


2.4.3.2 Coal to Synthetic Fuel and Feedstock Production

If synthetic fuels and feedstock production is to make a significant contribution to improving energy
security, it is assumed that it should offset at least 25% of the current U.S. imports of crude oil. Based on
DOE-EIA data, the United States imported 9.12 million barrels of crude oil per day in 2009. Offsetting
25% of this would require, for example, deployment of twenty-four 100,000 bpd coal/biomass-to-liquid
fuel plants, which would require ~249,000 MWt (415 reactor modules rated at 600 MWt) of HTGR
energy to supply the energy and hydrogen required by these plants. In comparison with conventional
crude oil refining, this would reduce CO, emissions by ~80 million metric tons per annum.' In
comparison to a conventional coal to liquids plant, the use of the HTGR technology would reduce CO,
emissions by ~410 million metric tons per annum with a carbon conversion efficiency of more than 90%
compared with a ~35% carbon efficiency of the conventional plant.'* Figure 15 compares the life cycle
emissions for conventional crude oil refining, a conventional coal-to-liquids plant, and an HTGR coal-
to-liquids plant.
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Data for processing using conventional fossil fuels was obtained from DOE/NETL -2009/1346, DOE/NETL-2007/1260 &
1298, DOE/NETL-2001, data for the HTGR was developed by INL and contractors for the NGNP Project
Source file "Nuclear-Fuels Hybrid Calculation R04_09_09", Chart Revision 0, 4/9/09

Figure 15. Comparison of life cycle emissions of HTGR based applications with conventional fossil
based applications for transportation fuel production.

2.4.4  Electricity Production

Table 9 summarizes data from DOE-EIA on the costs of several forms of electricity production.” As
is discussed in detail below the HTGR is competitive with LWRs and other non-greenhouse emitting
sources of electricity production. Reference 13 shows that nuclear power will need to play a significant
role if the government takes actions to reduce CO, emissions from electrical production on the national
grid. An addition of up to 450 GW(e) of nuclear power has been projected by 2050 in Reference 9 and in
EPA assessments of the impact of pending Congressional energy legislation'® to meet government
emissions reduction objectives.
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Table 9. Summary of electrical generating plant costs.'®

Nominal OVTernight Fixed O&M Variable Capacity )
O Capacity Heat Rate | Capital Cost Cost (2010 O&M Cost Yearsto |Factor (from| Fuel Price, $/Mwhe
(kilowatts) (Btu/kWh) (2010 $/kwe) (2010 Construct EIA 2009 $/MMBtu
$/kWe) $/MWhe) Data)
Single Unit Advanced PC 650,000 8,800 3,167 35.97 4.25 3 0.85 2.27 109.40
Single Unit Advanced PC with CCS 650,000 12,000 5,099 76.62 9.05 3 0.85 2.27 136.20
Conventional NGCC 540,000 7,050 978 14.39 3.43 1 0.87 5.71 66.10
Advanced NGCC 400,000 6,430 1,003 14.62 3.11 1 0.87 5.71 63.10
Advanced NGCC with CCS 340,000 7,525 2,060 30.25 6.45 1 0.87 5.71 89.30
Conventional CT 85,000 10,850 974 6.98 14.70 1 0.30 5.71 124.50
Advanced CT 210,000 9,750 665 6.70 9.87 1 0.30 5.71 103.50
Dual Unit Nuclear 2,236,000 10,000 5,335 88.75 2.04 7 0.90 0.90 113.90
Biomass BFB 50,000 13,500 3,860 100.50 5.00 2 0.83 2.74 112.50
Onshore Wind 100,000 2,438 28.07 1 0.34 97.00|
Offshore Wind 400,000 5,975 53.33 2 0.34 243.20
Solar Thermal 100,000 4,692 64.00 1 0.18 311.80
Large Photovoltaic 150,000 4,755 16.70 1 0.25 210.70
Hydro-electric 500,000 3,076 13.44 3 0.52 86.40

From EIA Updated Plant Costs 2010

A 2,400 MWt HTGR plant using a Rankine steam turbine generator produces about 975 MWe. If the
HTGR were assumed to account for 10% of the total nuclear power deployment on the grid in the time
frame 2020 to 2050, forty-six 2,400 MWt plants (184 reactor modules rated at 600 MWt) would be
required. If the HTGR plants were replacing only natural gas fired plant, the reduction in CO, emissions
in 2050 would be ~150 million metric tons per annum and natural gas consumption would be reduced by
3.4 trillion cubic feet per annum. If the HTGR plants were substituted for coal plants the reduction in CO,
would be ~300 million metric tons per annum.

