtu for CO, emission costs in the range of $0/ton to $100/ton. Note that in this
case 70% of the CO, is assumed to be transported and sequestered at a cost of $15.65/ton. There is
considerable uncertainty in this cost and it could be much higher which would shift the crossing of the
$2/kg line to a much lower range of natural gas costs.

As shown for the no sequestration case, the $2/kg line is crossed at natural gas costs in the range $5 to
$8.50/MMBtu for CO, costs between $0/ton and $50/ton. At the higher cost of CO, emissions the line
would be crossed in the range of $2/MMBtu.

At the projected lower limit of the projected long term price of $7.35/MMBtu (Figure E-7) the HTSE
process could be competitive with SMR assuming current estimates of construction and operating
costs prevail as the process is developed further. Improvements in those costs would reduce the costs
of natural gas and CO, at which HTSE becomes competitive.

6. The development of the HTGR is proceeding with the initial startup of the first demonstration
module currently planned for the 2025 time frame. As the development progresses better
estimates of the costs of construction and operation will be developed. As the cost estimates
become more refined they will add to the confidence in updates to the economic analysis of these
processes using these estimates.

7. Similarly, development of the HTSE process is progressing with efforts currently in progress to
optimize the process and the plant configuration to minimize production costs.
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8. The Kentucky interests should support the development of both of these technologies and monitor
the progress of their development to ensure that they are available in the long term for meeting
the energy needs of the Commonwealth with environmentally beneficial technologies at stable
long term costs. This becomes more important as government regulation on emissions expand
reducing the viability of applying coal in its traditional role of electricity generation. The HTGR
technology projects to be very competitive in that role and depending on the nature of the
emissions regulations can also be competitive in the conversion of coal and natural gas to
transportation fuels and/or chemicals.
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Appendix F
Deployment Strategies

F-1. SUMMARY OF APPROACH

The evaluation of deployment strategies for carbon conversion in Kentucky includes review of siting
considerations, the availability of natural gas in addition to coal, the potential market for products of
carbon conversion and their relative value multipliers, the flexibility in re-configuring the initial process
to take advantage of changes in the market and incorporation of the HTGR and HTSE technologies as
they become commercially available. In this regard the deployment strategy discussed herein includes two
phases. The first phase covers the 2013 thru 2028 time frame with deployment of a conventional plant as
soon as practical. The second phase covers 2028 and on and would incorporate HTGR and where
applicable HTSE technology when it has been proved technically and economically viable.

F-1.1 Site Selection

A principal objective of this evaluation is to identify a process for deployment at or near the existing
DOE Paducah Gas Diffusion Plant (PGDP) currently operated by the United States Enrichment Company
(USEC). This plant is coming to the end of its life and could cease enrichment activities as early as May
2013. This plant has been one of the primary resources for the enrichment of uranium for use in the
current fleet of light water reactors (LWRs) in the United States. The gas diffusion process used in this
plant requires considerable energy and is not competitive with the centrifuge processes being
implemented in other enrichment plants *. This plant is a major employer in the Paducah area, (~3,000
employees) and a major contributor to the Paducah area economy. Accordingly, the objective of siting a
large scale carbon conversion plant in the area is intended to offset the loss of this employer.

F-1.2 PACRO Site

In 2009 the Paducah Area Community Reuse Organization (PACRO) completed a thorough survey of
a site adjacent to the PGDP, including an environmental report, to determine the suitability of that site for
locating an energy project’. This was completed in conjunction with a Kentucky wide survey to identify
locations throughout the Commonwealth that could support major industrial development and/or the
siting of nuclear and renewable power generation plants. ™ Figure F-1 summarizes the results of the
PACRO site. As shown, the survey concluded:

o Alternative Energy Development Suitability: Based upon developed criteria and scoring, this facility
is best suited for the development of a biomass or CTG/CTL facility. Additionally, current operations
make this site amenable to a nuclear facility. (Criteria and scoring does not necessarily guarantee site
success).

e Nuclear: 72% — Established gaseous diffusion plant adjacent to proposed site location; however,
foundation concerns would need to be addressed prior to development.

k  National Enrichment Facility, Hobbs, New Mexico.

1 Paducah Area Community Reuse Organization, McCracken County Energy Project Site Suitability, 2009, Department of
Energy Development and Independence, Energy and Environment Cabinet Commonwealth of Kentucky.

m  Kentucky Alternative Energy Site Bank Evaluation, June 2009, PON 2 127 0800010168 1 Department for Energy
Development & Independence, Energy and Environment Cabinet, Commonwealth of Kentucky, Prepared by Smith
Management Group, 1405 Mercer.
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Wind: Wind speed inadequate to develop a utility scale facility

Paducah Area Development Community Reuse Site (—\
McCracken County, Kentucky SME

Size: +/- 562 acres

Owenership:
The IU.5. Depariment of Energy owns the property in surface, and mineral is controlied

w1 UL HEF relopment . =AY

Based upon developed criteria and scoring, this faclity is best suited for the development of a biomass or CTGICTL facdity.
Additonally, cument operations make this site amenable o a nuclear faclity.

{Criteria and scoring does not necessarily guarantes site success)

Mudlear: T2% - Established gaseous diffusion plant adjacent to proposed site bocation; however, foundation concems would
meed to be addressed prior to dewelopment.

Wind: Wind speed inadequate to develop a utility scale facility

Siplar- 5B% - Awerage direct normal solar adiation is 4.3 EWhimiday

Biomiass: 83% - Avalable biomass in McCracken and its surmounding Counties is greater than 1,000,000 tonnes per year
CTLCTG: 7% - Avalable coal from the Westem Kentucky Coal Field within delvery distance and adeguate access o il
and potential for bange fransportation.

Liilitses: = Floodplains — Mot within 100-year foodplain;
=  Potable Water — Available at adiacent Paducah SOMe areas associated with PGOP facility not
Gaseous Diffusion Plant (PGDP) mapped
=  Blectric— The TVA Shawnee Plant and EE «  Water Resources — Dischange to Bayou Creek
Joppa Steamn Plant both supply adequate power Creek, an impaired stream
to the PGDP facility +  Adequate coal supply available to the site
»  (Gas— &-inch Atmos Energy natural gas pipeline » Poor geological assets and moderate-to-high
north of site sezsmic risk will reguire special aftention to
= Broadband — Cumenify in seniice at PGOP foundation design
faciity «  Site does not contain active, inactive or
»  Sewer - Installed at PGDP facility abandoned ol'gas wels
Tran i0H: Environmental Assets:
= Rail - lllingis Central, P& L — Spur located e TE&E-Mot likely, further investigation requirsd
adjacent o site = Cuftural Resources — Further investigation
» Foad — Local roads near perimeter of siter SR required for PGOP building complex (1852-
1321, 5R 725, 5R BA5 and SR 1154; Interstate 1973), no documented National Regster
24 and S &0 within 5-10 miles. of site properties. within one mile
= Barge — Potential for barge access on Ohio = Class | Visiblity — Properly bocated >125-mies
Rliver west of Mammoth Cave
= Arport Proximity — Barkley Regional Arport +/- »  Public Access Areas — Ft. Massac (IL) is T-miles
8. 0-miles from site
=« Mon-Affainment — > 75 miles from Randoiph
Water Availabilify: Coumty. IL, a non-attainment area
= Water Supply — Ohio River is the primary source =« [Detailed Site Report for Siting Study performed
and water is pumnped to the PGOP facility to n 2007 for DOE

meet 3 capacity of 30 MGD; Existing water
intake is near the TVA Shawnee Steam Plant

Available Workforee:
= = 100,000 potential workers within McCracken
County and neightsoring areas
Site Considerations:
= Agresment between DOE and KY Dept of Fish
and Wildlife allows for development of
surrounding kand if necessary; site potential
#1,000 acres

= Zoning is for heavy indusinal; former operations
include munitions plant and adjacent facility is a
gaseous diffusion plant

= Wetlands — Freshwater wetlands documented
on property, up bo 50%; wetlands delineation
shudy necessany

Figure F-1. Summary of the results of the survey of the PACRO site.

Solar: 59% — Average direct normal solar radiation is 4.3 kWh/m2/day
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e  Biomass: 83% — Available biomass in McCracken and its surrounding Counties is greater than
1,000,000 tonnes per year

o CTL/CTG: 79% — Available coal from the Western Kentucky Coal Field within delivery distance and
adequate access to rail and potential for barge transportation.

Accordingly, the site is judged to be acceptable for a carbon conversion facility with a nuclear
component.

Figure F-2 shows the location of the specific area that was evaluated. As shown it is adjacent to the
PGDP but still within the boundaries of the DOE owned area. Table F-1 is a filled in data collection form
for this site that was prepared as part of this study to support evaluation of potential sites for a carbon
conversion plant. Review of this table shows that the site selected by PACRO satisfies the criteria for
siting a carbon conversion plant except for the size of the site. The PACRO site covers ~560 acres
whereas it is judged that a large scale plant (e.g., 50,000 bpd fuels production or 3,000 tpd chemicals
production) will require up to 1,000 acres. Discussions with PACRO noted that it would be possible to
extend the site into the area West of the original site. This extension is shown as the shaded area in
Figure F-2.

129



INL/EXT-12-26710
Revision 1
February 2013

PADUCAMN ARFA COMMUNITY
REUSE CRGANIZATION SITE
HeCRACKEN COUNTY, KENTUCKY
RONTHENN JUADRANE £ O, £Vl 198
SCUTHENN QUAD BAMCLE: MEATH, K¥ & 1978

Figure F-2. Potential site for the carbon conversion plant.
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Item

PACRO Site Bank Assessment Data

Comment

Location, provide map showing the potential
site(s) and surrounding area within 10 miles

See Figure 1

The depicted site was selected for potential
GNEDP location during that DOE evaluation
process. That proposal is available. The area was
subsequently analyzed by the PACRO site bank
assessment consultants.

Available area for the site(s), acres

562, doesn’t include PGDP site.

Investigate expansion onto PGDP site.

As presented in balance of this document,
groundwater TCE and Tc99 contamination,
number and location of burial grounds and time
frame for D&D of site prohibit using area within
the fence for development. See map attached.

Approximate shape and dimensions of the
site(s), (e.g., rectangular X (feet or miles) by Y
(feet or miles) Provide plat if available.

See Figure 1

Actual useable areas may include PGDP site.

Topography and Site(s) condition, (e.g., flat,
hilly, wet, Greenfield, Brownfield, current or
prior application, existing structures, chemical
contamination, radiological contamination)

Land terrain can be described as flat with pockets of small
forested wetlands. Bayou Creek flows through the
southeastern portion of the property. The Ohio River is four
miles north of the proposed site. A large strip of clearing is
visible on the aerial denoting PGDP electric transmission
lines. Zoning for the DOE reservation and the West
Kentucky Wildlife Management Area (WKWMA) is
designated as heavy industrial use. The zoning designation
for the lands south and southwest of and outside of the
WKWMA is rural residential and zoning for the lands
northwest of and outside of the WKWMA is agricultural.
Evidence of Kentucky Ordinance Works (KOW), a former
munitions production site that operated from 1942 until
1951, can be found in the southwestern area of the proposed
site.

Other sites were identified in the area within the search
radius related to DOE activities, including two active PGDP
landfills within a half mile of the site. No identified state,
county, or municipal zoning restrictions apply to the area.

The site and surrounding areas are absent of oil and gas

Check PGDP site contamination potential and
DOE plans for remediation

Based upon former operations at the site and
current operations adjacent to the site, an
environmental study would be recommended
prior to development.

There are many reports on investigation of the
site available with reams of technical data which
could support the regulatory requirements of the
NRC in the early siting process.
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Item

PACRO Site Bank Assessment Data

Comment

wells and associated gathering lines.

Current owner, (e.g., private, local government,
federal government) and where known the
conditions for making the property available for
commercial purposes for locating a nuclear
energy facility integrated with a coal conversion
facility (e.g., sale, lease).

Department of Energy
PGDP site 750 acres
DOE Reservation 3,556 acres

Establish the means by which ownership of the
property can be transferred from DOE to private
sector or long term lease can be obtained.

Sensitive Areas, Non-Attainment Areas,
Visibility areas, impaired streams

Non-attainment and Class I Visibility Areas were evaluated
to identify potential impacts due to proximity on air quality
or limitations on a required air permit for a CTL/CTG or
biomass facility. The nearest non-attainment area for air
pollutants is Randolph County, Illinois, approximately 80-
miles northwest of the site, which is listed as non-attainment
for PM 2.5. The site is also approximately 140-miles west of
Mammoth Cave National Park, the Class I Visibility Area
closest to the site. These distances appear to be sufficient to
avoid significant impact to site development.

Available state water data was evaluated to determine if
designated impaired streams in the area might affect
discharge requirements for an energy facility. Bayou Creek
is the local stream within the boundaries of the proposed
site. The Bayou Creek watershed is part of the Ohio River
Basin and the Hydrologic Unit Codes (HUC) 11 is
05140206070. Bayou Creek is on the 303(d) List of Surface
Waters for partial support of the warm water aquatic habitat
designation. Pollutants of concern include beta particles and
photon emitters, copper, gross alpha, lead, mercury,
nutrient/eutrophication biological indicators, and
sedimentation/siltation.

Suspected source(s) for copper, nutrient indicators and
sedimentation/siltation is non-irrigated crop production.
Suspected source(s) for the other pollutants are industrial
point source discharges and inappropriate waste disposals.
The use designations for Bayou Creek (McCracken County)
in accordance with 401 KAR 10:026 are warm water aquatic
habitat, primary contact recreation, secondary contact

There are at least four methods for DOE to
transfer property of the proposed site.

Title 770 of the Federal Register contains a
detailed process of property transfer by DOE for
economic development purposes which can take
18-24 months to execute. PACRO, the local
community development authority, is in the very
early stage of preparing a request for property
under this process.

DOE could allow the GSA to surplus this federal
property and GSA would then sell to highest
bidder. There are many questions that would
have to be resolved to utilize this process.

Congress could introduce and pass specific
language transferring the property. This is the
most difficult option.

The fastest option would be to utilize the
DOE/USEC lease as tool to transfer control and
utilization of the property, while a more
permanent arrangement could be developed.
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Item

PACRO Site Bank Assessment Data

Comment

recreation and drinking water source. A United States
Geological Survey gaging station measuring stream flow for
Bayou Creek (03611800) is located near the southern
boundary of the proposed site. There are no public water
intakes within 25 miles downstream of the site.

As previously noted, the site is adjacent to portions of the
WKWMA which is used as a public recreation area, notably
for dog trials. Shawnee National Forest (IL) is located
approximately 15-miles northeast of the proposed site,
Ballard Wildlife Management Area approximately 12-miles
west of the site, and Ft. Massac State Park (IL)
approximately 7-miles from the site. With the exception of
the WKWMA, no other public access areas such as trails or
nature preserves were identified in the area.

The PGDP site is identified as a National Priorities List
(NPL) CERCLA facility.

Threatened and Endangered Species

No federal species listed as endangered or threatened for the
site were identified as present on the Heath topographic
quadrangle map. The Indiana Bat and three mussel species
were identified as federally endangered species on the Joppa
topographic quadrangle map. The Joppa quadrangle map is
the topographical map representing the land between the site
and the Ohio River. A suitability index evaluation was
included in the 2007 Detailed Site Report for the Indiana Bat
that concluded the proposed site was a poor habitat for
roosting and a moderate foraging habitat. It is unlikely that
any critical habitat of the mussel species is present on the
site; however, the riparian habitat of Bayou Creek and its
tributaries is not clearly identified or defined.

These issues may require additional
investigation and/or planning associated with
development activities.

The utilization of existing USEC/DOE water
withdrawal and wastewater discharge points
would resolve the mussel issues. The site
selected contains some of the least favorable bat
habitat on the entire wildlife management area
(see bat habitat map). Complying with the
DOE/Kentucky bat habitat mitigation plan
(MOA) will protect the Indiana bat.

Historical Sites

No historic, eligible or potentially eligible sites were
identified at or within 100 meters of the project area.
However, two buildings near PGDP building complex C-
410 were deemed “contributing features” to a National
Register of Historic Places (NHRP) designated historic
district comprised of PGDP construction between 1952 and
1973.

Additional cultural investigation in the form of
an archaeological study may be required to
characterize and determine or mitigate the
impact of development at the site.

Early contact with the Kentucky State Historical
Preservation Officer and continuous
coordination with that office will resolve this
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issue.

Potential available additional acreage, (e.g.,
property adjacent to site(s) that could be
purchased if additional area is required)

DOE owns an additional 2,781 acres outside of the
reservation that has been conveyed to the Kentucky
Department of Fish and Wildlife for recreational use.

Explore this possibility if the PGDP site cannot
be used.

DOE reluctance to commit other areas of the
reservation in terms of large acreage (500 acres)
limits viable options on this site. The GPEDC
has a greenfield site of 1175 acres that lies less
than 10 miles east of the site (see attached
overview).

Useable significant water availability /
proximity, (e.g., rivers, lakes, etc. to supply
large cooling water needs in a closed loop
configuration)

Water Supply — Ohio River is the primary source and water
is pumped to the PGDP facility to meet a capacity of 30
MGD:; Existing water intake is near the Tennessee Valley
Authority’s (TVA) Shawnee Steam Plan

Station 03611500 at Metropolis, IL is the nearest USGS
gauging station and is 3-miles upstream from the TVA
Shawnee Steam Plant. The lowest annual mean flow at the
gaging station during the last ten years was 118,864 MGD.
T

Water supply requirements will be determined
by the plant design. The water needs will be
identified for each alternative considered for the
Paducabh site.

The water plant on site generates 4 MGD of
sanitary water out of the 30 MGD total capacity.

Ground or other water availability, (e.g., potable
water, small cooling and usage demands from
wells, local municipal water supply)

Potable Water — Available at adjacent Paducah
Gaseous Diffusion Plant (PGDP)

Check current and peak usage at PGDP for
comparison with alternative requirements.

See above comment.

Ground surface and sub-surface geology;
provide survey and bore data if available.

Analysis by the Kentucky Geologic Survey (KGS) ranked
the geologic assets for the site as poor. The graphic below
(Figure 2) depicts geologic assets within a 15-mile radius of
the site, indicating a lack of substantial development of both
oil and gas in the region. The site is labeled 2.27 on the
graphic map. Devonian shale is present with the average
depth to the top of this structure at approximately 1,000 feet.
The average depth to the Knox, the primary sequestration
target in the area, is identified at approximately 3,100 feet.
Deep, un-mineable coal beds are not identified in the
immediate area. Neither deep (>2,500) nor shallow
(<2,500’) oil fields are present within 15 miles of the subject
site. Therefore, potential resources for enhanced oil recovery
by CO; injection are not available.

A better description of the geologic
characteristics is needed and/or better
explanation of the figure.

DOE, in its efforts to site and develop a
CERCLA cell for wastes from D&D, has
performed initial geologic evaluations on
proposed options (1-2-10) potential cells within
the 500 acre site. Reports are available to
initially characterize the site. See attached map.
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Site does not contain active, inactive or abandoned oil/gas
wells

Atmospherics, (e.g., average monthly
temperatures, rain, snow, wind, tornadoes) and
atmospheric factors affecting dispersion if
available

Based upon FEMA mapping, the site is at a moderate to
high risk for tornado activity.

Fill-in the remaining data required.

The US Weather Service, NOAA, has a station
at Barkley Field less than 5 miles from the plant
and has historical data to resolve this issue.

Seismology

Various faults are identified within ten miles of the site.
Based on mapping from the KGS, the seismic risk at the
proposed site is moderately high and would require adequate
structural design to mitigate the potential for seismic
activity.

Establish specific seismic magnitude and
frequency characteristics or confirm that they fit
within the HTGR design spectrum.

See item 12 response.

Flood potential/ Wetlands

Floodplains — Not within 100-year floodplain; some areas
associated with PGDP facility not mapped.

The elevation at the site is approximately 400’ above mean
sea level (AMSL)

Freshwater wetlands are documented within the proposed
site near Bayou Creek. Results from physical site
investigations indicate that forested wetlands and ponds are
distributed throughout the site, and may be present on up to
50% of the property.

A floodplain assessment would be needed prior
to development to determine actual floodplain
boundaries.

A wetlands delineation study should be
performed and provided to the United States
Army Corps of Engineers for concurrence prior
to development of the site to determine if
mitigation is necessary.

See attached stream identification map.

Large component transportation facilities and
access, (e.g., large roads and interstates,

railways, navigable waterways with access to
principal US waterways, (rivers, lakes, ocean)

Roads are constructed around the perimeter and into the site
although interior roads will need to be improved to support
energy facility development at the proposed site. Current
access around the site includes Hobbs Road, Acid Road, and
Rice Springs Road. Water Works Road is the only road that
passes through the site. Major transportation routes in the
area include Interstate 24 in Paducah, US Highway 60, US
Highway 62, and US Highway 45.

Coal or other material transport by rail is accessible to
PGDP. Two regional railroads, Illinois Central and Paducah
and Louisville, as well as two major railroads, Burlington
Northern Santa Fe and CSX, serve the area. Rail spur
service is present at the PGDP facility. Barge access is
available at the Paducah-McCracken County Riverport
located between river mile 1.3 and 2.1 on the Tennessee
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River and well as numerous private marines and river
transport companies and Riverport West, a planned barge
facility.

Interfaces with regional grid

Two power plants provide electrical energy to PGDP: the
1,750 MW TVA Shawnee Steam Plant, located four miles
northeast of the site along the Kentucky side of the Ohio
River, and the 1,100 MW EEI Joppa Steam Plant, located
seven miles northwest of the site. Sixteen lines supply power
to the plant through four switchyards at a distribution
voltage of 13.8 kV. In addition, the Shawnee Steam Plant
provides electric power to residential areas in McCracken
County, as well as Ballard, Carlisle and Graves counties.
Multiple 69 kV and 161 kV transmission lines are west,
south, and east of the proposed site. Electric — The TVA
Shawnee Plant and EEI Joppa Steam Plant both supply
adequate power to the PGDP facility

Determine the specific design data for the
current PDGP switchgear and transmission
infrastructure for possible use by the coal
conversion plant; Items a.-f.

Full Capacity 4000 MWH
Available Capacity 4000 MWH. Usage currently 1600-2000 MWH.
Proximity Adjacent to plant

Voltage and voltage control

All lines 161 kV — 35 transformers could step
down to 13.8 kV.

Regional utility(s)

Opportunity for increase in capacity and/or
routing of new or upgraded transmission
capacity

Nearest population centers

Check: GPEDC will have this information
available. The GPEDC website,
www.epaducah.com, contains much if not all of
this type of information.

Name

Proximity

Nature of population, (e.g., rural farms, small
town, major city)

Industrial facilities, airports, airfields, military

Rail — [llinois Central, P&L — Spur located adjacent to site
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bases, railways, major roads, tank farms, etc.
within 5 miles of the site; show on location map
(item 1)

Road — Local roads near perimeter of site: SR 1321, SR 725,
SR 995 and SR 1154; Interstate 24 and US 60 within 5-10
miles of site

Barge — Potential for barge access on Ohio River
Airport Proximity — Barkley Regional Airport +/- 5.0-miles

Labor availability

> 100,000 potential workers within McCracken
County and neighboring areas

The presence of the PGDP ensures that the local workforce
has a high concentration of workers familiar with energy
issues. This workforce is likely better suited for employment
in a state of the art energy facility than that found in many
other portions of the state

Calvert City, located 25 miles east of the site in neighboring
Marshall County, has 16 industrial plants involved in
metallurgical, steel processing and chemicals manufacturing.
The close location of these industries will help support
development of an alternatives energy facility by providing
construction materials and supplies at reasonable costs.

Characterize available workforce, construction,
engineering, operations, maintenance; items a, b.

See answer to item 18.

Construction

Operation

Construction material availability, (e.g., would a
cement plant need to be installed on the site
during construction or is concrete and other
building materials readily available from local
sources)

Check: A portable cement plant is located at the
junction of Woodville and US 60 Hwy two miles
from the plant.

Natural gas and hydrogen availability

According to the National Pipeline Mapping System, there is
a 6-inch Atmos Energy natural gas pipeline north of the site.
This pipeline is from the Joppa Steam Plant and serves the
PGDP facility.

Gas — 6-inch Atmos Energy natural gas pipeline north of site

Check Hydrogen availability

BWCS has a hydrogen generation plant on site
which generates 5760 std. cubic ft./hr. of
hydrogen for its production requirements. All
other hydrogen is tanked on to the site.

Pipeline access for product transport

Tanker truck and rail facilities access for
product transport

Rail — Illinois Central, P&L — Spur located adjacent to site
* Road — Local roads near perimeter of site: SR 1321, SR
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725, SR 995 and SR 1154; Interstate 24 and US 60 within 5-
10 miles of site

Shipping access

Barge — Potential for barge access on Ohio River

Potential for carbon storage, sequestration or
sale as a product

Resources for enhanced oil recovery by CO, injection are
not available

Check on potential for piping CO, to EOR or
sequestration sites.

The GPEDC may, in working on previous coal
to liquidation, have technical information on
CO, piping offsite.

Coal availability / proximity

Available coal from the Western Kentucky Coal Field
within delivery distance and adequate access to rail and
potential for barge transportation.

The western Kentucky coal field covers approximately
6,400 square miles and contains approximately 35.6 billion
tons of remaining resources. Though McCracken County is
not listed in the coal field it lies just two counties east of the
site and along major transportation corridors for coal
movement.

Check production capacity
Complete items a and b.
Kentucky Energy Cabinet will have this data.

Coal resource map (geological survey)

Specific Site:

Average production, short tons/day

Peak production, short tons/day

Distance to mine mouth, miles

Transportation means, (e.g., railcar, truck,
conveyor)

Coal Proximate Analysis

Complete items a-d

Moisture, %

Fixed Carbon, %

Volatile Matter, %

Ash, %

Coal Ultimate Analysis

Complete items a-g

Ash, %

Carbon, %
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Hydrogen, %

Nitrogen, %

Chlorine, %

Sulfur, %

Oxygen, %

Sulfanal Analysis

Complete items a-c

Pyritic, %

Sulfate,%

Organic%
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F-1.3 Ohio River Triple Rail Megasite

Paducah Economic Development is promoting a 2000 acre site Northeast of the PGDP on the Ohio
River for large scale industrial development. This site has access to rail, major roads and the Ohio River,
see Figure F-3. It is understood that a large coal storage and transport facility and an ~23,000 bpd coal to
liquids (CTL) plant are currently planned for the site. The coal facility will feed the CTL plant and could
supply a similar facility at the PGDP plant. The proposed CTL plant is the Secure Energy Paducah
Gasification Plant and has obtained the necessary permits for and has initiated limited construction at the
time of this writing.[refs on Secure Energy Plant]
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Figure F-3. Geological characterization.

The Ohio River Triple Rail Megasite is adjacent to the Tennessee Valley Authority’s (TVA) coal
fired Shawnee power plant that provides the electrical power to the PGDP. This plant accounts for a large
percentage of the TV A revenue. It is uncertain how long TV A intends to continue operation of this plant.
This may provide an opportunity to site a natural gas fired plant in the short term either on this site or the
PACRO site to provide the needed power for the Megasite and PACRO development. This plant could be
converted over the longer term to an HTGR based plant when that technology is commercialized.
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F-2. PROCESS DEPLOYMENT

The principal objectives of the strategy are to deploy a carbon conversion plant as soon as possible
producing liquid fuels competitive with conventional fuels and/or chemicals with a long term objective of
incorporating the HTGR and, where applicable, the HTSE technologies to achieve a process with minimal
greenhouse gas emissions and stable operating costs. This minimizes the time to begin to take advantage
of the benefits of the plant, meeting the principal short term objectives with the objective of incorporating
nuclear technology in supplying the energy needs of KY in view.

F-2.1 First phase Deployment (2013-2028)

F-2.1.1 Process Plant Module Size

Construction and commissioning of the Conventional process plant in the first phase of deployment
will be done in four unit increments or modules. This approach is taken to reduce the annual capital
funding requirements by spreading implementation to full capacity over a longer period and thereby
facilitate financing. Modularization is also the key to early and phased development by using the first
increment to prove the principle, iron out fabrication, construction and operating problems and begin
operation to generate revenue as soon as possible. A review was made to determine the factors that affect
the smallest module capacity that is viable using commercially available equipment. The following
summarizes the results of that review for plants using the Fischer-Tropsch (FT) and methanol processes.

For a Fischer Tropsch process, the size of a single project phase may be dictated by the capacity of
any of the following plant sections: gasification, FT synthesis, or air separation. In many cases, the size of
the FT reactor may be the limiting factor. The largest single slurry bubble column FT reactor in operation
today has a capacity of ~17,000 bpd. Based on INL's conventional CTL model, a plant of this size would
require a feed rate of 9,160 ton/day of Illinois #6 coal. After drying the coal to 6% moisture, the
corresponding feed rate of dry coal would be 8,410 ton/day. This slightly exceeds the nameplate capacity
for two large-scale Shell coal gasifiers (~4,000 ton/day of dried coal each). Hence, if the FT reactor is
turned down or scaled down slightly to match the capacity of two gasifiers, the plant capacity would be
approximately 16,000 bpd. The oxygen requirement for a 16,000 bpd plant would be 6,080 ton/day. This
exceeds the capacity of a world-scale single-train air separation unit (3,900 tonne/day or 4,300 ton/day). If
the plant is further scaled back to require only a single air separation unit of this size, the resulting plant
capacity would be 11,300 bpd. Obviously these values will be influenced by the specific gasifier and FT
reactor designs selected, but the minimal reasonable size for a single module of a large FT project appears
to be between 11,000 and 17,000 bpd.

A similar analysis also applies to a gasoline plant using the MTG process. The MTG reactors are
considerably smaller than the large FT reactors used in Sasol's Oryx GTL plant; hence, multiple
methanol-to-gasoline conversion reactors would be required for a plant of that size (34,000 bpd).
However, the size for a project phase could be limited by the size of a single methanol train. In recent
years, 5,000 tonne/day (5,500 ton/day) single-train methanol plants have been built. Designs for a single-
train 10,000 tonne/day (11,000 ton/day) have also been proposed and designed. Based on INL's
conventional coal-to-methanol-to-gasoline model, a single 5,000 tonne/day methanol train could produce
18,400 bpd total gasoline and liquid petroleum gas (LPG). These plants would also require air separation
units as with the F-T plants. Hence, the minimal reasonable size for a single module of a large MTG plant
appears to be between 11,000 and 18,000 bpd.

For the purposes of this study the module size for an F-T plant is assumed to be 12,500 bpd; four
modules supporting the goal of ultimately deploying a plant with 50,000 bpd capacity. For a coal to
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gasoline or chemicals plant using methanol reactors the module capacity is assumed to be ~17,000 bpd;
four modules achieving ~67,000 bpd of production assumed in the INL analyses.

F-21.2 Reference Plant Desigh and Deployment

A coal to gasoline plant has been selected for the purposes of analyzing its deployment on the
Paducabh site. It would have a maximum production capacity of 67,000 bpd inclusive of 62,000 bpd of
gasoline and 5,000 bpd of LPG. The plant would be comprised of four identical modules of 25% capacity
each. These modules would be independent of each other so could be constructed, operated and
maintained independently.

Figure F-4 is a flow sheet for the coal to gasoline (CTG) process showing the principal components
that would be deployed as part of the initial plant. This process uses a steam methane reformer (SMR) to
supply hydrogen to the gasification process. This supply is used in lieu of the water shift reaction that is
typically used to supply hydrogen within the gasifier. The use of the SMR reduces the generation of CO,
by 70% over the traditional process and also facilitates incorporation of the HTGR technology which
reduces the CO, emissions to less than 40% of the conventional case. Figure F-5 shows the flow sheet
with the HTGR integrated into the process.
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Figure F-4. Conventional CTG plant with SMR hydrogen supply.
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Figure F-5. CTG plant with an HTGR supplying heat and electricity to the SMR hydrogen supply.

Figure F-6 summarizes the performance characteristics of this plant; comparing the performance of

the conventional plant with the HTGR integrated plant. As noted previously the significant additional
reduction in CO, emissions is shown.

Review of Figure F-6 shows that in addition to the ~12,000 tpd (~3.5MMtpd per year at 80% capacity
factor) of coal consumed by this plant it consumes ~200 to ~300 MMSCFD (58.4 to 87.6 billion cubic
feet per year at 80% capacity factor) of natural gas supplied to the steam methane reformer. The latter
range depends on whether the HTGR has been integrated into the process; its integration lowers the
amount of natural gas feed. These usages represent ~3% of the total production of coal, 8% of the total
consumption of coal, 45 to 67 % of the total production of natural gas and 25% to 38% of the total
consumption of natural gas in Kentucky in 2010. Accordingly, this single plant provides a significant
internal market for these indigenous resources.
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Figure F-6. CTG plant performance characteristics.

Figure F-7 is a notional depiction of the plant view of this plant when fully developed. The required
area for the plant when fully deployed is ~one mile long by 2/3 of a mile wide, not including the rail spur,
comprising a total area of ~ 430 acres. Since this would take up the full acreage of the original site
proposed by PACRO the addition of acreage cited previously is needed to accommodate the addition of
the HTGR plant with additional electricity generation capacity. It is emphasized that this is a notional
layout derived from multiple and existing and planned coal conversion facilities and does not represent
any specific facility. The actual plant component selections and layout would be part of the plant design
process.

The HTGR plant shown in phantom on Figure F-7 is a 4-600 MW(t) module plant supplying ~930
MW(t) of heat and 60 MW(e) to the process and ~550 MW(e) to the regional grid. This plant would also
be deployed in a phased approach by module. The deployment of this plant would not only be the first
step in integrating the HTGR technology into the carbon conversion processes but would also be the first
step in integrating this technology into the mix of electricity generation in Kentucky. The full scope of
these integrations is discussed further in latter sections of this report.
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Conventional Plant Phase 4 of 4
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Figure F-7. Notional plan view of fully deployed CTG plant.

Figure F-8 shows the full site deployed including the CTG and the HTGR plants. This site is ~one
mile wide and more than a mile deep comprising ~675 acres. Placing this on the proposed 1,000 acres site
near the PGDP would provide a relatively small area for further expansion if market conditions are
favorable.
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Figure F-8. Paducah CTG plant with SMR and HTGR fully deployed.
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Figure F-9 is a notional schedule for deployment of a conventional four module 67,000 bpd CTG
w/SMR plant using the methanol to gasoline (MTG) process. Figure F-9 is an estimate of the annual
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funding profile for this deployment schedule based on the INL estimates of the cost of this plant in 20118§.
For the purposes of preparing the schedule it is assumed that the Project to deploy the plant begins in
2013. The capital investment assumes a 3% inflation factor, a debt to equity ratio of 80%, an interest rate
during construction of 8%, a financing interest of 8% and a financing term of 20 years. Figure F-10 shows
the breakdown of annual funding by the amount financed, the required equity and the interest during
construction. As shown the peak annual funding required is above $2B in the 5" year. This reflects the
fact that some construction is going on with all four modules. The overlap in construction is required to
complete the full project in an assumed seven year period. This large expenditure in one year may require
a larger work force than can be accommodated at that selected site. Detailed discussion with an EPC is
required to make a determination if the schedule should be extended to reduce the peak expenditure
required in a single year. If that is the case the schedule for deployment of the 2™ through 4™ module
would also need to be extended.

The effort to deploy the first module will include items that will not be included in the effort required
to construct subsequent modules, such as final design work to adapt the first and subsequent modules to
the site, site preparation and long term procurement for the first and ultimately for subsequent modules.
Based on prior INL experience the cost to deploy the first module will account for about 40% of the total
estimated project cost, (the cost to complete the construction and commissioning of the four module
plant). Some of this upfront work carries over into the cost of the second module, (e.g., long term
procurement) and its cost is about 25% of the total with the third and fourth module costs covering 18%
and 17% of the total cost, respectively.

The times to construct and commission the modules also vary with the first module taking an
estimated 5 years; final design, permitting, early site preparation and long term procurement taking the
first two years. This effort and long term procurement expenses account for about 10% of the total cost of
the Project. It has been assumed that there will be a one year “shake-down” period of operation of the first
module before initiating the operation of the second module. The construction period of the second
module is estimated at 40 months so it begins 28 months before the end of the “shakedown” operating
period of the first module. Initial operation of the third and fourth modules is then assumed to occur at 6
month intervals following initial operation of the second module. The total time from start of the Project
to full deployment is 7 years.

Activity 10 11 12 13 14 15 16 17 18 19 20
Development & Deployment of 58,000 [
BPD CTG Plant w/SMR
First Phase CTG Plant Deployment L l
Design, Permitting, Site Preparation —
Procurement —/
Construction —
Startup and test I—
Initiate commercial operation ‘
First Module "Shakedown" Operation  —
Second Module Deployment ———/
Third Module Deployment ———
Fourth Module Deployment —
Plant Fully Operational 0

Figure F-9. CTG plant w/SMR first phase deployment.
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Figure F-10. Annual and accumulative funding requirements.

Figure F-11 shows the number of jobs required during the construction of the process plant. On
average 4,400 personnel will be required per year with a peak of 9,300 on the 5™ year. It is judged that the
Paducah area labor force will be adequate to fill the majority of these jobs. The breakdown in estimated
expenditures for the plant projects that 56% of the total cost will be in labor, 30% in equipment
procurement and 14% in material procurement. It is expected that the majority of labor and material will
be supplied from within Kentucky and, specifically, the Paducah area. Coordination with Kentucky
interests in the industrial sector would ensure that as much of the equipment procurement as possible
would be from Kentucky sources. At a projected cost of ~ $7 billion dollars (escalated cost over the
construction period) this would represent a significant boost to the Kentucky economy. When fully
deployed the process plant will employ ~400 with significant increases in personnel during turnarounds.
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Figure F-11. Jobs during construction of Paducah process plant.

Figure F-12 shows cumulative cash flow for this plant through 2028. The product revenues are based
on the prices required to achieve 10% IRR (after tax) over the economic period of the plant; assumed to
be 27 years, (the time to retire the debt). As shown the Project achieves full return of investment between
17 and 18 years from initiation. The maximum negative cash flow is ~$2.0B just as the first module is
completed and begins operation. If it is necessary to extend the schedule because annual work scope is too
large or the annual expenditure rate is too high the costs will increase due to inflation and the time to
recover the full investment will be longer.
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Figure F-12. Paducah plant project accumulative cash flow.

F-21.4 Paducah HTGR Plant Deployment

Figure F-13 shows the current projected schedule for development of the HTGR and HTSE
technologies. It is anticipated that the first demonstration HTGR module and the first plant will be in an
application supplying steam and electricity to an industrial facility. As shown, the full deployment of that
plant is not anticipated until 2029. However, at the end of the three year initial operating period of the
first module over 2025 through 2027 the performance of the technology will have been demonstrated and
the open licensing issues resolved. It is expected that this will engender sufficient confidence to consider
broader application of the technology. Accordingly, it is assumed that in the 2025 to 2027 time frame a
decision would be made to incorporate the HTGR technology into the process plant design.

The HTSE technology may be developed and commercialized earlier than the HTGR. If it can be
shown that the HTSE is an economic alternative for hydrogen production, its incorporation in the process
could proceed at that time using electricity from the electrical grid. It will be necessary to monitor the
progress and results of its development to make a decision on its implementation.
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10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

HTSE and HTGR Development I —
HTSE Development ]
Integrated Laboratory Testing (TRL-4) —
Experimental Scale (TRL-5) ——

Pilot Scale Experiment (TRL-6) [ ]
Engineering Scale Experiment (TRL-7) ' '

Full Scale Deployment [ ]
HTGR Development & Deployment |

Research & Development [ ]

Licensing [

Pre-Application Review [ |
ESP Application Submittal & Review ]
ESP Issued [
COLA Prep, submittal & NRC Review 1
COL Issued .
ITAACs Resolved |
Core Load Approved ’
Resolve Operating Provisions —
First Module Deployment (600 MWt) [ ]
Design [ ]

Procurement [ ]

Site Preparation —

Construction & Startup Testing | —

First Module Operational ’

Initial Operating Period | I
Second Module Deployment |
Third Module Deployment I
Fourth Module Deployment I
HTGR Plant Fully Operational ¢

Figure F-13. HTGR technology development projected schedule.

For the purposes of this evaluation it is assumed that the application of the HTGR technology to the
Paducah process plant is found to be technically and economically viable. Figure F-14 is a notional
schedule for deployment of the Paducah HTGR plant. This is a 4-600 MW(t) plant supplying heat and
electricity to the Paducah process and electricity to the grid. It is projected to start construction in 2025
with first module operation beginning in 2031. This is ~10 years after the full deployment of the Paducah
process plant. This is an appropriate period of operation for instituting major maintenance on the plant
such as modifying the SMRs to interface with the HTGR heat supply. (Appendix G discusses the
modified SMR plant). The HTGR plant will also be interfaced with the grid transmission lines at that
time. The projected cost of the HTGR plant is ~$5 billion (201183) spread over 7 years of construction.
The Inflated cost is estimated at $6.5 billion including interest on debt. Figures F-15 and F-16 show the
projected annual funding required to complete the plant design, licensing, equipment and material
procurement, construction and commissioning of the plant and the annual and accumulative jobs
developed during the deployment of this plant. During construction the site will employ 4,400 personnel
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on average each year and 9,300 peak in the fifth year of the project. The finished plant will employ 400
personnel. When fully deployed the Process and HTGR plant will employ at least 800 personnel.

Activity

Paducah HTGR Plant Deployment
Licensing
Design ———
Procurement
1st Module Const & Commissioning —————— 1
2nd Module Const & Commissioning ————1
3rd Module Const & Commissioning ————1

4th Module Const & Commissioning

Plant Fully Operational

Figure F-14. Paducah HTGR plant deployment.

Annual and Accumulative Funding Profile
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Figure F-15. Annual and accumulative funding required for deployment of the Paducah HTGR plant.
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Figure F-16. Jobs during deployment of the Paducah HTGR plant.