245 Summary of Deploying HTGR Technology

Table 10 summarizes the results of the assumed deployment of HTGR technology in the four sectors

described above.

Table 10. Summary of results.

Power Number of CO, Emissions Natural Gas Usage
Requirement 600 MWt Reductions Reductions
Item (MWt) Modules (million metric tons) (trillion cubic feet)
Co-generation and 75,000 125 110 2.2
process heat
Hydrogen production 36,000 60 15 0.44
Oil sands 18,000 30 23 0.41
Coal/biomass to fuel 249,000 415 8010410 N/A
and feedstock
Electricity generation 110,400 184 ~150 replacing CCGT* or|3.4 (if replacing 150
~300 replacing coal plant | CCGT units)
TOTALs 488,400 814 378 to 858 6.45

* combined cycle gas turbine.
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Full realization of this estimate in penetrating the targeted markets for the HTGR technology would

result in:

Deployment of 488,400 MWt of HTGR technology (~800 reactor modules rated at 600 MWt)

Providing steam, electricity, and high temperature gas to the process heat market; providing steam
and hydrogen for bitumen recovery and upgrading from oil sands; producing hydrogen for the
merchant market; and producing synthetic fuels and feedstock from coal and biomass

Providing a significant fraction of non-greenhouse-emitting electricity generation on the national
electrical grid

Reducing the importation of ~2.4 million bpd of imported crude oil (~25% of the imported oil in
2009); replacing the equivalent in crude-oil-based gasoline and diesel fuels with synthetic
transportation fuels produced from coal

Implementing a beneficial and efficient use of coal without generating greenhouse-gas emissions
Reducing ~6.5 trillion scf in natural gas consumption in the United States, per annum

Reducing CO, emissions by ~400 million metric tons per annum (reducing by ~8% the total CO,
emissions in the United States).
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3. SCHEDULE AND BENEFITS TO DEPLOYMENT OF HTGR
TECHNOLOGY

Based on the current NGNP Project schedule the first-of-a-kind HTGR module is targeted to begin
operation in the 2023 time frame. This is anticipated to be the first module in a multi-module plant
supplying energy to an industrial process. It is assumed that the subsequent deployment of HTGR
technology to achieve the broad range of applications targeted by the NGNP Project would occur in the
mid-2020 to 2050 range. The NGNP Project has evaluated the impact of this potential deployment of the
HTGR technologies in combination with other initiatives of U.S. energy infrastructure transformation to
address energy security, price volatility, natural resource management, and CO, emission reductions.'
This referenced evaluation assumed a larger deployment of the HTGR technology than is described
herein, concluding that in addition to effecting a reduction in the need to import crude oil, full deployment
of the HTGR technology would reduce projected annual CO, emissions in 2050 by ~915 million metric
tons. This is ~16% of the total reductions in CO, emissions in 2050 that are required to meet the emission
reduction objectives of the Administration and Congress."*

In summary, there are several benefits in pursuing all of the potential applications identified for use of
the HTGR technology:

e Application of the HTGR in all of the potential industrial process applications preserves our limited
natural resources. Many of these processes use significant quantities of natural gas (e.g., for steam
production and generation of hydrogen). The use of the HTGR technology in place of natural gas
preserves this nonrenewable natural resource for more beneficial purposes.

e Application of the HTGR supports improving the energy security of the United States by reducing the
need to import crude oil and natural gas.

e The use of coal and biomass as feedstock for transportation fuel production with the HTGR as the
source of process heat and cogeneration supports the beneficial use of one of the most abundant forms
of energy in the United States. Coal and biomass can also be converted to feedstock for petrochemical
processes, thereby reducing the usage of natural gas for this purpose and improving the security of
this feedstock supply.

e Changes in the long-term operating costs for production of energy from an HTGR will be affected
only by traditional inflationary factors affecting personnel wages, utilities, and commodities. They
will not be subject to the volatility experienced in the prices of fossil fuels over the last decade as with
natural gas.