F-2.1.5 Paducah Plant Economics

The economics of the Paducah plant are based on achieving a minimum of 10% internal rate of return
on equity (IRR, after tax). It is assumed that there will be a favorable market and long term contract for
the products of this plant to support obtaining financing terms of 80% debt, 8% interest during
construction, 8% interest on debt and a 20 year final debt payment period. An INL discounted cash flow
analysis program ' is used to establish the minimum Production Cost of the products required to achieve
the 10% return. This analysis develops annual cash flows based on the construction costs, debt ratio,
interest during construction, debt payments, depreciation, operating costs, revenues and taxes. Inflation
factors are applied consistent with government projections. Calculations are also made of the IRR
achieved for given market prices for the products. For the purposes of the analyses herein the market
prices are the average refiner wholesale prices over 2010 and 2011 as reported by the Energy Information
Administration (EIA).

Table F-2 summarizes the results of the analyses for the reference Paducah plant:

Table F-2. Summary of economic analysis of Reference Paducah plant.

Market Prices based on
Production Costs to Achieve | average of 2010 & 2011
Product 10% IRR (after tax) refiner wholesale prices IRR at Market Prices

Gasoline $2.11/gal $2.40/gal 16.75%
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LPG" $1.57/gal $1.57/gal

Figure F-17 shows the effects of varying the values of key parameters of the economic analyses on
the calculated price of the gasoline to achieve a required IRR. These are discrete calculations varying a
single parameter at a time to determine the effect of that single change while holding all other parameters
constant at the baseline values.’ These results cannot be combined to determine the effect of multiple
parameter changes. Figure F-18 shows the effect of combining the effects of these parameter variations on
a statistical basis in a 10,000 step Monte Carlo analysis. The wide ranges of the parameter variations
applied and the wide range of the results from the Monte Carlo analysis reflect the large uncertainties in
the economics of this plant. These uncertainties would be reduced in the design process and it is assumed
periodic re-analyses would be performed to confirm the continued economic viability of the project.

Review of Figure F-17 shows that costs of $50/ton of CO, would have significant impact on the
production costs of gasoline, (raises production costs by $0.40/gal). These could be costs associated with
capture and transport of the CO, for sequestration to the extent possible in the process or taxes imposed
by the government on emissions of CO,. Integrating the HTGR with an SMR to provide hydrogen to the
coal gasifier reduces the CO, generated by approximately a factor of ten (10) from a conventional plant
significantly reducing the effect of potential costs of CO, on production costs. It should also be pointed
out the application of HTGR with HTSE for the hydrogen supply would essentially eliminate the CO,
emissions and any concern with costs associated with those emissions. The performance and economics
of this application are covered in detail in Appendices D and E.

n  Both analyses were performed with the LPG market price. The quantity of LPG produced is less than 15% of the total
production of the plant so variations in its price is not a significant factor in the economics.

o Note that the Baseline product selling price ($2.19) is not the same as reported in Table 4.1 ($2.11). This reflects the fact
that the baseline values for required IRR, debt ratio, loan term, etc. are not the same as used for the analyses supporting
Table 4.1. The Baseline values cited on Figure F-17 were selected to facilitate the sensitivity analysis
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Figure F-17. Sensitivity of selling price of gasoline to variations in key economic parameters.

0 ek

o2

Hrobability

oL

Figure F-18. Combined effect of parameter uncertainties on gasoline production cost.

3z a0

Gasoline Price

5240 32 60
fgal

156

1280

360
330
300
270
240
210 B

=
180 &

15[!"?

120

B
i

40




INL/EXT-12-26710
Revision 1
February 2013

Finally, the revenue that would be generated from this single plant is ~$2B (20118$) per year
(assuming an 80% capacity factor and the average market prices in Table F-2). This plant would consume
3.5 million tons in a year and 87 billion SCF of natural gas. At $51/ton the revenue is equivalent to the
sale of 39million tons of coal; a factor of ten over the value of the coal consumed. At $5.50/MSCF the
revenue is equivalent to the sale of 364 billion cubic feet of natural gas; a factor of 5-1/2 over the value of
the natural gas consumed. These are significant adders to the value of the coal and natural gas used in the
production of these products and to the economy of the Commonwealth.

The next section summarizes the results of similar analyses to those discussed in this section for
deployment of the carbon conversion industry with integration of the HTGR technology in the process
plant and for electricity generation. The Paducah plant representing the first of the plants deployed in
development of the industry and revision of electricity generation mix in Kentucky.

F-2.2 Deployment of the Carbon Conversion Industry and
Transformation of the Electricity Generation Sources

F-2.2.1 Introduction

The deployment of the Paducah plant would be the first step in development of a carbon conversion
industry in Kentucky producing synthetic transportation fuels, chemical feedstock and chemicals from
indigenous coal and natural gas resources. This industry would comprise multiple facilities engaged in the
several elements of the carbon conversion processes. These include coal supply and gasification, natural
gas supply and reforming, hydrogen production and supply, diesel, naphtha and LPG synthesis using the
FT process, methanol synthesis, and gasoline, LPG or chemicals synthesis from methanol. Each of these
steps has been discussed in preceding sections of this report; Appendices D and E discuss the functional
and performance characteristics and economics of the several alternatives processes involved in these
steps that have been evaluated herein.

This strategy also includes the integration of the HTGR technology into the carbon conversion
processes and transformation of the Kentucky electricity generation from one dominated by coal-based
technology to one comprising nuclear, (HTGR), Coal with CCS, existing coal plants with improved
emissions controls and biomass along with the existing hydroelectric generation.

The following develops this strategy to provide perspective on its potential scope, costs, schedule and
benefits to the Kentucky economy. The development of the actual strategy will require coordination of the
several stakeholders involved in its execution and careful evaluation of the market forces, financial
structures, costs, schedules, local area needs and other factors that influence the course taken. The
strategy will also need re-review and modification as it progresses to address changes in the factors
influencing its course. The following discussion provides insight into the scope of these initiatives and
scoping estimates of their costs and benefits.

F-2.2.2 Assumptions and Attributes

The following are assumptions made in developing the deployment strategy and specific
characteristics attributed to the technologies deployed.

Carbon Conversion Industry:

e The use of eastern Kentucky coal as the primary feedstock will be emphasized in selection of
conversion processes in expanding the industry after Paducah with the objective of deploying plants
consuming at least 14 million tons per annum. Figure F-19 shows the decline in production of eastern
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Kentucky coal over the last several decades. This initiative is intended to offset potentially more rapid
reduction in the production of low sulfur eastern Kentucky coal due to the increased retirement of
coal-based plants in the United States and the installation of emissions control equipment in other
coal-based plants that no longer require low-sulfur coal to continue to operate.

Coal Production in Kentucky 1994 - 2010

e Tt 5| s Exstarm Western == =s<Projected 2011 - 2012
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Figure F-19. Coal production in Kentucky 1994—2010.

Deployment of the carbon conversion industry is assumed to result in achieving an eastern Kentucky
coal consumption rate of 14 million tons per year by the end of 2023. This will require deployment of
four CTL plants in eastern Kentucky. This will require overlap in the planning and construction of
plants in eastern Kentucky with that of CTL plant in Paducah. For this reason the schedule for the
first plant deployed in eastern Kentucky (designated EK-1) will be similar to the CTG Paducah plant
but delayed by one year; the other three (designated EK-2, EK-3 and EK-4) will be CTL plants
producing diesel, naphtha and LPG. All schedules begin the initiatives for deploying these plants in
2013. Accordingly, all plants will be deployed over a ten to eleven year period as shown in Figure F-
20.
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Activity 14 15 16 17 18 19 20 21 22 23 24
Carbon Conversion Industry |
Paducah CTL Plant L ]
EKY Plant 1 L |
EKY Plant 2 L ]
EKY Plant 3 L ]
EKY Plant 4 L ]

Figure F-20. Carbon conversion industry deployment schedule.

e The eastern Kentucky plants should be located close to viable supplies of coal and natural gas. The
natural gas would be used to produce hydrogen for use in the coal gasification process. This will
require selecting coal mine mouth sites near natural gas wells. Figure F-21 shows that the natural gas
production wells and coal mines are generally co-located in eastern Kentucky so such plant sites
should be readily available.

e Production and transport of finished product from eastern Kentucky may not be practical depending
on the infrastructure and terrain at the plant sites. If this is the case, a distributed approach to
deployment of the facilities that will make up the carbon conversion industry may be warranted.
Figure F-22 illustrates this approach. The mine mouth plants would produce synthesis gas which
would then be piped to other locations that would process that gas to produce synthetic fuels and/or
chemicals. These facilities would be located in areas that have favorable infrastructure to support
construction and operation of these plants and locations that facilitate distribution of the finished
products within the Commonwealth, nationally and internationally.

e The integration of HTGR technology in the carbon conversion processes will begin in 2029 and
extend over the next ten years. Over this period the original process plants will have operated for 15
to 20 years and will be ready for major maintenance that will facilitate the integration of the HTGR
technology for heat and electricity supply.
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Figure F-21. Natural gas and coal production sites in Kentucky.
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Figure F-22. Distributed approach to deployment of a carbon conversion industry.

Electricity generation technologies transformation:

The transformation of the electricity generation technologies in Kentucky from one dominated by
coal to varied sources will be assumed to be consistent with Commonwealth goals as outlined in the
Kentucky Energy and Environment Cabinet Secretary presentation to the National Governor’s
Association *. This is shown in Figure F-23. This transformation is expected to occur over a twenty
year period resulting in a mix of electricity sources with coal, coal with CCS and nuclear contributing
~29% of the capacity and petroleum, natural gas, biomass and renewables contributing the balance.

This transformation is assumed to occur at a rate commensurate with retirement or conversion to
designs with updated emission control systems of existing coal based plants based on the plants’ ages.
Conversion of plants will take place prior to 2016 the date when plants must have completed
modifications to meet Environmental Protection Agency (EPA) regulations on mercury and other
toxic chemical emissions. Addition of coal plants with CCS will occur as part of the replacement of
retired plants. Figure F-24 shows what the trend in coal-based plant capacity would be in Kentucky if
the existing plants were retired at age 60. This trend and the capacity of each plant was examined in
establishing those plants retiring and those that would be updated to meet EPA regulations either by
addition of emissions control technologies or conversion to CCS. For the purposes of analysis is was
assumed that the larger plants would be retained to achieve the 29% of existing plants shown in
Figure F-24 while the smaller plants would be replaced with plants with CCS to result in the 29% of
capacity for this source also shown in Figure F-23.
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Figure F-23. Kentucky's electricity generation sources transformation objective.
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Coal-based Capacity Trend with Retirement of Plants at Age 60
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Figure F-24. Coal based capacity trend with retirement of plants at age 60.

An objective of the deployment of a carbon conversion industry is to improve the economy of
Kentucky by adding value to the indigenous coal and natural gas resources of the Commonwealth.
Objectives of the transformation of the electricity generation industry are to address the aging of the
existing coal-based plants, diversify the energy portfolio and reduce carbon emissions to address
emerging EPA greenhouse gas emission (GHG) regulations. The expenditures in developing new
generation will have a positive effect on the Kentucky economy; however, the new generation will
increase the costs of electricity generation which will have a negative effect. The net effect of all of
these factors on the GDP of Kentucky will be assessed as contributors on a Gross Added Value basis.
Figure F-24 shows the trend in the Kentucky GDP 2008 to 2011 in real (2008$) and current dollars.
Although the GDP has increased at a healthy trend on a current dollar basis, on a real dollar basis it
has been relatively flat after the dip in 2009 due to the U.S. recession. Figure F-26 shows the changes
in the several contributors to the Kentucky GDP from 2010 to 2011. There was a net change of
+0.56% in the Commonwealth’s GDP over this period. This shows, however, that the contribution
from mining was down ~0.45% and the contribution from utilities was down an additional ~0.15%.
These trends provide additional incentive for achieving the objectives

The gross added value (GAV) of the deployment of the carbon conversion industry to the GDP of
Kentucky will include the revenue generated from the sale of the products of the industry as well as
the value of the coal and natural gas supplying the process plants. This latter assumption is judged
appropriate since the carbon conversion industry develops the demand for these supplies and they are
not accounted in government current projections for future production. The GAV will not include
intermediates that will be accounted for in other components of the GDP. These include labor,
maintenance and process plant commodities such as chemicals, catalysts and other consumables.
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e All calculations of GAV will be done in 20118$.
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Figure F-25. Kentucky GDP 2008-2011.
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Figure F-26. Components of GDP change in Kentucky 2010 to 2011

F-2.2.3 Deployment of the Carbon Conversion Industry

Figure F-20 showed the schedule assumed for deployment of the carbon conversion industry with a
single plant in Paducah and four additional plants in eastern Kentucky. Earlier sections of the report
provided the details of deploying a CTG plant in Paducah. The first plant deployed in eastern Kentucky
would be similar to the Paducah plant. The other three will be coal to liquid plants producing diesel,
naphtha and LPG.

As noted previously it may be necessary to deploy these plants in a distributed configuration to
optimize the siting of the facilities comprising these plants to support efficient construction and operation
and product distribution. For the purposes of analyses it will be assumed that the costs and schedules for
deployment of these plants will be as INL has determined in their analyses of these plants as summarized
in Appendices D and E of this report. The potential additional or lower costs for distributing the processes
is judged to be within the uncertainty bounds of these analyses, see Figures F-17 and F-18.

As noted previously the first eastern Kentucky plant will be similar to the CTG plant to be deployed
at Paducah with a gross output of ~58,000 bpd. This plant has an estimated total capital investment
requirement of $5.3B (20118$). The remaining three will be CTL plants producing diesel, naphtha and
LPG with a gross output of ~50,000bpd. These plants have estimated total capital investment
requirements of $3.5 (20118$). The total output of all five plants will be ~ 266,000 bpd; the capacity of a
moderately sized crude oil refinery.

Figure F-27 shows the annual and accumulative expenditure required over the deployment schedule.
The peak expenditures are in the$5.0 to $5.5B range in the 6™ through 9™ years of the deployment. The
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average expenditure is ~$3B per year. These are significant expenditures that would be necessary to
deploy this industry in a timeframe consistent with defraying the economic impact of the closure of the
DOE PGDP in Paducah and increased reductions in production of eastern Kentucky coal.

Figure F-28 shows the estimated consumption of coal and natural gas as the plants are deployed and
as the HTGR technology is integrated into the processes. The HTGR integration reduces the natural gas
feed rate as shown on this figure. The long term annual coal consumption meets the objective of
increasing consumption by at least 14 million tons annually. Figure F-29 shows the history of annual
production of natural gas and interstate receipts of natural gas through 2010. The 440,000 MMSCF and
278,300 MMSCF that will be consumed by the carbon conversion industry exceeds the 2010 production
by more than a factor of two(2). These rates of consumption are, however, much smaller than the
interstate receipts so can be supplied by non-Kentucky sources. In addition Figure F-29 shows that the
rate of production is increasing rapidly. Also since the eastern Kentucky plants are expected to be sited
near gas wells, it may be possible to increase the production from those wells to meet the process plant
demands. This would be of benefit to the economies of eastern Kentucky and the Commonwealth.

Figure F-30 summarizes the estimated annual revenues and the contributions from these revenues to
the Kentucky GDP that would accrue during the deployment and after full capacity of the carbon
conversion industry is achieved. Full capacity and full revenue is reached with the completion and
initiation of operation of the last CTL module in 2023. At that time the estimated contribution of the
industry ($8.5B) is equivalent to that of the entire mining industry in 2010. This revenue stream would be
a significant contribution to offset the projections of reduced production of eastern Kentucky coal.

Kentucky Carbon Conversion Industry Deployment Expenditure Profile
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Figure F-27. Carbon conversion deployment expenditure profile.
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Figure F-28. Carbon conversion industry annual coal and natural gas consumption.

167



INL/EXT-12-26710
Revision 1

February 2013
Kentucky Natural Gas Production and Interstatz Receipts
through 2010
e B o dion =Pzl m—Pgluid Qas bhileizlde Reodbpl=
182,000 4 600,000
S
43,000 | il oA
Interstate S E
W 1P 00Nn Receipts e E
o
2 2,000 0od =
= o, o
= 103,000 - A =
= Production T
= z 00,00 g
g L o
2 52,000 Py
= - zoo000 B
g B
— 2,000 I
= 1,500,000 £
= =
42,000 | 1 =
Source: Energy Informaticn Adminisiration 1,000,000 =
Kerntuckey Matuwal as Annual Supply and Dis pesition Balznce =T
23000 | Excel File Hame: ng_sum_snd_deu_shy_a.xk J
Aurgiable from MWeb Page: 500,008
hitp Sy, eia.gowion awng/ng_sum_snd_dou_sky_a.htm
1] u]
1927 1990 192 1995 1992 Z001 2004 20CE 200 012 2014
Year
Excel: "K¥ MiE Prod_Lons

Figure F-29. Natural gas production and interstate receipts.
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Figure F-30. Carbon conversion industry annual revenues and contribution to Kentucky GDP.

F-2.2.4 Integration of HTGR Technology with the Carbon Conversion Industry

The HTGR technology should be available for integration with the carbon conversion processes
beginning in 2029. This assumes that the first demonstration HTGR module has been constructed,
commissioned, and completed a 3-year operating demonstration to fulfill NRC licensing requirements by
the end of 2028. It has been assumed that it will take a 10 year period to fully integrate the HTGR
technology into the complete carbon conversion industry as defined herein. On that basis each module
within the industry would have operated for 10 to 15 years and be ready for major maintenance. Each
plant will require a minimum installation of two 600 MW(t) HTGR modules to provide the energy
required to supply heat and electricity to the process; primarily for hydrogen production. To ensure 100%
availability, however, assuming that such availability is required if any two of the energy supplied is out
of service, (an N-2 criterion is applied to the energy supply) an additional two 600 MW(t) modules will
be supplied. The full 4-600 MW(t) module plant will be configured to be able to supply heat and
electricity to the process and an additional supply of electricity to the regional grid. Accordingly, the
deployment of these plants will not only support the carbon conversion industry with non-emitting
sources of energy but will also support the transformation of the electricity generation industry in
Kentucky.

As shown previously the preparations of the site, completion of design work, licensing, construction
and commissioning of the first HTGR module in Paducah by 2029 requires that this work be initiated in
2025. The work for integrating HTGR into the first eastern Kentucky plant (EK-1) would start a year
later. Subsequent integration into EK-2 through EK-4 would occur in one year increments after
completion of EK-1. This sequence is shown in Figure F-31 along with the schedule for deployment of
the initial set of process plants in Paducah and eastern Kentucky.
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Figure F-31. Schedule for integration of HTGR technology into the carbon conversion industry.

Figure F-32 summarizes the expenditure profile for integrating the HTGR into the Kentucky carbon
conversion industry. As shown this scope has a total projected cost of~$24B; similar to that for
deployment of the initial plants in the industry.

Each deployment will also add HTGR electrical capacity to the Kentucky electrical grid. Figure F-33
shows the build-up in HTGR electrical capacity on the grid during the integration into the carbon
conversion industry. As shown in Figure F-23 the overall goal in transforming the electricity generation
sources is to have ~30% nuclear capacity on the gird. Assuming a 20 GW(e) grid capacity this would
require ~6 GW(e) of nuclear capacity. These deployments realize about a third of that goal, but do not
achieve the third in the 20 years shown in Figure F-23. This is due to the delay in getting the HTGR
technology available for commercial application. If the schedule for achieving a commercial HTGR plant
this schedule could be accelerated the integration of this technology into the Kentucky grid would be
equally accelerated.

170



INL/EXT-12-26710
Revision 1

February 2013
Expenditure Profile
Integration of HTGR Technology into the Carbon Conversion Industry
mm Annual Expenditures =——Accumulative
4,500 25,000
2000 /'_
/ ~$248
2,500 - 20,000 E
= &
- 3,000 @
g 15,000 2
P i 4 5
2 2,500 c
3 2
s X
o L
2,000 °
w - 10,000 2
© K]
3 1,500 g
c
< 3
Q
1,000 5000 <
500
0 0
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036
Excel: "Integration of HTGR into CCindustry Expenditure Profile

Figure F-32. Expenditure profile for integration of HTGR technology into the Kentucky carbon
conversion industry.
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Figure F-33. Electrical capacity additions integrating HTGR into the carbon conversion industry.

The following section discusses deployment of the variety of electricity sources required to achieve
the transformation of the electrical grid as shown in Figure F-23.

F-2.2.5 Electricity Generation Source Transformation

Achieving the transformation in the electricity generation sources summarized in Figure F-23 requires
retirement and/or modification of the existing coal based plants and adding new generation technologies.
The final mix of generation technologies are to include primarily coal with emissions control equipment,
carbon capture and sequestration (CCS), nuclear and biomass generation. The strategy summarized in
Figure F-23 does not make major changes in the percentage of natural gas, petroleum, and renewables on
the grid. The following discussion focuses on the scope, schedule and costs related to updating existing
coal plants to meet EPA regulations to continue operating, retiring the balance of the coal plants and
adding new generation.

As cited earlier and as shown in Figure F-23 the objective is to achieve a split in electricity generation
of ~30% in each of the existing upgraded coal plants, new coal plants with CCS and nuclear over a twenty
year period. The ~10% balance of the generation is comprised of new biomass, petroleum and natural gas
plants. Using the current capacity of 16 GW(e) total grid capacity the capacity of each of these would be
~5 GW(e).

Table F-3 summarizes some of the characteristics of the existing coal plants in Kentucky. Reduction
of this inventory to 5 GW(e) requires retiring ~11 GW(e) of existing plants. The highlighted columns on
this table show the years in which each plant’s age reaches 60 years. Figure F-23 shows the trend in
remaining capacity if the plants were retired at this age. For the purposes of analysis, however, it will be
assumed that those plants to be retired will be retired in an orderly progression beginning in 2013 and
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ending in 2035. Figure F-34 shows the remaining coal based capacity for this orderly retirement. The
retained coal generation will also be updated with emission control equipment necessary to meet EPA
regulations over this time frame. Based on industry literature’ a cost of $1B per GW(e) is used for
installation of the new emissions control equipment.

Table F-3. Summary of coal plants in Kentucky.

Initial Nameplate Generating Last Coal Electric
Company Plant_Name Plant_Type Seni Year at 60 P ., _Capacity_ Accum Cap Coal_Units Total_Units Consumption Production
enice _Capacity MW Updated ST MWh
Kentucky Utilities Co. (E.ON US) Tyrone Coal 1947 2007 75 75 15,936 1 3 40210 12091 24047
Kentucky Utilities Co. (E.ON US) Green River Coal 1950 2010 264 264 15,672 4 4 40210
Kentucky Utilities Co. (E.ON US) Pineville Coal 1951 2011 38 38 15,634 1 1 40210
Tennessee Valley Authority Shawnee Coal 1953 2013 1750 1750 13,884 10 10 40210 4082644 7436357
East KY Power Cooperative Dale Coal 1954 2014 216 176 13,708 4 4 40210 389154 818662
Kentucky Utilities Co. (E.ON US) Brown Coal 1957 2017 739 740 12,968 3 10 40210 1092651 2498989
Louisville Gas & Electric (E.ON US) Cane Run Coal 1962 2022 645 645 12,323 3 4 40210 1575971 3233873
American Electric Power (AEP) Big Sandy Coal 1963 2023 1097 1060 11,263 2 2 40210 2507625 6245122
Tennessee Valley Authority Paradise Coal 1963 2023 2558 2558 8,705 3 3 40210 6353549 14251654
Owensboro Municipal Utilities Smith Coal 1964 2024 445 416 8,289 2 2 40210 1197428 2390873
East KY Power Cooperative Cooper Coal 1965 2025 344 321 7,968 2 2 40210
Western Kentucky Energy Reid Coal 1966 2026 195 195 7,773 1 2 40210
Western Kentucky Energy Coleman Coal 1969 2029 521 521 7,252 3 3 40210 1278540 2660340
Louisville Gas & Electric (E.ON US) Mill Creek Coal 1972 2032 1717 1717 5,535 4 4 40210 4748412 10347176
Western Kentucky Energy HMP&L Station 2 Coal 1973 2033 365 365 5,170 2 2 40210 751395 1575058
Kentucky Utilities Co. (E.ON US) Ghent Coal 1974 2034 2226 2226 2,944 4 4 40210 5331887 11325017
East KY Power Cooperative Spurlock Coal 1977 2037 1279 814 2,130 3 3 40210 3567030 7605669
Western Kentucky Energy Green Coal 1979 2039 528 528 1,602 2 2 40210 217705 2324793
Cinergy / Duke Energy East Bend Coal 1981 2041 669 648 954 1 1 40210 1913481 4270135
Western Kentucky Energy D.B. Wilson Coal 1984 2044 440 440 514 1 1 40210
Louisville Gas & Electric (E.ON US) Trimble County Coal 1990 2050 566 514 0 1 7 40210 1409667 3124300
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Figure F-34. Retained upgraded coal plants after retirement of selected plants.

Figure F-35 illustrates the addition of new capacity as existing coal based capacity is retired with the
objective of maintaining the total grid capacity in the range of 16 GW(e). The additional new capacity
includes a mix of natural gas combined cycle generation in the first half of the transformation, with coal
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with CCS, LWR, and HTGR electricity generation completing the additions. It is necessary to include a
significant capacity of natural gas generation in the earlier phase of the transformation because the other
technologies are still in development and will not be available for commercial application until the mid-
2020s. The natural gas generation is needed to make up for the retirements in the 2013 to mid-2020s that
have already been announced ° and additional retirements that are anticipated because of the current and
pending EPA regulations. ® Use of natural gas generation in this interim period is economic because of the
low prices for natural gas projected over the next decade and potentially beyond, and the low capital costs
for deployment. Natural gas generation is also the baseline for GHG emitting generation in pending EPA
regulation on GHGs. However, over the longer term the economics of natural gas generation may not be
favorable as natural gas prices rise. Accordingly, it has been assumed that it will be retired after 15 to 20
years of operation as new non-GHG emitting generation comes online.

Transformation of Electricity Generation Sources
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Figure F-35. Transformation of electricity generation sources.

Figure F-36 shows the shifts in the mix of generation technologies as the Kentucky grid is
transformed from one dominated by coal in 2013 to the mix shown in Figure F-23. This shows the early
addition of natural gas generation as coal plants are retired in the 2013-2020 time frame. In the early
2020s coal plants with CCS (1300 MW(e) per plant) are added to the grid and the natural gas capacity is
beginning to be retired. This retirement of natural gas capacity continues as the nuclear components are
added to the mix. The initiation of the nuclear additions is based on current estimates of their availability
for commercial application. LWRs (500 to 1500 MW(e) per plant) are the first additions to the grid
beginning in 2023 and extending through 2032. HTGRs are added in two phases. The addition during the
integration of the HTGR technology into the carbon conversion processes as discussed in previous
sections is the first phase. The second phase is the addition of an electricity only plant (~1000 MW(e))
toward the end of the addition of HTGRs to the carbon conversion processes.
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As shown for this notional strategy the total period for the transformation of the electricity generation
technologies is 27 years; exceeding the goal of 20 years shown in Figure F-23. This longer period is
consistent with the expected rate of existing coal-fired plant retirements or upgrades. If this changes the
rate of additions of new technologies would be adjusted accordingly.

Generation Technology Mix during Transformation of Kentucky
Electricity Generation Sources
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Figure F-36. Generation technologies mix during transformation of the Kentucky electricity generation
sources.

Figure F-37 summarizes the estimated costs for the transformation. These costs are based on EIA
estimates for the NGCC and Coal with CCS technologies and estimates developed for the LWR and
HTGR technologies by the INL. The estimated costs are high, averaging ~$3B per year over the duration
of the transformation. While this expenditure rate would have a positive effect on the Kentucky economy
over this period because it is estimated that ~70% of these expenditures would be in the form of labor and
materials, the financing of such expenditures may be difficult.

In addition to the high costs the shift in electricity generation technologies will also increase the costs
of electricity generation in Kentucky. The estimated costs of generation over the period of transformation
are shown in Figure F-38. The added technologies have estimated generation costs significantly higher
than the existing coal-fired plants. Accordingly, when complete it is estimated that the costs of generation
will increase by a little more than a factor of two. This could have an adverse effect on the Kentucky
economy and on the ability to export electricity outside the Commonwealth, if that were a priority. This
factor is addressed in the following section of this report.
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It should be emphasized that the prior discussions and estimates of costs and impacts on electricity
generation in Kentucky are based on a notional strategy. The actual strategy, (e.g., the schedule of
capacity retirement and plant upgrades, the selection of and schedule for addition of new generation) will
be decided by the plant owners. These decisions will be highly influenced by government action on
emissions regulation, long term objectives of the Commonwealth and costs. The development of the
notional strategy discussed herein was completed to provide perspective on the scope and costs required
to realize any significant transformation of electricity generation sources.
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Figure F-37. Estimated costs of the Kentucky electricity generation technologies transformation.
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Figure F-38. Estimate of electricity generation cost increases from electricity generation transformation.

F-2.2.6 Net Effect on Kentucky GDP

The deployment of a carbon conversion industry and the transformation of the electricity generation
sources will have effect on the Kentucky economy during construction and over the longer term. The
influence of these on the Kentucky real GDP? is used as a metric to quantify their effect.

The carbon conversion industry deployment would add to the Kentucky GDP as expenditures are
made during construction of the process plants and later during integration of the HTGR technology in the
carbon conversion process. Over the longer term the consumption of coal and natural gas and the
production and sale of synthetic fuels will be an added component to the GDP. In this regard, Figure F-10
summarized the funding profile required for deployment of the carbon conversion process plants and
Figure F-32 summarized the costs for integrating the HTGR into these process plants. INL review of the
elements of the costs in each of these cases shows that ~70% of the costs are in the form of labor and
material which would be expected to be local to Kentucky. Accordingly, it is estimated that these would
be direct contributors to the Kentucky GDP during that period.

The revenues generated by the process plants will also have a direct contribution to the GDP. This is
shown in Figure F-30. The contribution to the GDP from the revenues has been established by subtracting
intermediate contributions to generation of the revenue that are accounted for in other elements of the
GDP, (e.g., labor, commodities). The value of the coal and natural gas used in the conversion processes is
included in this accounting since it is consumption directly related to these plants and is not currently
accounted elsewhere.

p  The cost analyses presented in the prior sections of this report have been based on 20118$. For the purposes of this discussion
the GDP effects will be referenced to the Kentucky 2011 GDP.
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Similarly, the expenditures during construction of new electricity generation to achieve the objective
of diversifying electricity generation technologies will also add to the GDP. The estimated annual
expenditures over the construction period are summarized in Figure F-37. Again 70% of these
expenditures is assumed to directly affect the GDP.

The increase in electricity generation costs due to the transformation of the electricity generation
sources may have a negative effect on the GDP by increasing the costs of production in the industrial
sector and costs to the residential and commercial sectors. The increases will also affect the ability to
export electricity outside the Commonwealth. However, this increase in generation costs is judged to not
have a significant effect on the Commonwealth’s GDP over the longer term for the following reasons:

o With respect to export the percentage of generation exported from Kentucky is less than 10% ’ and,
accordingly, has a very small influence on the GDP

e Figure F-39 shows the expenditure in Kentucky on energy by sector and fuel.” Electricity accounted
for 33% of energy expenditures in 2009. The doubling of the generation costs over the period 2013 —
2040 would increase this percentage of total energy expenditure but it is judged that the increase
would not be proportional to the increase in cost because there would also likely be reduced demand.
An estimate of the effect of this increase on reduced demand could be made using the correlations
developed by Kentucky in Reference 8. This paper states:

“...These electricity price elasticity coefficients suggest that given a 10% increase in the real
price of electricity in Kentucky, and holding all other included factors constant:

* Commercial consumers would reduce electricity consumption by between 2.1% and 5.4%

* Industrial consumers would reduce electricity consumption by between 3.4% and 12.2%

Kentucky Total Energy Expenditures, 2009 Kentucky Total Energy Expenditures, 2009
Energy Expenditures by Sector (%) Energy Expenditures by Fuel Type (%)

I ndustrial I Commercial I CElectricity N Gasoline I Diesel
I Residential [ Transportation P natural Gas [ Coal
Kentucky Energy Database, EEC-DEDI, 2011 Kentucky Energy Database, EEC-DEDI, 2011
Sector Million ($ US) Percentage Fuel Type Million ($ US) Percentage
Total 17,477 100% Total 17,477 100%

Transportation 7,979 46% Electricity 5713 33%

Industrial 4,471 26% Gasoline 5,153 30%

Residential 3,140 18% Diesel 2,697 16%

Commercial 1,887 11% Coal 2,123 12%
Natural Gas 1,560 6%

Figure F-39. Kentucky energy expenditure by sector and fuel — 2009.

178



INL/EXT-12-26710
Revision 1
February 2013

» Residential consumers would reduce electricity consumption by between 3.1% and 8.6% ...”

The 100% increase in electricity price projected for the full transformation of the generation sources
would project decreases in demand on average between 29% and 87%. This is judged to be an
unreasonable expectation on reduction in demand over this long period. It also does not take into
account increases in demand due to other factors such as the expansion of the economy and
population in Kentucky over this period. It is judged that there will be little change in demand on a
percentage basis over the period of transformation.

e The period of transformation is long resulting in a gradual increase in annual costs as shown in
Figure F-39. This should allow the economy to absorb the increases without major impact.

e The increase in electricity generation costs will not be limited to Kentucky as the impact of retired
coal based plants and introduction of new higher cost technologies increase the average real
generation cost nationally. The projected ultimate generation costs are also in the same range as
current generation costs in parts of the United States that do not have significant coal based
generation, (e.g., the Northeast). Therefore, Kentucky should be able to retain its position within the
national economy.

Accordingly, the effect of the projected increases in real electricity generation costs will not be
considered further in the assessment of the transformation on the real GDP.

Figure F-40 shows the estimated annual contributions of the notional deployment of the carbon
conversion industry and the expenditures during transformation of the electricity generation sources
developed herein to the Kentucky GDP in real (2011$) dollars. For comparison, also shown is the
contribution of the mining industry to the GDP in 2011. The maximum contribution during deployment of
the carbon conversion industry and transformation of the electric generation industry is ~$12B (20118$) or
more than twice the 2011 contribution. The long term contribution from revenue of the carbon conversion
industry is ~$8.5B (20118); 70% higher than the mining industry contribution in 2011.The long term
carbon conversion industry will consume a minimum of ~ 14.5 million tons per day of primarily eastern
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Figure F-40. Contributions of carbon conversion industry and transformation of electricity generation

sources on Kentucky GDP.

Kentucky coal and 378,300 MMSCEF per day of eastern Kentucky natural gas. Additionally, if these

initiatives were started as analyzed in this report initial coal

and natural gas consumption would begin in

2018 and the plants will reach full capacity in 2023. The integration of the HTGR into the process plants

beginning with initial construction in 2025 adds to the GDP
CO, emissions to manageable levels.

through 2036. This integration also reduces

These are substantive contributions to the Kentucky economy on a real dollar basis and support the
Commonwealth objectives of revitalizing the coal and natural gas production industry in eastern
Kentucky and providing a viable sustainable mix of electricity generation over the long term. Also, it
should be noted that the substantive economic multiplier effects of business growth (e.g., real estate, retail
sales growth) that accompanies such industry development and transformation has not been included.
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Steam Methane Reformer Modification
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Appendix G
Steam Methane Reformer Modification

Prior to initiating the incorporation of the HTGR technology it will be necessary to revise the SMR
reformer design to use the HTGR heat in a convective heat exchanger in place of the burning of natural
gas and a radiant heat exchange mechanism.

In a conventional steam methane reformer, heat is transferred from the combustion gas to the
reforming tubes via radiation. In the HTGR integrated steam methane reformer scenarios considered in
this study, convective heat transfer will be required. Due to this difference, a redesign of the reformer will
be required in order to ensure adequate heat transfer in the HTGR integrated scenario. Fortunately,
significant work has already been done by industry to develop and commercialize convective steam
reformers. Although the objectives in prior development of this technology have not focused on nuclear
heat integration, the concepts and designs appear to be easily adaptable to using hot gas from an HTGR as
the heat source. The Haldor Topsoe Convective Reformer (HTCR) was developed in the 1980’s and has
been in large-scale industrial operation since 1997. This technology was designed to use flue gas as the
heat source, and integrates a combustor into the design. A schematic of the reformer design is shown in
Figure G-1. The HTCR reactor consists of a vertical, refractory lined vessel, containing the tube bundle
with several bayonet tubes. Each tube assembly is surrounded by a flue gas guiding tube, and the heat flux
is adjusted by a proprietary flue gas control device. Below the vertical section is a horizontal combustion
chamber containing the burner. Note that in this design, the flue gas temperature (1,270°C) is
significantly hotter than the gas that can be delivered by an HTGR (850°C). Also, the flue gas exit
temperature in this design (600°C) is slightly warmer than the helium exit temperature assumed in the
HTGR scenario (563°C).

Process gas outlet (600°C)
Process gas inlet (450°C)

Flue gas outlet

(600°C) q (_

Flue gas tube
Flue gas annulus

Reformer tube
Catalyst bed

Center tube

Flue gas
entering the flue gas

06

Flue gas inlet (1270°C)

Figure G-1. Haldor Topsoe Convective Reformer (HTCR) design.
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Haldor Topsoe has also developed a convective reformer that relies on process gas as the heat source.
In this design, the hot gas enters the reformer at 1,040 — 1,050°C. This design, known as the Haldor
Topsoe Exchange Reformer (HTER), was first used on a commercial scale in 2003 at Sasol’s Secunda,
South Africa synfuels complex. A picture of the HTER internals being lifted after arrival at this site is
shown in Figure G-2. One key difference between the HTER and the HTCR designs is that the HTER is
designed for operation at higher pressures, which would be desirable when using an HTGR for the heat

source.

Figure G-2. Haldor Topsoe Exchange Reformer (HTER) internals being installed at Sasol facility.
Based on the commercial success of convective steam reforming in recent years, it is believed that
this technology could be adapted to use an HTGR for the heat source. Due to the lower temperature of the
HTGR heat compared to previously proven heat sources, it is anticipated that a somewhat larger design
would be required. Development is needed to quantify this issue, identify any other potential issues, and

ensure a trouble-free design.
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AN INTRODUCTION TO THE HIGH TEMPERATURE GAS-COOLED REACTOR

A nuclear, near-zero carbon source of process heat and power for industry

The industrial sector was responsible for more than
20% of energy usage in North America and Europe in : z S
2009 and above 25% in OECD Asia. Refining, chemical e iE: IS‘ o e 304 more efﬂaen"r "
processing and iron & steel industries rely on fossil fuel the production of electric power than light
for high temperature process heat and account for over water Small Modular Reactors (SMRs) and
40% of this industrial sector total. can uniquely address industrial process heat

requirements. The potential market for HTGRs
is at least twice that of any other proposed
modular reactor — as many as 700 reactor
modules in North America alone.

Today, there are no other choices for lower carbon
footprint  pathways to provide high temperature
process heat. The HTGR provides the only option on
the technology horizon that addresses this industry’s
carbon footprint, energy security and price volatility.

High Temperature Gas Reactor (HTGR) — The Game Changer
1. The design of the HTGR is intrinsically safe. Post-Fukushima, the importance of this capability is clear.

> Intrinsic safety allows co-location with new or existing industrial facilities
> There are no failure scenarios that result in any significant release of radioactive materials based upon:
o Fission products are contained within ceramic-coated fuel particles
o The reactor shuts itself down well below temperatures that can damage the ceramic fuel particles
o No heat transfer fluid (water, gas, etc.) is required for post accident cooling
o Spent fuel is air cooled without motive force required
o No motive power, electric or otherwise, or operator intervention is needed to safely shut down the reactor

2. The HTGR is the only technology on the near-term horizon capable of displacing the use of fossil fuel for
electricity and high temperature process heat while emitting zero carbon.

> Supplies process heat requirements for petrochemical refining, chemical processes and extraction and upgrading
of bitumen from oil sand and shale, and provides higher efficiency electrical power (more than 30% higher) and
lower-cost power generation compared to SMRs

> Displaces/supplements premium fossil fuels, lowers CO, emissions and provides stable process heat pricing as fossil
fuels are fungible global commodities and pricing is tied to oil intrinsic energy parity in many parts of the world

> Allows premium fossil fuels to be used for higher-value products, such as chemical feedstocks that add multiples of
GDP vs. simply burning as fuel

3. It is economically competitive with natural gas in most places of the world today without any price for carbon.

> Competes globally today for process heat and power at about $6 per MMBTU equivalent natural gas price

> Even in North America (NA), the Alliance concludes this will be competitive in the commercialization time frame of 2025+

> The Alliance estimates that the first 25-year build out with only a 25% market penetration in NA only will likely create
more than $1 trillion in GDP

> Creates high-paying jobs in infrastructure (large industrial forgings & other ancillary equipment), construction
and operation

> Helps assure energy security by providing long-term stable energy costs & enabling conversion of carbon (coal, pet coke,
solid waste) to synthetic fuels and chemicals via nuclear-assisted conversion processes with a minimal carbon footprint

4. The business model will likely not require loan guarantees based on large industrial end-user long-term purchase
agreements and multi-investor ownership.
> The business model envisions third-party fence line commercial agreements with the process heat and power
off-takers, enabling the long-term agreement to serve as collateral and eliminate the need for loan guarantees
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High Temperature Gas-Cooled Reactors (HTGRs)

A nuclear, near-zero carbon source of process heat and power for industry

> The business model envisions many of the installations being joint venture (JV) structures with typical financing
(80/20 debt to equity) enabling many to participate in financing. A $4 billion 4 reactor Nth of a kind installation
with 4 JV partners would only require cash infusion by the partners of $200 million each

5. The key challenge centers not on the HTGR or its economics, rather it is the financial lift associated with maturing
this game-changing technology. The two-decade-plus timeframe for an initial economic return on investment is
difficult for private industry to make alone considering the business risks — particularly those introduced by the
government regulatory process.

Summary

Post-Fukushima, the HTGR brings a new level of intrinsic safety that enables its co-location with other industries and
communities. It dramatically reduces CO, emissions from petrochemical production, petroleum refining and extraction
of bitumen from oil sands and shale. It is economical today in Europe, Asia and the Middle East where natural gas price
is tied to oil parity. The Alliance concludes that even U.S. gas prices are likely to emerge in a range that will make this
technology competitive for process heat and power in the 2020+ timeframe as utilities, transportation and natural gas
compete to arbitrage the current U.S. price advantage. Further, if one envisions oil in the $130+ per-barrel range in the
2020+ timeframe, it provides an economic approach to production of synthetic fuels from indigenous carbon sources
with virtually no carbon footprint. It is the game-changing technology that can address the overarching global energy
policy goals of energy and feedstock security, economic growth/GDP (jobs) and carbon footprint (climate). Based on
the current trajectory, if funding were sufficient in the coming years, this technology could be deployed initially in the
mid-2025 timeframe.



A BUSINESS PLAN FOR COMMERCIALIZATION

This business plan includes the following summation:

> HTGR Technology - brief introduction to HTGR
technology and its most important attributes

> Market and Economics — characterization of the
potential market and the associated economics

> Investment Perspectives — why HTGR
technology is a well-founded investment for
industry, equity and national policy makers

> Commercialization Strategy — steps to
commercialization and deployment

> Enterprise Structure — description of the major
activities and organization to implement the
commercialization strategy. Example investment
scenarios are developed around this structure
and described in more detail in the
referenced Appendices

> Enterprise Risk — summary characterization
of the most important risks associated with
completion of the commercialization strategy

Selected topics are amplified in the Appendices, including:
> Appendix A: The Target Markets, Competition and Preliminary Economics
> Appendix B: Development Venture — completing the development for commercialization
> Appendix C: Deployment Project = constructing and operating the initial HTGR plant

HTGR TECHNOLOGY

Today, the process heat requirements for the energy-intensive industries around the globe are provided almost entirely
by fossil fuels. In addition, power for these industries is provided by solid, liquid and gaseous fossil fuels. Consequently,
these industries are hostage to evolving environmental concerns, unpredictable government policies, uncertainty of
supply and price volatility. Modular HTGR nuclear technology provides an important option that addresses these issues
head-on. It provides process heat at the temperatures needed by industry and power with competitive economics,
compelling safety, and minimal environmental concerns.

For those markets that rely on premium fossil fuels, commercializing the HTGR makes available the only game-changing
technology on the horizon that can address the overarching and global energy policy goals of energy and feedstock
security, economic growth/GDP (jobs) and carbon footprint. In addition, trends in fossil fuel prices suggest that modular
HTGR technology integrated with modified versions of conventional carbon conversion technologies provide an
economic approach to production of synthetic transportation fuels, chemical feedstocks and chemicals with a minimal
carbon footprint.

Fulfills the Energy Needs of Energy-Intensive Industry

A prismatic core modular HTGR with a conventional steam cycle has been selected as the reference concept for
commercialization. The concept, developed by AREVA US, provides the best match to near-term energy needs with
competitive economics and acceptable risks for investment readiness, while also laying the foundation for more advanced
modular HTGR concepts. It is envisioned that the reference concept module will be incorporated in multi-module plants
that can provide over-the-fence supplies of energy analogous in capacity and reliability to conventional combined cycle
facilities used by industry. For example, a large industrial complex might typically have 4 to 6 modules for reliable process
heat and power supply.

The nuclear supply system module is based on a 625 MW thermal (MW1) annular reactor core in a large steel reactor
vessel. It is a two-loop system with the reactor connected to two parallel steam generators and helium circulators.

Ceramic-coated particle nuclear fuel is a key part of the modular HTGR concept. Each fuel particle consists of a fuel
kernel surrounded by multiple ceramic-coating layers which provide the primary fission product retention barrier under
all conditions. The total fuel supply includes roughly 30 billion such particles per core. As shown below, the particles
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are distributed in graphitic cylindrical compacts, and the compacts are placed in holes drilled in the graphite fuel blocks.
The fuel blocks are loaded into the fueled annulus of the core. The rest of the core is made up of non-fueled graphite
reflector blocks, that due to its heat treatment (up to 3,000 degrees C), also behaves as a ceramic. Hence the basic core
structure is entirely ceramic.

Circulating helium carries the heat produced in the reactor to the steam generators to produce high temperature
superheated steam. The remaining steam distribution system can be configured in a variety of different ways depending
on the specific needs of each energy user.

The initial fleet will adapt multiple standard reactor modules with application-specific process steam and/or power
generation modules for a range of plant sizes for the target applications discussed above.



Compelling Safety

The superior safety characteristics of modular
HTGR technology provide a nuclear energy system
design that intrinsically protects the public and the
environment. The safety case supports acceptable
business risk for collocation at the energy
end-user’s facility.

The compelling safety case directly addresses
extraordinary events such as interruption by natural
causes (e.g., flood or earthquake), human error
or equipment failure that affect the plant normal
operations. Power and heat generation is managed
through intrinsically self-limiting reactor shutdown
without operator action and without the need for
fluid management systems (e.g., water or gas) or
electric power.

No explosive gases can be produced by the fuel
materials or core infrastructure — the materials

Intrinsic Nuclear Safety

No need to evacuate or shelter the public and no
threat to food or water supplies under any conditions.

Multiple assured barriers to the release of radioactive
material are provided.

Reactor power levels are limited and the nuclear
reactor shuts down if reactor temperatures exceed
intended operating conditions.

No actions by plant personnel or backup systems are
required to either ensure shutdown of the reactor or
ensure cooling.

No power and no water or other cooling flid is required.

Reactor materials including the reactor fuel are
chemically compatible and in combination will not
react or burn to produce heat or explosive gases.

were selected and designed to preclude this. Used
nuclear fuel from a HTGR requires no cooling water
or active systems for storage or heat transfer over
time, relying instead on natural convective flow
of air.

Achievable levels of air or water intrusion do not
result in substantive degradation of the capability to
contain radioactive materials.

Spent or used fuel is stored in casks or tanks in

The safety case has been demonstrated in the underground dry vaults that can be cooled by natural

German AVR HTGR and recently in the 10 and 30
MW designs in Japan and China respectively. In
those tests, the reactor was allowed to heat up to
the point where it simply shut itself down.

circulation of air and shielded by steel plugs and
concrete structure.

Proximate public and industries need not shelter or evacuate for any internal or external event challenging reactor safety.
This translates into a close-in siting capability needed for process steam/heat loads, plus anticipated improved public and
investor acceptance.

Extensive Development History

The basis for the HTGR technology was first developed over 50 years ago in the UK, the U.S. and Germany. Seven
experimental and demonstration reactors have been built world-wide, including U.S. commercial scale demonstrations of
specific HTGR concepts for electric power generation at the Fort St. Vrain plant located in Colorado! that operated from
1976 through 1989 and the Peach Bottom Atomic Power Station, Unit 1, a 200 MW1, HTGR located in Delta, Pennsylvania,
that was operated? from June of 1967 fo its final shutdown on October 31, 1974.

Current HTGR system-related development efforts exist in China, Korea, Japan and Russia, and there has been recent
revived interest from the process heat industry in Europe.

Through 2011, $445 million dollars® has gone into confirmatory research and development for HTGR technology by the
U.S. Department of Energy under the Next Generation Nuclear Plant (NGNP) program. Activities currently underway
to complete qualification and codification for fuel, graphite and high temperature materials will complete in five to six
years if sustainable funding is provided. These activities are being conducted at the Idaho National Laboratory (INL) and
elsewhere in the national laboratory complex.

In complementary activities over the past decade, industry has invested more than a billion dollars* in advancing design
concept and pre-licensing work with the vision for completing a commercial-scale demonstration project.
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MARKET AND ECONOMICS

As described in more detail in Appendix A, substantive
evaluations comparing the technology and economics
of the HTGR with conventional technologies have been
completed for about 20 different industrial processes
including co-generation supply of steam and electricity
to industrial plants, electricity generation as a merchant
or regulated power generator, non-conventional oil
extraction and upgrading, production of hydrogen,
conversion of coal and natural gas to transportation
fuels and chemical feedstock, production of ammonia
and ammonia derivatives, seawater desalination, and
coke and steel production. These evaluations addressed
applications where the high temperature capabilities of
the HTGR extend the use of nuclear energy beyond the
traditional role of conventional light water reactors to
supply electricity only. Based on these evaluations, and
making conservative estimates regarding the extent of
anticipated market penetration, the potential market in
North America alone is represented by the summary in
the adjacent figure.

For purposes of this business plan, the initial target
market is limited to three broad market sectors:
1) delivery  of high temperature process steam;
2) co-generation of process heat and electric power; and
3) power generation. This initial target market is selected
based on the functional and performance capabilities of
the reference concept described earlier, and assessment
of preliminary economics for the associated applications.
Each sector is summarized in the following with the
estimated production capacity that could be installed, the
cumulative contribution to the economy for the period
2025 through 2050, and a preliminary characterization
of economics.
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The North American Potential Market alone
(assuming conservative market penetration):

Co-generation

Petrochemical, Refinery, Fertilizer/Ammonia plants
and others

75 GWt (<125 — 600 MW+t modules)

Oil Sands / Oil Shale
Steam, electricity, hydrogen & water treatment
18 GWt (~30 — 600 MW+t modules)

Hydrogen Merchant Market
36 GWt (~60 — 600 MWt modules)

Synthetic Fuels & Feedstock
Steam, electricity, high temperature fliids, hydrogen
249 GWt (~415 — 600 MWt modules)

IPP Supply of Electricity
110 GWt (~180 = 600 MWt modules)

Price of Carbon

For every $10 per ton of CO,, the cost-effectiveness
of the HTGR improves by $0.50/MMBTU equivalent
natural gas price. A $50 price per ton of CO, improves

the competiveness of the HTGR from $6/MMBTU to
$3.50/MMBTU.




1. Petrochemical, Chemical, Petroleum and Other Processing Facilities — These production facilities have large energy
demands typically addressed via natural gas-fired on-site power generation and high temperature steam supply for
combinations of process heating, mechanical drivers and direct steam injection. In support of assessing representative
potential applications, a recent site-specific report, “Evaluation of Siting an HTGR Co-generation Plant on an Operating
Commercial Nuclear Plant Site™ has been prepared by the INL with the support of Entergy Louisiana, LLC, Entergy
Nuclear, Inc., and The Dow Chemical Company. This report addresses the technical feasibility and economic viability
of locating an HTGR co-generation plant at the Waterford Steam Electric Station site in St. Charles Parish, Louisiana,
and providing the energy needs of two nearby large petrochemical process facilities.

> Installed rating of plants for potential market® = 75GWt or ~125 modules
> Cumulative contribution to the economy — $3308B
> Competes with natural gas at an energy equivalent price of ~$6/MMBtu

2. Oil Sands Recovery Operations in Alberta, Canada — These operations have modest electrical demands for on-site
generation but require large process steam loads in the form of distributed injection of steam for bitumen recovery.
In support of assessing this potential application, a recent report “Integration of HGTR Technology with Oil Sands
Processes™ has been jointly prepared by the INL and the Petroleum Technology Alliance Canada that represents the
leading petroleum companies who operate on an international scale and are heavily involved in the oil sands industry
in Canada. This report addresses the technical feasibility and economic viability of using a central HTGR cogeneration
plant to provide the energy needs of multiple bitumen recovery sites over a period of several decades, and upgrading
the extracted bitumen to premium synthetic crude.

> Installed rating of plants for potential market® — 18 GW1 or ~30 modules
> Cumulative contribution to the economy — $95B
> Competes with natural gas at an energy equivalent price of ~$10/MMBtu®

3. Power Generation — Adding power generation units has unique siting constraints such as geographic close-in locations
to load centers, transmission capacity and/or cooling water. In addition, the modular HTGR is an ideal technology fit
for replacing small to medium coal-fired plants scheduled to be retired in the timeframe of interest due to tightening
environmental requirements.

> Installed rating of plants for potential market'® — 110 GW1 or 180 modules
> Cumulative contribution to the economy — $480B
> Competes with natural gas at an energy equivalent price of ~$6/MMBtu

In addition to the three sectors identified above, direct heating growth applications are emerging for industrial
manufacturing processes such as ethane cracking, steam methane reforming and water-to-hydrogen thermal processes
for hydrogen production. These growth areas can extend the market potential for the above target applications. New
market applications such as carbon conversion for production of synthetic transportation fuels and chemical feedstock
are other areas that are expected to emerge prior o mid-century. In addition, a higher temperature capability can be
applied to advanced energy conversion cycles for more efficient and cost-effective power generation. Serving these
growth areas requires further high temperature materials qualification, development of high temperature heat exchange
capability and commercialization of highly efficient hydrogen production technology. The groundwork for these growth
areas has been established in previous development work by industry and the Idaho National Laboratory.

While the North American market, noted above, is very large, the global market is enormous. Appendix A provides a
comprehensive evaluation of these markets, the projected prices for natural gas and oil that constitute the competition,
and preliminary economics for each sector.

INVESTMENT PERSPECTIVES

For those markets that rely on premium fossil fuels, commercializing the modular HTGR provides the option to use
the only game-changing technology on the horizon that can address the overarching global energy policy goals of
energy and feedstock security, economic growth/GDP (jobs) and carbon footprint (climate). Further, trends in fossil fuel
prices suggest that modular HTGR technology integrated with modified versions of conventional carbon conversion
technologies provides an economic approach to production of synthetic transportation fuels and chemical feedstocks
with a minimal carbon footprint.

Modular HTGR plants can produce competitively priced electric power and high temperature process heat/steam that
assures energy security and stabilization of energy prices for about 60% of global energy needs. Of these energy




)) Game Changer for Industry

It's the only game-changing technology on the horizon that can address the overarching global energy
policy goals of energy and feedstock security, economic growth/GDP (jobs) and carbon footprint (climate).

needs, over half of the associated applications have been evaluated at the
conceptual level and show promising economics.

Using HTGR nuclear-produced process heat dramatically reduces CO,
emissions from petrochemical production and petroleum refining facilities.
It is economically competitive today in many parts of the world where gas
prices are tied to oil, such as Europe, Japan and the Middle East. Further,
we conclude that even U.S. natural gas prices are likely to emerge in a range
that will make this technology competitive for process heat and power in
the 2020+ timeframe as utilities, fransportation and LNG exports compete to
arbitrage the current U.S. price advantage. (See Appendix A)

Further, if we are able to envision oil in the $130+ per-barrel range over the
next decade and beyond, the modular HTGR technology option integrated with
carbon conversion processes provides an economic approach to production
of synthetic transportation fuels — and/or in a carbon emissions-constrained
environment, an alternative source of chemical feedstock.

The HTGR can create an expanding marketplace beyond electricity generation
and enable industrial growth that is today solely relying upon a natural gas
supply. HTGR-produced energy can be a hedge that can insulate industry
from energy price volatility. Unlike natural gas energy production, HTGR use
is largely immune to fuel price swings where 70% of the cost is driven by the
capital investment with fuel being <20%. This is entirely opposite of natural gas
used for industrial process application where ~70% of the cost of energy is
directly tied to the cost of fuel and the enormous volatility this brings with it.

Why would an energy end-user be interested in this technology?

Current industrial plants are using one primary source of energy, natural gas,
to develop the process heat. Modular HTGR technology provides an important
option based on: 1) high temperature output, 2) competitive, stable long-term
energy prices and 3) intrinsic safety.

1. High Temperature Output — HTGR technology is capable of delivering
process heat at the heat and pressure ranges required by manufacturing
and processing plants. Reliable and sustainable supply can be offered
through multiple nuclear heat supply units (multiple HTGR modules) with
close to 100% availability. The output produced is several hundred degrees
above what is possible with conventional light water reactor technology
and is produced without CO, emissions.

2. Competitive and Stable Long-term Energy Prices — This technology offers
flexible scalable deployment, high reliability and attractive economics. It
is flexible, in part, due to its relative size that is comparable to the thermal
output of a conventional gas turbine, making it a like-for-like functional
replacement of thermal and power needs where redundancy is also a
requirement. Because HTGR nuclear fuel cost is projected to be consistent
with today’s commercial nuclear fuel (accounting for <20% of tofal
production costs") and is purchased for multi-year capabilities, it is largely

Energy Supply

° The HTGR is competitive
today in many parts of

the world

° Creates a new market
for nuclear energy
within industrial heat
applications and a
brand-new energy option
using indigenous carbon
to produce synthetic

fuels and feedstocks

Supports requirements
of industry that are not
serviceable from lower
temperature light

water reactors

Provides for higher-

efficiency power

production

Provides stable energy
price uncoupled from
volatile pricing for
natural gas — a fungible
global commodity tied
to oil parity
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immune to volatility in pricing and market swings; largely in opposition to natural gas for industrial production where
~70% of the operational costs are tied to fuel.

3. Intrinsic Safety — Intrinsic safety is the entry card to co-locating near or next to any large integrated manufacturing
complex. The HTGR provides a nuclear energy system design that is intrinsically safe at a size and scale that will
meet the needs for commercialization and provides intrinsic safety design to protect personnel, the public and the
environment. The fuel design is at the heart of the safety case and supports collocation of modular nuclear units with
existing or new industrial facilities. Due to the robust fuel design, it is a candidate for close-in siting capability needed
to expand the existing industrial capacities.

One only needs to survey the world today to see that, in many places, natural gas price is indexed to oil price and,
even in North America, higher natural gas prices seem only logical by the mid-2020s based upon several important
considerations: 1) Projects are underway to export U.S. liquid natural gas (LNG) by reconfiguring import terminals to export
capabilities — increased demand and export will eventually result in higher U.S. prices due to international arbitrage; 2)
Additional natural gas-fired base load power generation and growth in industrial use will likely create an inelastic demand
and associated volatile pricing; and 3) A move to natural gas as a transportation fuel is yet another likely inelastic demand
that can lead to increased price volatility over the next decade.

Why would a national policy maker be interested in this technology?

1. Growth in the Economy and Jobs — The Alliance’s market analysis indicates that within the first 25 years of application
in the U.S. and the Alberta oil sands industry, nearly a trillion dollars in gross domestic product could be generated.
Further, the modular HTGR is particularly well suited for small to medium and developing countries, with its scalable
modular deployment and superior safety characteristics that do not rely on intervention of any systems or people to
safely avoid major events during operation. Altogether, this translates into profitable growth in new market sectors
for the nuclear energy system and equipment suppliers, owner/operators and energy end-user industries with many
thousands of highly skilled, high-paying jobs. This growth is good for industry and good for the U.S., North America
and other countries that choose to participate and engage this technology. China is already underway with the
deployment of their version of a modular HTGR design that may compete globally.

2. Energy Price Stability — The HTGR energy pricing is
expected to be stable over an operational plant life of

HTGR Deploymen’r more than 60 years by virtue of the fact that <20% of
the energy cost is tied directly to the fuel raw material.
° Grows the economy by introducing By supplanting natural gas and other fossil fuels for

o . . producing heat, the modular HTGR provides insulation
opportunities to rebuild manufacturing from energy price variability
infrastructure in stakeholder countries

3. Alternative Uses for Indigenous Carbon Resources &

Improving Energy Security = HTGR technology provides

* Creates high-value technical and an attractive path to take advantage of indigenous
manufacturing jobs and new major carbon (coal, pet coke, municipal solid waste, etc.) by
gasifying the carbon with co-production of hydrogen, all

export markets using the modular HTGR technology, and ending up with

chemical feedstock or transportation fuels. As an example,
if you matched up about thirty one 50,000-barrels-
per-day carbon conversion plants with the annual
in a volatile and oil-indexed energy market coal production output of Kentucky, you could convert
that coal to transportation fuels equivalent to about
one-fourth of the U.S. import demand today with minimal
CO, emissions. This improves both energy security and
the likely markets would conservatively independence.

create over $1 trillion in GDP by 2050

in North America alone

° Enables companies to compete globally

° Penetration of HTGR technology to




4. Minimizes Carbon Emissions — Environmental factors range from incremental advantages associated with fuel
utilization, waste management, land use and cooling water requirements. Unique within nuclear, the modular HTGR
is the only carbon-reducing game-changing technology on the foreseeable horizon for supplanting fossil fuels in the
production of high temperature process heat. The end-user community that is driving the Alliance envisions a path
that would eliminate as much as 80% of its carbon footprint with this technology. Substantially lower carbon footprints
cannot be achieved without bold technology advances.

5. Minimizes Water Usage — The high thermal efficiency of modular HTGR technology can make use of dry cooling as
an economic alternative in those areas where water is limited.

COMMERCIALIZATION STRATEGY

The commercialization strategy is comprised of the following elements, most of which are overlapping, to achieve a
commercially viable energy supply technology:

Complete the Technology Development — The development activities for the nuclear fuel, graphite structural materials,
high temperature metals and composite materials, and contemporary analytical methods. The extant development
activities are currently being led by the Idaho National Laboratory and have, as a foundation, the past design and
qualification work that has been advanced by others on similar nuclear technologies.

Complete the Design Development — The development activities for the reference prismatic reactor concept and a
Rankine cycle steam plant capable of co-generating process heat (as steam) and electricity.

Establish the Licensing and Regulatory Requirements — A licensing plan that continues the pre-application iterative
process of collaboratively working with the US Nuclear Regulatory Commission (USNRC) to establish the regulatory
performance and design requirements for modular HTGRs. The licensing plan will then continue into the preparation of a
license application for a selected site based on the design being developed for the reference concept.

Develop the Supply Infrastructure — Establish a supply chain for nuclear fuel, graphite and other major equipment that
can be matured to support construction and operation of the demonstration and follow-on plants.

Construct and Deploy the Demonstration Module and the First-of-a-Kind Plant — The demonstration will consist of the

initial single reactor module to confirm technology and licensing implementation. This is then expanded to a FOAK plant
comprised of multiple modules supplying energy with a compelling business case.

ENTERPRISE STRUCTURE

The NGNP Industry Alliance is leading the industry effort to commercialize modular HTGR technology and anticipates a
structure for the enterprise to commercialize HTGR technology as summarized below. This structure includes enterprise
activities that comprise the equity investment opportunities that are expected to realize important long-term and
continuing retumns as the HTGR technology is widely adopted across the globe. Each of the activities envelops some or
all of the components of the commercialization strategy described above.




Overall Structure

1

Development Venture — A joint venture led by the Nuclear System Supplier (NSS) with the Prospective Owner
entity (Owner). Equity investors are anticipated to include nuclear system suppliers, vendors of major equipment
and materials, governments, industrial energy end-users and other equity investors. The NSS will lead completion of
technology development, and perform design development through preliminary design. The Owner will lead completion
of pre-application activities with the USNRC and lead preparation of license applications supporting the Deployment
Project (e.g., an Early Site Permit application (ESP), a Construction Permit application or a combined Construction and
Operating License application (COLA).

. Deployment Project — A joint venture led by the Owner for procurement, construction and operation of the FOAK plant.

Equity investors are anticipated to include energy producers (e.g., utilities; power-generating companies; independent
power/energy producers), municipalities, architect-engineers/constructors (AE/C) and industrial energy end-users. The
Owner and/or the designated Operator will lead final site and plant licensing submittals and hold the operating license;
the NSS and the AE/C will complete the final design; and the AE/C will manage construction.

. Infrastructure Framework — Activities to establish a supply chain for nuclear fuel, graphite and major equipment that

can be matured to support construction and operation of the demonstration and follow-on HTGR plants. The structure
of this activity will depend on the extent to which the NSS elects to be the supplier versus purchasing from others.
It is anticipated that nuclear fuel production capability will be developed as part of the development venture. Initial
indications are that the graphite and major equipment vendors will make the necessary investments.

. Technology Expansion Program — Activities to pursue advanced and alternative technologies to broaden the initial

market for HTGR technology. This could include technology advances such as higher temperature materials, gas-
to-gas heat exchangers, and a high-efficiency hydrogen production capability. Advanced HTGR plant designs will
support higher temperature process heat needs and the production of hydrogen, essential to the carbon-conversion
technologies. There are several carbon-conversion technologies that could be economically integrated with HTGRs.
This is envisioned as a separate investment and is not integral to the initial development venture.

. Program Direction — Activities led by the NGNP Industry Alliance to ensure appropriate direction and overall integration
for commercialization of HTGR technology. The Alliance will lead an activity to mature the understanding of market
opportunities and associated economics. The Alliance anticipates that membership will expand to include at least each
of the entities represented in the above activities.




Estimated Costs

The estimated costs to complete each of the Enterprise activities are summarized as follows:

Development Venture $ millions (2011)

Development 316
Conceptual/ Preliminary Design 280
Final Design 200
Licensing through preparation of application® 165
Equipment and infrastructure development 648

Inspections, Testing and Modifications

(Demonstration initial operations) 75
Complete site-specific design 200
Construction permit/license application/review 32
Equipment procurement 432
Construction 625
Startup & testing" 55
Initial operations (3 years) 348
Revenue (initial 3 years) -265

Infrastructure Framework $ millions (2011)
Nuclear fuel production facility 440
Graphite production facility 150

Technology Expansion Examples*®

(Future — Second-Generation Product) $ millions (2011)
Intermediate HX 100
Hydrogen production 200
Higher temperature materials 100

Program Direction $ millions (2011)

Program Support 90




Schedule

A notional schedule for the Enterprise follows. This includes completing the Development Venture and the Deployment
Project, as summarized earlier, that culminates in completing the first-of-a-kind HTGR technology plant.
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Investment Opportunities
For possible investment purposes, two areas of the Enterprise structure are developed more fully in Appendices B and C.

Development Venture — Appendix B provides a summary of possible approaches to executing the Development Venture.
The Development Venture includes providing the technical foundation and regulatory framework for commercialization
of modular HTGR technology and supporting the licensing and construction of the initial fleet of modular HTGRs for
commercial application. A large equity investment is required for which a return will be realized following completion
of several modular HTGR plants. The return is in the form of intellectual property ownership that can be realized after a
build-out of less than 5% of the conservatively estimated market penetration.

Deployment Project — Appendix C provides a summary of a possible approach to executing the Deployment Project.
The Deployment Project constructs and operates the demonstration module and the FOAK plant based on modular HTGR
technology. Return on investment begins to be realized about eight years from initial investment and includes both
revenues from operation and ownership of intellectual property associated with the techniques and experience gained
in the construction and startup of the FOAK plant.

Specifics regarding breakdown of scope, the investment framework, the interaction and interdependencies of these

activities, investment risk and the character of intellectual property and other return on investment are the subjects for
detailed discussions with interested equity investors.

ENTERPRISE RISK PERSPECTIVE

The potential consequences for three areas of overall risk are of particular importance to the success of the Enterprise are
identified below. Executing the risk mitigation activities and accommodating the residual risk are essential for success.



1. Technology Development — These are the important technologies necessary to support initial deployment. This
includes the ongoing development and design support activities such as codification in consensus technical standards
and providing technical support for development of a regulatory framework via pre-application licensing activities.

Risk mitigation:

INL/EXT-11-23907, NGNP Project — 2011 Status and Path Forward, December 2011, and detailed development plan
references therein. These constitute a comprehensive plan for the remaining technical development activities
including codification.

Residual risk (low):
Unanticipated technical issues or untimely processing and acceptance of code cases by consensus standards
committees and NRC

2. Nuclear Facility Licensing — This includes ongoing pre-licensing application interactions with the NRC directed
toward developing the regulatory technical requirements and review processes applicable to HTGR technology.
The development of this licensing framework for the HTGR may require important changes to existing regulatory
requirements that have evolved primarily for light water reactor technology. The framework is needed for eventual
certification of the HTGR reactor design as well as site licensing requirements for collocation of the reactor with
industrial processes. Progress on and the credibility of this developing framework is essential to beginning detailed
design work with an acceptable business risk.

Risk mitigation:

> Next Generation Nuclear Plant Licensing Strategy — a report to Congress, August 2008. This report, prepared jointly
by NRC and DOE, summarizes the preferred licensing development approach and necessary NRC resources.

° PLN-3202, NGNP Licensing Plan, June 26, 2009. A detailed implementation plan prepared by INL for DOE that is
in effect until January 1, 2013.

° Entergy Licensing Plan for HTGRs — in preparation (a June 2012 draft is anticipated). This plan, effective January
1, 2013, will describe the licensing implementation approach through completion of pre-application activities,
preparation of the construction permit and operating license applications and executing the license for the initial
HTGR plant.

> Aggressive pre-application activities with NRC to adapt/augment current regulatory requirements for applicability to
HTGR technology since 2009 are continuing.

> A licensing plan will be formulated under the development venture. This plan will enable preparation of design and
licensing documents and determine the licensing application requirements'®. It will provide the approach that can
best share the investment risk during technology development as well as for investors in the deployment projects.

Residual risk (high):
> NRC finalization of the requirements framework will not be fully complete until an operating license is issued.
° There is exposure to public hearings during the licensing and permitting process.

3. Successful Execution of Interdependent Enterprise Activities — Success in three of the Enterprise activities is
highly interdependent (i.e., Development Venture; Deployment Project; Infrastructure Framework). As a consequence,
investment, execution and coordination among these activities and the involved companies and investors
are paramount.

Risk mitigation

° Preparation of this Business Plan for Commercialization

> Development of prospectus for Enterprise activities that provide a conceptual approach to an investment model
and characterization of alternatives for return on investment

> Contractual vehicles and business arrangements are anticipated between the companies that lead each of the
Enterprise activities and describe coordination between the investment ventures

Residual risk (currently high)
> Assured funding path is not established and, therefore, investment, execution and coordination planning is not planned



THE ALLIANCE AND ITS CURRENT MEMBERS

Member companies have joined in this alliance with the primary purpose to promote the development and commercialization
of HTGR technologies through support of, and participation in, the DOE’s Next Generation Nuclear Plant (NGNP) Project.
Our alliance represents the interests and views of our members that intend to mutually support and direct project plans
to design, build, operate and use the HTGR technology. We provide a forum and focus to communicate industry needs
and requirements and work in concert with the Idaho National Laboratory and others to seek out and promote industrial
uses for HTGR technologies within the United States, North America and other continents around the world.

Description

AREVA supplies solutions for carbon-free power generation. Its expertise and know-how in

A this field are setting the standard, and its responsible development is anchored in a process of
continuous improvement. As the global nuclear industry leader, AREVA's unique integrated offer
AREVA to utilities covers every stage of the fuel cycle, nuclear reactor design and construction, and

related services. AREVA has designed, built and operated high temperature gas-cooled reactors
and is active in further development of the prismatic graphite block HTGR.

ConocoPhillips traces its beginnings to 1875. They are one of the world’s largest independent
> Exploration and Production companies, based on proved reserves and production of liquids
COhOCOPhI"IPS and natural gas. As of May 1, 2012, the company had operations in almost 30 countries and
more than 16,000 employees. Production averaged 1.62 million Barrel of Oil Equivalent (BOE)

per day in 2011, and proved reserves were 8.4 billion BOE as of Dec. 31, 2011.

Dow, founded in 1897 combines the power of science and technology with the “Human
Element” to passionately innovate what is essential to human progress. The Company connects
chemistry and innovation with the principles of sustainability to help address many of the world’s
@ most challenging problems such as the need for clean water, renewable energy generation
and conservation, and increasing agricultural productivity. Dow’s diversified industry-leading

portfolio of specialty chemical, advanced materials, agro-sciences and plastics businesses
delivers a broad range of technology-based products and solutions.

Entergy Corporation is an integrated energy company engaged primarily in electric power
production and retail distribution operations. Entergy owns and operates power plants with
approximately 30,000 megawatts of electric-generating capacity, and it is the second-largest
nuclear generator in the United States. Entergy delivers electricity to 2.8 million utility customers
in Arkansas, Louisiana, Mississippi and Texas. Entergy has annual revenues of more than $11
billion and approximately 15,000 employees. In 1999, as a part of the company’s unregulated
-:::"Entergy growfh strategy, Entergy began fo grow fhe. nuclear ﬂgef by acquiring the first of six additional
e operating nuclear plants that provide electric power via long-term power agreements. Entergy
has been one of the fastest growing and successful nuclear companies in the nation and
was recently ranked 7th in the world for nuclear electricity generation. Additionally, in 2003 a
long-term management services contract was signed with Nebraska Public Power District for
Entergy to support the management of the Cooper Nuclear Station in Nebraska. The Cooper
contract was extended in 2010 to provide management support through 2028. Through its
TLG Services Company, Entergy also provides decommissioning services for the industry. Other
management, technical and engineering services for the nuclear industry are provided by
Entergy Nuclear Incorporated.

GrafTech International is a global company with more than 125 years in the graphite materials

GRAFE@@:E’/ industry, offering innovative solutions for the most challenging applications. Its customers are
International located in more than 70 countries and represent a wide range of industries and end markets,
including steel manufacturing, advanced energy and latest-generation electronics. GrafTech

operates 19 principal manufacturing facilities on four continents and employs nearly 3,300 people.




Mersen is a global expert in materials and equipment for extreme environments and for the
safety and reliability of electrical equipment. They are focused on serving expanding markets:
energy, electronics, chemicals and pharmaceuticals, transportation and process industries.
Major product offerings are in: graphite anticorrosion equipment for the chemicals and
pharmaceuticals industries; fuses for power semiconductors brushes and brushholders for
electrical machinery; and high-temperature applications of isostatic graphite. Mersen has sales
and/or manufacturing base in more than 40 countries.

The Petroleum Technology Alliance Canada (PTAC) is an association that facilitates collaborative
research and technology development to improve the performance of the Canadian
hydrocarbon energy industry. Members include the conventional oil and gas business = oil and

@ PTAC gas producers, processors and transporters, high technology service and supply companies,
research providers and others in specialty and expert fields directly supporting the energy
industry. The purpose of PTAC is to provide a mechanism that facilitates collaboration on
DEVELOPMENT to the benefit of those involved.

We are “SGL Group = The Carbon Company,” one of the worldwide leading manufacturers
of carbon-based products. We have an in-depth materials, production, applications and
@ SGL GROUP engineering expertise, a comprehensive graphite and carbon fiber-based product portfolio, and
THE CARBON COMPANY 2 integrated value chain from carbon fibers to composites. We operate close to our customers
through a global sales network and state-of-the-art production sites in Europe, North America

and Asia.

TECHNoLogy  lechnology Insights is a consulting firm that specializes in assessing and supporting the
o INSIGHTS development and deployment of emerging technologies related to energy generation,
| distribution, utilization and management.

Toyo Tanso Co., LTD. produces and sells isotropic graphite, other specialized carbon products
and carbon products for general industries. It also manufactures for sale composite materials
made from carbon and ceramic, metal or organic materials. In addition, it produces for sale
carbon electrode for fluorine electrolysis and business of surface treatment on various materials
with fluorine gas.

Westinghouse Electric Company LLC is the world’s pioneering nuclear energy company and is
a leading supplier of nuclear plant products and technologies to utilities throughout the world.
Westinghouse supplied the world's first pressurized water reactor in 1957 in Shippingport, PA,
USA. Today, Westinghouse technology is the basis for approximately one-half of the world’s

Westinghouse operating nuclear plants, including 60 percent of those in the United States. Worldwide, the
nearly 14,000 employees of Westinghouse Electric Company continue to pioneer value-added
engineering and services creating success for our customers in their increasingly demanding
markets. The four core product lines of Westinghouse — Nuclear Automation, Nuclear Fuel,
Nuclear Services and Nuclear Power Plants — support this mission. Through these core businesses,
Westinghouse aims to serve the needs of utility, government and industrial customers in nuclear
power-related industries. Through alliances with customers, Westinghouse plays a key role in
the design and implementation of integrated solutions.

Ultra Safe Nuclear Corporation (USNC) is participating in the development and commercialization
of new “Ultra Safe” technology to enhance the robustness of nuclear reactors and nuclear

@ USROZELR  fuels, including the Fully Ceramic Micro-encapsulated (FCM) TRISO-based fuel for LWRs. The
Company provides design and analysis services for fuel, core and reactor systems on gas- and
water-cooled reactors and has representation and technical contributors in the United States,
Europe and Asia.




BIBLIOGRAPHY

1. Owned and operated by Public Service Company of Colorado and granted an operating license by the Atomic Energy Commission (AEC) on December 21, 1973 (initial
criticality on January 31, 1974)

N

. Owned and operated by the Philadelphia Electric Company (later shortened first to PECO Energy and later to just PECO) USNRC docketed by USNRC (License No.:
DPR-12 Docket No.: 50-171)

I

INL/EXT-11-23907, NGNP Project. 2011 Status and Path Forward, December, 2011

El

Historical investment by the industry — see Next Generation Nuclear Plant Implementation Strategy (11/30/2009 section 3.3.1 attachment to letter to DOE Secretary
Chu dated 11/30/2009 from the NGNP Industry Alliance in response to FOA DE-FOA-O000149 issued 9/18/2009)
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. Report No. INL/EXT-11-23282 (October 2011)

o

. Assumes replacement of 50% of the existing co-generation facilities with ratings in excess of 900 MW+ (125 operating facilities) as they are retired due to increased
natural gas prices and/or carbon emission costs/regulation over the period 2025-2050

—

. Report No. INL/EXT-11-23239 (October 2011)

o

Assumes installation of six central energy facilities to provide the energy needs for 25% of the growth in the oil sands in-situ production that is projected over the period
2025-2050

9. $10/MMBtu equivalent natural gas price (higher than previously noted $6/MMBtu) is based on a capital construction cost multiplier for the Alberta oil sands region of
~1.7x

10. Assumes installation of ~45 GWe capacity over the period 2025-2050. This is about 10% of the nuclear electricity generation that would be required as replacement
and/or alternatives to coal and natural gas based generation plants to meet emissions regulations such as those recently issued by EPA

11

=

Fuel cost includes: conversion — 2%; fabrication — 50%; waste fund — 8%; enrichment — 16%; uranium — 23%. Ref: AREVA

1

N

. The licensing plan prepared in the Development Venture will determine licensing requirements under USNRC Regulations 10 CFR Part 50 (Domestic Licensing of
Production and Utilization Facilities) or IOCFR Part 52 (Licenses, Certifications, and Approvals for Nuclear Power Plants)

13. The licensing plan prepared in the product development venture will determine licensing requirements under USNRC Regulations 10 CFR Part 50 (Domestic Licensing
of Production and Utilization Facilities) or IOCFR Part 52 (Licenses, Certifications, and Approvals for Nuclear Power Plants)

14. Design certification is planned following first plant demonstration
15. Some funds may come through government DEVELOPMENT programs

16. USNRC Regulations 10 CFR Part 50 (Domestic Licensing of Production and Utilization Facilities) or IOCFR Part 52 (Licenses, Certifications, and Approvals for Nuclear
Power Plants)






APPENDIX A

Target Markets, Competition and Preliminary Economics

PREFACE

Scoping economic analyses for potential applications in the targeted energy markets shows that industrial plants
integrated with modular HTGR technology can be competitive currently (much of the world) or are expected to be
competitive (North America) at the time of initial deployment (~2025).

This appendix examines the target markets for
HTGRs. The discussion on natural gas price
forecasting is specific to North America. Average prices of natural gas delivered to industrial users in 2010
18
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THE TARGET MARKETS

Substantive evaluations comparing the technology and economics of the HTGR technology with conventional
technologies have been completed for about 20 different industrial processes including co-generation supply of
steam and electricity to industrial processes, electricity generation as a merchant or regulated utility, non-conventional oil
extraction and upgrading, production of hydrogen, conversion of coal and natural gas to transportation fuels and chemical
feedstock, production of ammonia and ammonia derivatives, seawater desalination, and coke and steel production.>?

These evaluations addressed applications where the high temperature capabilities of the HTGR extend the use of nuclear
energy beyond the traditional role of conventional light water reactors to supply electricity, only.

Of these, the application of the HTGR technology in co-generation, oils sands operations, electricity generation, hydrogen
production and carbon conversion (e.g., coal to liquids) are judged to be most viable in the initial phase of the HTGR
commercialization. However, it is noted that hydrogen production and carbon conversion require the complementary
commercialization of high temperature steam electrolysis to fully utilize the potential of HTGR technology.

A preliminary market study was conducted to assess the size of the potential market in terms of the number of HTGR
modules (nominal 600 MWt rating) that could be deployed in these areas over an assumed initial deployment period
of 2025-2050 (see figure at right). The market penetrations projected for the first four application areas are based on
the size of the current market and projections for its growth. The latter synthetic transportation fuels and chemical
feedstock market would be essentially a new market with uncertain size. This market is estimated based on a goal of
substantially reducing the amount of imported crude oil in the next three decades. Aside from possible policy drivers,
it is estimated future crude oil prices in the range of $65 to $200/bbl could provide a compelling business case for
synthetic transportation fuels production using HTGR energy integrated with carbon conversion processes. The total

=2




number of projected HTGR modules deployed over this
period is projected somewhere between 400 and 800;
even at the low end, this is a substantial potential market
that readily justifies development and commercialization
of HTGR technology.

Beyond the overall market characterization, detailed
assessments have been performed for applying the
HTGR technology to specific proxy industrial applications
1) for supplying steam and electricity to collocated
petrochemical facilitiesd, 2) steam, electricity and
high temperature gas to support bitumen recovery
and upgrading in the Alberta, Canada, oil sands®, and
3) electricity generation’. Evaluations were performed
for HTGRs integrated with multiple carbon conversion
processest. Each of these evaluations compared
the economics of applying the HTGR technology in
these potential applications with conventional energy
technologies; principally the firing of natural gas. Whereas
the HTGR has very high front-end capital requirements
and very low operating costs, the natural gas technologies,
(e.g., gas-fired steam generators, natural gas combined
cycle units) have relatively low capital costs but high
operating costs; the operating costs are dominated by the
cost of natural gas. The price of natural gas is, therefore,
a major factor in assessing the competition. The potential
for government policies that effectively establish a price
on CO, emissions is also another distinguishing factor;
HTGR technology has no CO, emissions during operation.

ASSESSING THE COMPETITION

Historical and EIA Projected Natural Gas Price

The figure at the right shows the historical prices of U.S.
natural gas at the well head and delivered over the last
two decades. The current low prices reflect the large
potential reserves and low costs for extraction of gas from
shale gas. (Note the differences in price delivered to end
users versus well head price; the latter is the price quoted
at Henry Hub).

The prospects for continued extraction of natural gas from
shale gas in the U.S. has led the EIA to predict modest
increases in natural gas prices through 2035 to a value
of ~$7/MMBtu (20099)". Tt is of interest that current
futures market for natural gas has bids in the $7.5/MMBtu
range for December 2024 deliveries; a rate of increase in
projected prices greater than predicted by the EIA.

High Temperature Gas-cooled Reactors — Application Beyond
Electricity
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Pl U BA P As shown in the figure to the left, the EIA has

o evaluated several positive and negative factors
e potentially affecting the size of the shale gas reserves
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There are other factors that could raise natural gas
= prices even if shale gas continues as a viable and
economic source. These include the impact of recent
EPA regulations on the emissions of mercury and other
constituents (referred to as CATR + MACT regulations)
on the retirement of coal-fired plants. The supposition
is that the capacity of these plants will be replaced with natural gas plants. The EPA has estimated that these regulations
would increase the retirements by 2016 when the regulations are fully in effect from ~7GW under no regulation conditions
to ~9 GW under the regulations. An industry study, however, predicts an increase of 48 GW in retirements when the
inventory of coal plants over 40 years old with poor heat rates and no current scrubber installations is considered
This study concludes that replacing these plants with natural gas plants in 2016 would increase electricity production
from natural gas plants by 26%, increase natural gas demand for electricity generation by ~25% and increase natural
gas prices by ~17%. The 25% increase in natural gas usage for electricity generation increases the total consumption
in the U.S. by ~8%. The increase in natural gas price of 17% is approximately equivalent to an increase of $1/MMBtu in
that timeframe.
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International Market Arbitrage

Another significant factor is the likelihood of increased exports of natural gas from the U.S. to other countries that have
significantly higher prices. As shown in the following figure, these differentials are currently over factors of three. It has
been projected that recent requests for permits to convert existing LNG import facilities for export, if implemented, could
result in exports amounting to 20% of current production (~4 trillion cubic feet annually). This is twice the increase in
demand projected for the early retirement of coal plants cited previously. Using that correlation between the increase in
price with the increase in demand (or the decrease in supply for this case), such exports would be expected to increase
the price of natural gas by about 35% or ~$2/MMBtu.

Even with the expected increase in production from the abundant shale gas, the U.S. and OECD countries in general
are expected to continue fo be importers of natural gas". This would also have a net effect on the prices in the U.S. No
attempt has been made to address that factor in

this assessment.
Average prices of natural gas delivered to industrial users in 2010

-
@

In summary, the EIA uncertainty band on natural
gas prices in 2035 ranges from $5.35 to $9.26/
MMBtu, based on potential positive and negative
effects on shale gas extractions. The effect of
early retirements on coal-fired plants due to EPA
regulations on emissions could shift that band
up to a high of $10.26/MMBtu. Finally, increased
exports of natural gas due to favorable price
differentials between the US and other countries
could shift the band up by another $2/MMBtu. It
is assumed that this would only affect the lower
0 bound (from $5.35 to $7.35/MMBtu); an increase
f-v;f ff s 7 fff AR g 4 qé';.ef to a price in excess of $12/MMBtu would reduce

the favorable differential that would spur increased
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exports. This leads to the revised potential range of natural
gas prices of $7.35 to $10.26/MMBtu, delivered, as shown = -
in the previous figure. 12 oo

EIA Oil & Natural Gas Price Projections (2009%)
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Alternative Approaches to Assessing the EIA Projections of Oil and Natural Gas Prices
Competition — Comparing Natural Gas to Oil Prices projections for variations in oil prices

An alternative way of looking at projected natural gas prices

is o compare the price of oil and the price of natural gas on EIA Oil to Natural Gas Price Ratios (20095)
an equivalent energy basis, i.e., projecting the price of natural e TR TR IT]

. . . . April 2011
gas based on the projected price of oil using a developed S

| High oil Prices

rationale for the ratio. Historically, this ratio has been roughly
10:1. EIA projections of oil and gas prices through 2035 are
shown in the following.
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These projections include a reference (best estimate) case
and high and low projections around the reference case
for variations in economic growth and for high and low
projections in the price of oil. The projections for oil and gas
prices and oil-to-gas price ratio for the variations in economic
growth considered by EIA are shown, as well as similar data 0
for the variations in oil prices. - o = e . = =i o
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The reference case prediCTs that the oil-to-natural gas price Oil to Natural Gas Price Ratios using for variations in oil prices

ratio that has traditionally been near 10, but has risen recently
as high as 40, will settle a little above 15. The variations in
the projected ratio due to changes in economic growth are
not large.

The variations in projected oil prices from the reference case
through 2035 are large; over + $50/BBL. The projections of
natural gas prices for that case do not vary significantly from
the reference case. Accordingly, there are wide swings in
potential oil-to-gas price ratios through 2035; leveling out
between 6 and 27 depending on the scenario.

The highest price projected for natural gas is $7.5/MMBtu
(Henry Hub), which would result in an oil-to-natural gas price
ratio of ~17 in 2035 for the reference oil price $125/BBL. In
our prior analyses, we have shown that pressures on natural
gas pricing due fo increased usage for electricity production,
increased exports and factors affecting the availability, and
extraction of shale gas could increase the price in 2035 to
the $10/MMBtu range. This would reduce the ratio to 12.5
for the reference oil price, closer to the traditional ratio of 10.




Other factors that could increase natural gas prices over the longer term include:

° Increased production by the chemical processing industries in the U.S. using higher quantities of natural gas
feedstock. The high oil-to-gas price ratio improves the competitiveness of U.S. production compared with foreign
companies whose price of feedstock is tied to the oil price, either because the feedstock is an oil derivative or the
natural gas price is indexed to the oil price.

° Reduced shale gas production because of low natural gas prices. Shifts away from drilling for natural gas to drilling
for oil have already been observed due to reduced profit margins for the latter.

* Increasing costs for transport of the natural gas from areas where it is plentiful to end users, (e.g., from Texas into
the Midwest. New pipelines will be required increasing the cost of transport.

Consequently, as before, a projected upper-bound price for natural gas into the $10/MMBtu range in the 2035 timeframe
appears reasonable.

PRELIMINARY ECONOMICS FOR HTGRS COMPARED TO THE COMPETITION

The following figures summarize the results of preliminary economic analyses for the evaluations of proxy industrial
applications previously described in the market assessment. These results are based on best available information
regarding the estimated all-in costs including overnight cost, financing costs, operating costs, maintenance costs and
decommissioning costs. Discounted cash flow analyses have been utilized on a consistent basis using an HTGR plant
with a reactor outlet temperature of 750°C and a Rankine cycle energy conversion plant. The results are compared to
the projected range of delivered natural gas costs in 2035 as discussed above.

Co-generation of Steam and Electricity for Industrial Processes

The HTGR is competitive with natural gas Comparison of Historical Electricity & Steam Prices
technologies applied in co-generation of steam o vorsus Haturs) Oos Pricowith HIOR Flont
and electricity generation for delivered natural gas e o gt = bmasc G Cll sk

prices in the range of $6 to 7/MMBtu. Delivered
natural gas prices in the US. to industrial users
averaged ~$5.5/MMBtu in 2010. The projected
range of delivered natural gas prices in ~2035
suggests that the HTGR will be readily competitive.
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Oil Sands Operations

The results for the oil sands show that the current
prices for energy in the oil sands, (i.e., ~$6/MMBtu for
natural gas energy supply with no CO, charge), are
significantly lower than that projected for the HTGR
central energy supply facility; about $12.5 /MMBtu.
However, for the projected natural gas price band in
~2035 (mid-way in the projected deployment of the
HTGR technology cited previously) of $7.50/MMBtu
to $10.25/MMBtu, the HTGR facility becomes more
competitive. Additionally, the HTGR becomes even
more competitive if regulation or a tax on CO,
emissions is imposed and/or there are reductions in
the availability of the natural gas supply. A $120/ton
tax on CO, would be required to make the HTGR
competitive at current delivered natural gas prices
(~$5/MMBtu). However, as shown, a $40/ton tax
would be sufficient to make the HTGR technology
competitive for a natural gas price of ~$8/MMBtu.
Accordingly, the HTGR technology becomes
much more economically attractive depending on
the actual price and the effects of carbon tax or
regulation in the oil sands market.

Electricity Generation

The economic results for base load electric power
generation show a cost of ~$82/MWe-hr. Comparing
this with an advanced natural gas-combined cycle
plant with carbon capture and storage/sequestration
suggests that the HTGR could be competitive for
delivered natural gas prices greater than about
$5.6/MMBtu.
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Hydrogen Production

Two variations in applying the HTGR technology to hydrogen production have been evaluated. The first is to substitute
high temperature energy from the HTGR for the burning of natural gas in conventional natural gas steam methane
reforming processes. As shown, the HTGR is competitive with steam methane reforming for a natural gas price of ~$6.5/
MMBtu. This approach only eliminates about 15% of the CO, emissions from the conventional steam methane reforming

process; accordingly, the price of hydrogen produced by either of these methods would be affected by any cost imposed
on these emissions.

A non-CO, emission alternative to steam methane reforming is to use high temperature steam electrolysis (HTSE) to
generate hydrogen and oxygen using the HTGR to supply high temperature heat and electricity. As shown, this approach
would be competitive with conventional steam methane reforming for a natural gas price of ~$12/MMBtu or a CO, cost
of ~$70/ton. The HTSE process is in an early stage of commercialization; the hydrogen prices for this process shown are
judged to be conservative.

Price of Hydrogen as a Function of Natural Gas Price
Conventional and HTGR Integrated SMR & HTSE
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Carbon Conversion to Synthetic Transportation FiicEs for Coal andNALITAI G#s Coiivaieion So Dissel Alstutives
Fuels and Chemical Feedstock Compared with Refinery Diesel Price vs Crude Qil Price

EIA Data - Diesel Price
May 2002 through March 2012

Crude Oil:
Cushing Price March 2012 $106.27/bbl
Average Price in 2010  $79.40/b)
584,901

The following figures show that coal-to-liquids and
natural-gas-to-liquids synthetic production of diesel
fuel integrating HTGR and HTSE technology with
conventional processes could be competitive with
traditional petroleum refining at current crude oil prices
(~380/bbl at the time of this writing) and in the range
predicted by EIA in the 2023 to 2035 timeframe; (e.g.,
~$60 — $200/bbl)."
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APPENDIX B

Development Venture

This Appendix provides a summary of a possible approach to executing the Development Venture. Specifics regarding
breakdown of scope, the investment framework, the interaction and interdependency with the Deployment Project, investment
risk and the character of intellectual property are the subjects for detailed discussions with interested equity investors.

PURPOSES

The purposes of the Development Venture include providing the technical foundation and regulatory framework for
commercialization of modular high temperature gas-cooled reactor (HTGR) technology and supporting licensing and
construction of the initial fleet of modular HTGRs for commercial applications. These initial applications are anticipated to
be co-generated electricity and process heat as steam, or solely the generation of electricity.

The Development Venture is led by the Nuclear System Supplier (NSS) in collaboration with the prospective Owner entity
(the Owner — possibly an Owner Consortium). The NSS will lead completion of technology development, perform design
development through final design, support preparation of the license application by the Owner and/or Operator, and
ensure that the necessary infrastructure development (e.g., vendors to supply nuclear fuel; structural materials for the
reactor core; major equipment) occurs as necessary to support construction of multiple modular HTGRs. This Appendix
summarizes the constraints, the business model, the investment opportunities and the anticipated means of achieving a
continuing return on investment as the initial fleet of HTGR modules is deployed in a merchant marketplace. The costs
estimated fo be incurred are one-time costs that support licensing and construction of the initial fleet of plants using
HTGR technology.

STATUS OF HTGR TECHNOLOGY COMMERCIALIZATION

Over the past several years, technology development, pre-conceptual design, design trade-off studies and pre-application
licensing activities have been funded in major part by the U.S. Department of Energy (DOE) and managed by the Idaho
National Laboratory through the NGNP Project. The NGNP Project builds upon the considerable work performed by
industry on HTGR technology in the past. Recently, because of budget restrictions and revised priorities, DOE has
reduced support for the NGNP Project.

Essential to commercialization of HTGR technology is completion of government funded R&D (particularly ongoing
irradiation tests) supporting qualification of production fuel and core materials necessary to achieve design completion
and licensing of HTGR technology. Additionally, particular attention must be applied to continuing the pre-application
activities with the US Nuclear Regulatory Commission (NRC) that have to date primarily focused on the most important
policy and high-level technical issues necessary to develop a regulatory framework to support licensing of HTGR
technology. Pre-application activities have been led to date by the Idaho National Laboratory NGNP Project. Transition
to Entergy Nuclear as the industry license applicant is anticipated for the fourth quarter of 2012. Completing technology
development and pursuing a regulatory framework both require continuing progress on a reference design.

The Development Venture is directed toward completing the development activities, continuing licensing pre-application
activities with NRC, completing design of the overall plant through preliminary design and safety systems through final
design, and supporting preparation of a construction permit application or combined construction and operating license
application. The Development Venture activities will transition to a Deployment Project that will complete detailed design
and construct and operate the initial plant using the HTGR technology, including the commercial demonstration module
that will be used to complete first-of-a-kind testing in support of licensing.

ANTICIPATED EQUITY INVESTORS
The Development Venture requires a large equity investment for which a return on investment will not be realized for on

the order of 25 years. Further, it is expected that a combined equity position of 50 to 60% of the estimated cost of the
Deployment Venture will be required to attract necessary debt financing.
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As a consequence, the anticipated major equity investors will have a long-term view of the importance of commercialization
and deployment of HTGR technology in the global marketplace with the goals of achieving reduced volatility of energy
and feedstock prices, increased energy security, and important reductions in emissions for large industrial applications,
as well as for electric power generation. Anticipated equity investors include:

° Nuclear system suppliers

> Vendors of major equipment and materials

° End-users

> Governments

* Private visionary/Angel

SCOPE, ESTIMATED COST AND SCHEDULE FOR THE HTGR DEVELOPMENT VENTURE

The scope of the Development Venture includes the following:

> Complete technology development — The R&D activities including: a) qualification of the nuclear fuel;
b) qualification and codification of reactor structural materials; c) qualification and codification of high
temperature metals and composite materials; and d) development and validation of contemporary
analytical methods.!®

> Complete design — Design for a prismatic reactor concept and a Rankine cycle steam plant for co-generation is
required to prepare an application for a construction permit or a combined construction and operating license, and
to support long lead development and procurement of materials, equipment and components for constructing a
modular HTGR plant.

> Establish the licensing and regulatory requirements — A licensing plan and an iterative process of collaboratively
working with the NRC is required to establish a regulatory framework including the safety performance and design
requirements for modular HTGRs.

> Develop the supply infrastructure — Establish a supply chain for nuclear fuel, graphite and other core structural
materials, and other major equipment to support construction and operation of the initial modular HTGR plant.

> Develop and perform first-of-a-kind inspections and testing — It is anticipated that one-time testing, inspection and
modification requirements may be imposed on the demonstration module. This may require FOAK instrumentation
and design features.

The overall cost of the Development Venture is summarized as follows. These are one-time costs. This overall estimate is
considered to be conservatively high and is based on detailed estimates for these activities developed over the period
2006-2011 by design teams led by AREVA, Westinghouse/PBMR, and General Atomics, and by the Idaho National
Laboratory.

R&D S 3leMMmP
Conceptual and Preliminary Design S 2860MM
Final Design S 200MM
Licensing thru COLA Preparation S 165MM
Equipment and Infrastructure Development S 648MM
Inspections, Testing and Modifications (FOAK initial operations) S 75MM

Total $1684MM

A notional schedule follows, including the Development Venture and the Deployment Project (see Appendix C), that
culminates in completing the first-of-a-kind HTGR technology plant.
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INVESTING IN THE HTGR DEVELOPMENT VENTURE

The Development Venture is a necessary part of commercializing HTGR technology. The scope of activities for this
venture must be completed to provide the energy industry the option to choose HTGR technology for production of
high temperature process heat and electricity for industrial applications. The potential market for HTGR technology and
evaluation of preliminary economics are summarized in the body of the business plan and described in more detail in
Appendix A.

As described in the following, economic evaluations of the overall commercialization and deployment enterprise indicate
that penetration of less than 5% of the conservatively targeted market will create considerable investor value.



DEVELOPMENT VENTURE BUSINESS MODEL

The Development Venture is led by the NSS with the collaboration of the Owner. It is anticipated that several equity
investors will make the long-term investments as necessary over the timeframe for the venture, with return on investment
gained from ownership of the intellectual property for modular HTGR technology and its commercialization. Return on
investment is anticipated from modular HTGR plant sales, ongoing nuclear fuel sales and provision of services for the
operation, refueling and maintenance of the plants. For purposes of the analyses summarized in the following, the
NSS and its venture partners are not assumed to be equity holders with the Owner or in an Owner Consortium in the
Deployment Project.

Fundamental to the Development Venture concept is that return on investment will be delayed for an extended period
to support plant sales at overnight prices that allow the Owner to realize energy prices to the energy end-user that
are competitive with alternative energy sources and comparable to the nth-of-a-kind energy prices that will apply to
plants sold beyond the initial offerings. Collocated end-user industrial process facility owners are anticipated to execute
multiple-year purchase energy agreements that provide a firm foundation for equity investment in the Development
Venture as well as the deployment projects within which the plants are constructed and operated (see Appendix C for
description of the initial Deployment Project).

INVESTMENT OPPORTUNITIES

The Development Venture includes one-time costs of $1684MM. For the reference case wherein DOE funds completion
of R&D ($316MM), return on investment is expected to approach an internal rate of return of ~12% from sales which
will be realized after the initial six modular HTGR plants (24 modules) are completed and operating (by about 2037).
Additionally, starting with the first plant in about 2028, the profit on fuel sales and plant services is estimated to run about
S4MM annually for each plant. The investment covers two stages as follows:

First Stage ($18MM over ~two years) — a continuation of selected activities that have been ongoing or activities
that need to be initiated in the short term including obtaining stakeholder support and financing to initiate the
design activity.
1. Assumes continued funding by DOE in FY2013 and FY 2014 for the R&D activities on a schedule consistent with
that for the Development Venture.
2. Continue pre-application activities with the NRC to develop a regulatory framework for the licensing of HTGR
technology.
3. Complete conceptual and initiate preliminary design activities. Detailed design schedules will be developed
supporting the R&D and licensing progress.
4. Select a site for the first HTGR plant, including the demonstration module. Initiate site assessment and evaluation.

Second Stage ($~1666MM over ~13 years) — development, design, licensing and equipment specification activities
supporting the initial modular HTGR plant design, licensing and construction. Major activities will include the following:
1. Completing scheduled R&D activities and acceptance of results into the regulatory framework via Topical Reports,
codification in consensus standards or other accepted methods.
2. Completing the reference plant design to support completion of an application for a construction permit or a
combined construction and operation license
3. Preparing an application for a construction permit or combined construction and operating license for selected site
for the reference design
4. Developing equipment specifications and the supply chain for major procurements including nuclear fuel, graphite
and other core structural materials, major equipment and materials.



EVALUATION OF ALTERNATIVE INVESTMENT SCENARIOS

Several investment scenarios have been evaluated that consider variations on the extent of government funding
contributing to the completion of the Development Venture. These analyses examine the relative viability of investment
scenarios recognizing the extended time until a return on the investment may be realized by the Development Venture
equity investors.

Assumptions:

° An upper bound energy price of $S10 per MMBtu to provide competitive pricing with alternative sources of
energy. This energy price establishes the overnight price that can be charged for a modular HTGR plant, and
acceptable ranges of O&M and other costs. This assumes no price for carbon. Price for carbon will allow the
$10 per MMBtu upper bound to increase.

> Within the $10 per MMBtu energy price, about $2 per MMBtu for nuclear fuel and $0.30 per MMBtu for operations,
refueling and maintenance services are established as representative based on anticipated TRISO nuclear fuel
costs and historical service costs

> An overnight price of $2,200 per KWth (55,200 KWe) for the plant rating for a reference four module HTGR plant,
each module rated at 600 MWth

> Construction of the first module commences in 2020 with initial operations at the beginning of 2025. The second
module is operational within three years with six months to each of the third and fourth modules

> Construction of two plants with four modules in each plant begins every year following completion of the initial
operation of the demonstration plant

Four cases were considered as follows:
> U.S. Government (DOE) funds and completes required R&D
> All external/private funding (No US Government cost share)
° 80% U.S. Government cost share of all Development Venture costs
° 50% U.S. Government cost share of all Development Venture costs

The result is shown graphically in the following figures. The first case, above, is chosen as the reference for discussion
elsewhere within this Appendix based on a judgmental balance between return on investment and expected U.S.
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The preceding is based on deployment
of fifty 4-600 MWth module plants with
the procurement and construction of the
demonstration module starting in 2018. All 50
plants are on line by 2049.

NGNP Project Development and Sub t Plants Deploy
Cumulative Cash Flows
wNo Gov't Share  ===Gov't Pays for R&D Only  ~==50% Gov't Share  ~—80% Gov't Share
33000
2013 Project Start Year
ob;:nnhpmlnlmhm:
28000 :w&mm
- Licensing
p Costs
= 4600 MW! module plants deployed
‘I'm“ « First module starts oparation at the baginning of 2025 with
three year initial iy
H the next 18 months (end of 2028)
° « Subsaquent plants ondine; 5 plants overy 2 years
Z 18000 | « 50 plants (200 modules) deployed by 2049
8 » 90%, Learning curve applied; Demo Module 150% of NOAK Cost
O « Margin equals ~10% of NOAK plant
Z 13000
b
E
=2
3 8000
3000
200710

Year

Government funding and support.

Cumulative Net Present Value versus Time
for Financing Alternatives

~~=NPV No Gov't Share ——NPV Gov't Pays for RED  ~=50% Gov't Share ~—80% Gov't Share

1000.00

10% of NOAK plant cost
10% of Fuel & Variable O&M costs
1o maintain Owner energy cost < S10MMBtu

0.00
200

-200.00

NPV of Cash Flows, SMM

-400.00

-800.00

~1000.00

The cumulative net present value figure at left
changes the assumed build rate, resulting in 12 four-
module plants in 2050 instead of 50 as in the prior
module. The impact is to delay a positive net present
value of the investments from 2031 to 2046, in the
case of no government investment. In the event of

50% government cost share, achieving positive net
% present value is delayed from 2029 to 2032.

INVESTMENT RISK AND RISK MITIGATION

The primary Development Venture investment risks and possible risk mitigation activities are summarized in the following.
The specific characterization of risk and its mitigation will depend on the specific equity investment arrangement.

The Alliance is convinced that HTGR technology is unique in its ability to fill a very large energy niche in the U.S. and
worldwide, and that the benefits that will accrue from its deployment warrant investment even in light of the substantial
residual risks. The Alliance believes that the level of risk will diminish to normal acceptable project levels with time and
appropriate investment.

1. Inadequate Equity Investment and Debt Financing

Risk mitigation:
> Aggressive activities to attract necessary equity investment to ensure the success of the Development Venture.
The two-stage investment approach supports investors gaining confidence in venture by direct participation in
planning activities during First Stage.

° Project management will proceed with development activities only when applicable equity investment and debt
financing have been confirmed, including all criteria for exiting the agreements for performance inadequacies

or unfulfilled conditions. This is anticipated to require the venture to be phased with value creating activities
providing the criteria for proceeding.




Residual risk (high):
> Development Venture requires large equity investment for which a return will not be realized for over two
decades. It is anticipated that the position will need to be about 50-60% to attract the necessary debt financing.
°In consideration of the costs involved, there are multiple opportunities for differences in expectations being
encountered in equity investment and debt financing. Of particular concern are unilateral actions by equity investors
and debt holders that may be resolved over time, but are disruptive to the orderly progression of the project.
° Unanticipated Development Venture cost increases.

2. Untimely Technology Development Activities

Risk mitigation:

> Create technology development plan with starting point of INL/EXT-11-23907, NGNP Project — 2011 Status and
Path Forward, dated December 2011. The technology development plan should be based on the design and
construction needs and schedule for the Deployment Project.

> Develop a formal partnership with the Department of Energy (DOE) for continuation and completion of R&D
activities in the areas of fuel qualification, materials codification and analytical methods verification.

> Continue ongoing interaction with Congress, DOE, and the Office of Management and Budget to ensure
adequate funding for completion of technology development activities.

> Develop a contingency plan in the event federal funding is not adequate to support the technology development
plan. (Cost estimates for the Development Venture include the estimated cost of completing the R&D activities
irrespective of federal funding.)

Residual risk (Currently high due to uncertainty in federal funding; technical risk due to unforeseen technology
hurdles is low):

3. Untimely Design and Design Support Activities

Risk mitigation:
Aggressive project management, planning, schedule adherence and open item management.

Residual risk (low):
Future business opportunities incentivize timely support for resolution of design issues.

4, Unﬂmely Licensing Activities

This includes ongoing pre-licensing application interactions with the NRC directed toward developing the regulatory
technical requirements and review processes applicable to HTGR technology. The development of this licensing
framework for the HTGR may require important changes to existing regulatory requirements that have evolved primarily
for light water reactor technology. The framework is needed for eventual certification of the HTGR reactor design as well
as site licensing requirements for collocation of the reactor with industrial processes. Progress on and the credibility of
this developing framework are essential to beginning detailed design work with an acceptable business risk.

The figure below illustrates the effect of a two-year licensing delay on the time to achieve a positive net present value
assuming the baseline is to start one new four-module plant every two years. The net effect is the positive NPV is reached
at 2029 with a build rate of two plants starting per year, 2032 for one plant every two years, and 2035 with a two-year
licensing delay of the demonstrator and a build rate of one plant every two years. Therefore, licensing is one of the key risks
to assure mitigation and government support. Each of these results assuming an overall government cost share of 50%.

Risk mitigation:
> Next Generation Nuclear Plant Licensing Strategy — a report to Congress, August 2008. This report, prepared
jointly by NRC and DOE, summarizes the preferred licensing development approach and necessary NRC

resources.
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° PLN-3202, NGNP Licensing Plan, June 26, 2009. A detailed implementation plan prepared by INL for DOE that
is in effect until January 1, 2013.

° Entergy Licensing Plan for HTGRs — in preparation (a fall 2012 draft is anticipated). This plan, effective January
1, 2013, will describe the licensing implementation approach through completion of pre-application activities,
preparation of the construction permit and operating license applications and executing the license for the
initial HTGR plant. This licensing plan will be completed under the Development Venture. This plan will enable
preparation of design and licensing documents and determine the licensing application requirements. This should
include planned topicals?® and other design documents intended to be submitted to NRC prior to submittal of the
construction permit application or COL application. This plan will provide input to the technology development
plan for necessary R&D activities.

> Aggressive pre-application activities with NRC to adapt/augment current regulatory requirements for applicability
to HTGR technology since 2009 are continuing.

° NSS in collaboration with the license applicant will prepare a detailed plan for development of the detailed design
report that is used in lieu of a Design Certification for input to preparation of the construction permit application
of the COL application.

> The reference design is at the conceptual design stage that limits the ability to identify specific design and
licensing needs of a more mature design. Selected design studies will be performed as part of the pre-application
licensing activities.

Residual risk (high):
* NRC finalization of the requirements framework will not be fully complete until an operating license is issued.
* There is exposure to public hearings during the licensing and permitting process.




5. Untimely Development of Supply Infrastructure

Risk mitigation:
* Early interaction with potential suppliers of nuclear fuel, major equipment and other materials not readily available
in commercial market, particularly if required to be purchased or dedicated for use in safety-related applications.
> Obtain commitment from suppliers regarding investments to develop supply chain. This may include development
of supply chain strategies, partnerships and plans.

Residual risk (low):
The NSS and its suppliers are incentivized by future business opportunities to timely development.

6. Unanticipated Technical Issues with Startup and Initial Operations

Risk mitigation:

° Ensuring that necessary technical resources for resolution are timely available.

> Minimize unanticipated issues via detailed project reviews, FMEA analysis, detailed training, etc.
Residual risk (high for demonstration module; low for subsequent modules):

During development of the detailed plan and schedule for execution of the Development Venture in the First Stage,
value creating activities will be identified that provide an objective means of measuring progress and assessing reduction
in investment risk (the largest risks are described in the body of the business plan). The detailed plan and schedule will
provide overall milestones, major deliverables, the investment schedule and logic ties between the elements of the
Development Venture as well as with the Deployment Project. It is presumed that pre-established progress milestones will
be required to be completed before additional investment is made. A complementary plan will be developed during the
First Stage that describes the form and substance of intellectual property that is created during the Development Venture
and how that intellectual property is apportioned among the initial and subsequent equity investors.
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planned completion in 2026. Federal funding for R&D through 2013 and 2014 is about $404MM

20. Topical denotes a subject specific submittal for approval to the NRC that provides a basis for review (e.g., fuel licensing basis)







APPENDIX C

Deployment Project

This Appendix provides a summary of a possible
approach to executing the Deployment Project. General
information of interest to equity and debt investors
is provided for a proxy scope. Specifics regarding
breakdown of scope, the investment framework, the
interaction and interdependency with the Development
Venture, investment risk and the character of the
intellectual property are the subjects for detailed
discussion with interested equity investors.

PURPOSE

The purpose of the Deployment Project is to construct

and operate the first-of-a-kind (FOAK) commercial plant

based on high temperature gas-cooled reactor (HTGR) technology. This FOAK plant will build on the experience gained
in previous HTGR technology demonstrations and establish the economic viability of this technology to co-generate high
temperature process heat and electricity for use in industrial applications.

The Deployment Project is led by the Owner entity in collaboration with the Nuclear System Supplier (NSS) and the
Architect-Engineer/Constructor (AE/C). The Owner will complete site-specific design, obtain a construction permit and
operating license (or alternatively a combined construction and operating license), construct, start up and initially operate
the first-of-a-kind (FOAK) plant comprised of a demonstration HTGR module, additional modules and the associated
energy conversion and transport systems necessary for a viable business case. This Appendix summarizes the constraints,
the possible business model, the investment opportunities and the anticipated means of achieving a continuing return
on investment.

ANTICIPATED EQUITY INVESTORS

The Deployment Project requires a large equity investment for which a return will be realized upon completion and
operation of the HTGR multi-module plant. The return is anticipated to be in the form of a share of operating revenues
and ownership of intellectual property on construction and licensing of the FOAK plant that will continue to provide
returns for further build-out of the HTGR plant fleet. It is expected that a combined equity position of at least 20% (80/20
Debt to Equity) of the estimated cost of the Deployment Project plus a commitment for execution of a purchase energy
agreement by the end-user(s) will be required to attract necessary debt financing. Anticipated equity investors include:

> Energy producers (utilities; power-generating companies; independent power/energy producers)
° Municipalities

> Architect/Engineers

° End-users

° Venture capital

DEPLOYMENT PROJECT SCOPE AND ESTIMATED COST

The scope of the Deployment Project includes the following:

° Complete site-specific design — The design for the standard HTGR prismatic reactor and a reference Rankine
cycle steam plant will be completed under the Development Venture (see Appendix B). The Deployment Project
will complete the site-specific design to support procurement and construction activities for a reference-four HTGR
module plant. Site-specific design will include any application-specific adaptation of the Rankine cycle steam plant




and site-specific support systems and configuration (e.g., condenser cooling system; waste management systems;
energy transport systems from the HTGR plant to the industrial end-user; interconnections with the commercial
electric grid; utility connections).

Obtain site NRC license and regulatory permits = An NRC construction permit or combined construction and
operating license (COL) will be required to begin substantial on-site construction activities as specified in NRC
regulation. This will include major site-specific evaluations of hazards and development of the emergency plan for
collocated facilities. A subsequent operating license or COL will be required to load fuel, start up and operate the
reactor facility.

Construct First-of-a-Kind (FOAK) Plant — This includes constructing the demonstration module and associated
energy conversion/transport plant followed by completing the remainder of the four-module plant.

Perform initial operations — The reference concept for initial operations of the demonstration HTGR module
includes supplying energy to the industrial application, providing electricity to industrial user and/or the grid, an
initial refueling and first-of-a-kind testing and inspection. It is anticipated that these demonstration activities will
require about three years. Construction and initial operations of the other HTGR modules will be as mutually
established by the Owner and NRC. This reference concept ends at the completion of the warranty period for the
multiple module plant.

The overall cost of the Deployment Project is summarized as follows. These are site-specific costs. All one-time costs
are included in the Development Venture. This overall estimate is considered to be conservatively high and is based
on detailed estimates developed over the period 2006-2011 by design teams led by AREVA, Westinghouse/PBMR, and
General Atomics, and by the Idaho National Laboratory.

The overall cost estimate and initial revenues for the demonstration module portion of the Deployment Project are
summarized as follows:

Total $1,360MM

Complete site-specific design S 100MM
Construction permit/license application/review S 65MM
Equipment procurement S 432MM
Construction S 625MM
Startup & testing S 55MM
Initial operations (3 years) S 348MM
Revenue (initial 3 years) -5 265MM




The total estimated cost for the reference four-module plant including the demonstration module is $4,250MM and is
the all-in overnight capital cost in 2012 dollars. The $2,890MM estimated cost beyond the initial module and associated
energy conversion/transport systems includes procurement, construction and startup costs. For cost-estimating purposes,
it is assumed that the second module achieves initial operations within three years, with six months additional to each
of the third and fourth modules.

The annual funding profile for these estimated costs is depicted in the following figures for the demonstration module
and associated energy conversion/transport systems, alone, and separately for the entire FOAK multi-module plant (i.e.,
the cost for the demonstration module is included in the total cost for the FOAK plant).
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Initial deployment via the FOAK plant will be undertaken through a venture that involves one or more entities taking an
equity position as the Owner (or consortium of owners) for completing the site-specific design, licensing and constructing
the FOAK plant that includes the demonstration module, additional modules, and the energy conversion and transport
plant necessary to achieve a credible business case. The anticipated business model is as shown in the figure. The
FOAK plant will provide the reference for subsequent deployment of multiple plants for the purpose of providing high
temperature process heat and electricity for industrial use. Since the application of HTGR technology is targeted across
multiple business sectors, the partnering and contractual arrangements to finance and deploy the follow-on plants could
be expected to vary from the model shown. The follow-on plants are intended to use a standardized reactor module
design with energy conversion/transport plant design variations as needed for the particular industrial applications.

The return on investment for the FOAK multi-module plant will be in the form of:
° Revenues from plant operations (direct energy sale and capacity support for peak availability)
° Royalties from intellectual property regarding technology deployment and construction techniques for next plant



INVESTMENT RISK AND RISK MITIGATION

The primary Deployment Project investment risks and possible risk mitigation activities are summarized in the following.
The specific characterization of risk and its mitigation will depend on the specific equity investment arrangement.

1. Inadequate Equity Investment and Debt Financing
Risk mitigation:
Project management will proceed with project activities only when applicable equity investment and debt financing
have been confirmed, including all criteria for exiting the agreements for performance inadequacies or unfulfilled
conditions. This is anticipated to require the project to be phased with value-creating activities providing the criteria
for proceeding.

Residual risk (high):

In consideration of the costs involved, there are multiple opportunities for differences in expectations being
encountered in equity investment and debt financing. Of particular concern are unilateral actions by equity investors
and debt holders that may be resolved over time, but are disruptive to the orderly progression of the project.

2. Untimely Design and Design Support Activities
Risk mitigation:
Aggressive project management, planning, schedule adherence and open item management.

Residual risk (low):
The NSS is incentivized by future business opportunities to timely support resolution of design issues.

3. Untimely Licensing Activities
Risk mitigation:
Aggressive project management, planning, schedule adherence and open item management.

Residual risk (high):
Licensing activities typically require action by the NRC. Those activities requiring action in the public stakeholder
environment have the potential to be delayed to ensure adequate stakeholder involvement.

4. Untimely Procurement Activities
Risk mitigation:
Aggressive project management, planning, schedule adherence and open item management. Selected presence of
project management personnel at vendor sites for schedule-critical equipment will be utilized.

Residual risk (low):
The NSS and AE/C are incentivized by future business opportunities to timely support resolution of equipment
specification, technical and schedule issues.

5. Construction Performance and Quality Issues
Risk mitigation:
Aggressive project management, planning, schedule adherence and open item management. Will utilize modular
construction techniques, where practical, with intent to resolve technical and fabrication issues in the vendor’s shop
rather than at the construction site.

Residual risk (high):

Unproven use of modular construction techniques for the HTGR modular reactor.
6. Unanticipated Technical Issues with Startup and Initial Operations
Risk mitigation:
Ensuring that necessary technical resources for resolution are timely available. Minimize unanticipated issues via

detailed project reviews, FMEA analysis, detailed training, etc.

Residual risk (high for demonstration module; low for subsequent modules):




STAKEHOLDER PARTNERING TO MANAGE RISKS

The Deployment Project will require the stakeholder partners (e.g., Owner, Operator, equity investors, NSS and AE/C) to
support the major project phases: 1) project initiation; 2) planning and procurement; 3) construction and performance
testing; 4) start-up; 5) transfer to operations; 6) initial operations, testing and inspections necessary to fulfill commercial
acceptance testing and licensing conditions; and 7) project close-out. The project will undergo detailed analysis for
engineering constructability, licensing requirements and environmental impact as part of the initiation and planning
phases. Supplemental expertise for project success may be required and include other skills that are not specifically
identified above. These include, but are not limited to, such disciplines as project managers, expert engineering services,
environmental and technical consultants, technical integrators and technologist.

The license applicant (Owner or Operator) will lead site and plant licensing and permitting with regulators and will
coordinate with the other stakeholders for technical responses and information required to support licensing/permitting
activities during the deployment project and into plant operations.

The NSS, Owner and Operator will work collaboratively on operational and technical support training programs and
other safety and socialization requirements prior to final acceptance of the plant and in accordance with regulatory
requirements for operations.

VALUE CREATION ACTIVITIES FOR THE DEPLOYMENT PROJECT

During development of the detailed plan and schedule for execution of the Deployment Project, value-creating
activities will be identified that provide an objective means of measuring progress and assessing reduction in investment
risk. The detailed plan and schedule will provide overall milestones, major deliverables, the investment schedule and
logic ties between the elements of the Deployment Project as well as with the Development Venture. It is presumed
that pre-established progress milestones will be required to be completed before additional investments are made. A
complementary plan will be developed that describes the form and substance of intellectual property that is created and
how that intellectual property is apportioned among the initial and subsequent equity investors.
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ABOUT NGNP

Member companies have joined in this alliance with the primary purpose to promote the development and commercialization of
High-Temperature Gas-Cooled Reactor (HTGR) technologies. Our alliance represents the interests and views of our members that intend
to mutually support and direct project plans to design, build, operate and use the HTGR technology. We provide a forum and focus to
communicate industry needs and requirements and work in concert with the Idaho National Laboratory and others to seek out and
promote industrial uses for HTGR technologies within the United States, North America and other continents around the world.

HTGR technology offers a major opportunity to stabilize historically volatile prices for premium fossil fuels and provide a new energy
option to provide high temperature process heat for industrial applications. Stabilizing energy costs will encourage a return of process
industry facilities to the U.S. from offshore locations where lower and more stably priced fuels and feedstocks have been available. As
conventional fossil fuel supplies become more limited in the future due to supply or regulatory restrictions, HTGRs promise to provide new
sources of hydrogen and ways to shift chemical and fuels production to new feedstocks with reduced green-house gas (GHG) emissions.

Commercialization of HTGR technology is essential to the National interests in achieving the evolving environmental and energy policy
goals. HTGR technology offers benefits including: 1) Reduced GHG through large scale displacement of premium fossil fuels in a wide
range of industrial and commercial applications; 2) Reduced reliance on imported oil and gas supplies as industry fuels; 3) Extending
life of domestic oil and natural gas supplies as strategic assets for transportation fuels until alternatives become viable technically and
economically; 4) Sustainable expansion of American industrial manufacturing capabilities for energy intensive industries; and 5) Job
creation within the U.S. supplying materials and equipment to construct and operate HTGR-based industrial infrastructure.

NGNP Industry Alliance Officers

Donald Halter, Executive Director | executivedirector@ngnpalliance.org

Don is currently Manager of Business Development for ConocoPhillips. He has over 32 years of global energy
industry experience with commercial and operating background in crude oil, natural gas, refined products,
heavy oil, biofuels, coal, LPG, heavy oil and management consulting. Mr. Halter holds a B.A. in Economics from
the State University of New York, Geneseo and a Master of Business Administration, Finance from the Wharton
School, University of Pennsylvania. He has held a Commodity Futures Trading Commission Series 3 license for
futures and options trading (inactive status).

Jeff Jarrell, Vice-Chair (Executive Director-Elect) vicechair@ngnpalliance.org
Jeff is currently the Technology Center Director for Energy & Climate Change at The Dow Chemical Company.
In his role, he is responsible for our Energy Systems Technology Center and Dow’s Global Improvement
Organizations — managing energy process safety requirements, technical support of plant/site energy operations,
technology development and capital projects implementation in energy-related technologies. Mr. Jarrell has
worked for Dow for 30 years, 25 of those years in manufacturing and engineering. He has been a part of Dow’s
leadership teams for 14 years and has been supervising project and operational teams for the past 23 years. Jeff
holds a Bachelor’s of Science degree in Chemical Engineering from Texas Tech University.

John Mahoney, Secretary-Treasurer | secretary@ngnpalliance.org

John Mahoney has more than 30 years of experience in the commercial energy business in managerial and
technical positions. In his current position at the Entergy Nuclear fleet headquarters is in business development
and project management working with companies and entities globally in the development of nuclear energy
opportunities. Mahoney holds a Bachelor of Science degree in business administration from Northwood University
and a Master of Science degree in business from Troy University. He is certified by the Project Management
Institute as a project management professional and is President Emeritus of the Central Mississippi PMI Chapter.
Mahoney is an officer of the Mississippi Section of the American Nuclear Society and was elected in 2011 to
the ANS Executive Committee of the Human Factors, Instrumentation and Controls Division for a 3-year term.

Fred Moore, Executive Director-Emeritus | executivedirector@ngnpalliance.org
Fred Moore is the Global Director of Manufacturing & Technology for the Energy business in Dow. At Dow, he
is responsible for the safe and reliable production of power, steam, and other utilities for Dow globally, which
represents more than 10% of Dow’s asset base. In his Technology role, he is responsible for development, support
and application of Energy technology globally and with Dow’s major joint ventures. Fred holds a Bachelor of
Science in Environmental Engineering from Purdue University. He was the Alliance executive director from June
2010 to June 2012 and remains a voting member of the Executive Committee in his capacity.
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