Figure 16 shows the volatility of natural gas by plotting the historical and projected prices of natural
gas since 1990 and projected to 2035 by DOE-EIA." Three projections from 2009, 2010, and 2011 of
natural gas prices are shown on this figure. The large variation in price projections reflects the volatility
of natural gas prices and the emergence of recovery of large shale gas reserves in the United States over
the last several years. Figure 17 shows the projections by EIA for the increase in production of shale gas
that is the underlying factor that led to the lower projected price of natural gas in EIA AEO 2011. There
are many factors that can affect both the projections of shale gas production and pricing that add
uncertainty to these projections, (e.g., high demand and pricing offshore that leads to increased export of
natural gas and increased domestic pricing, energy parity with other carbon fuels such as oil,
environmental concerns with shale gas fracking, government regulation of carbon emissions).

Although energy pricing from the HTGR supply will be affected by market conditions the inherent
stability in its operating costs will support establishing longer term stability in energy pricing to improve
confidence in the long term planning of the supplied industrial processes. This not only helps to insulate
these processes from energy price volatility, but also from potential disruption of sources of fossil fuels.
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Natural gas price projections are significantly lower than
past years due to an expanded shale gas resource base
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Figure 16. History and projections of utility user natural gas prices for 1970 to 2030.
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Figure 17. EIA Projections of the Sources of Natural Gas Production through 2035
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Use of the HTGR technology in these applications eliminates the significant amounts of greenhouse
gas emissions released by traditional processes. A comparison of the CO, emissions of conventional
processes for coal-to-liquids production and traditional crude oil refining with that supported by the
HTGR technology for the production of transportation fuels is shown above in Figure 15. As can be seen,
the HTGR essentially eliminates CO, emissions from the production phase (well to tank). This avoids
cost pressures that may evolve from future governmental actions to curb carbon emissions.
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4. TECHNICAL AND ECONOMIC EVALUATIONS OF HTGR
TECHNOLOGY INTEGRATION WITH INDUSTRIAL PROCESSES

The NGNP Project has performed technical and preliminary economic evaluations of integrating the

HTGR technology with several conventional processes.'® These evaluations cover the specific processes
within the applications discussed in the characterization and sizing of the potential HTGR markets above,
as well as the others identified in the following:

Co-generation applications supplying steam, electricity, and hot gas as well as for electricity only
production.

Bitumen recovery and upgrading in the Canadian oil sands

Coal and natural gas derivatives production including ammonia from coal and natural gas, converting
natural gas and coal to liquid fuels such as gasoline and diesel, and converting coal to substitute
natural gas

Petrochemicals production such as supplying steam, electricity, and hot gas to support conversion of
natural gas to chemical products

Production of hydrogen such as substituting HTGR hot gas for combustion of natural gas in the SMR
process, eliminating natural gas burning and feedstock through the use of HTSE for the production of
hydrogen and oxygen

Production of ammonia and ammonia derivatives (e.g., Urea, fertilizers) using HTGR steam and hot
gas as a substitute for burning natural gas or to supply pure hydrogen and nitrogen directly to the
ammonia synthesis reactor using the HTGR and HTSE

Shale oil recovery applying the ex-situ and in-situ processes
Coke/steel production

Sensitivity of the technical viability of using HTGR heat in the Steam Methane Reforming process as
a function of the HTGR reactor outlet temperature Biomass conversion to gas or liquids

Methane hydrates.

The medium category processes identified in Section 2 include those that require higher temperatures

than the HTGR technology can currently supply. As noted for cement production, however, it is possible
that revisions to the process could reduce the temperature requirements to be compatible with HTGR
temperatures and improve the efficiency of the processes. These will be explored in the future as the next
set of priorities for the project or as specific potential end users in these areas are consulted.
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5. BUSINESS CONSIDERATIONS IN APPLYING THE
HTGR TECHNOLOGY TO INDUSTRIAL APPLICATIONS

5.1 The Business Model

The integration of the HTGR technology with industrial processes involves the transport of energy
from the modular reactors to the processes in the form of steam, electricity, high temperature gas, or other
heat transport fluid (e.g., molten salt), and could include hydrogen and oxygen, depending on the process
needs and the plant configuration. This is similar to current co-generation arrangements in many
industrial processes wherein a central plant co-located with the process will provide energy to the process.
Many of the current co-generation plants use natural gas or waste gas to generate the energy. These co-
generation plants may be owned and operated by the owner/operator of the process or by a separate entity.
In the latter case, the energy is delivered under contract “over the fence.” For a nuclear co-generation
plant, it is judged to be unlikely that a traditional owner/operator of an industrial plant (e.g.,
petrochemical, refining, ammonia/fertilizer) would undertake operation of the nuclear plant, because of
their lack of experience with its licensing and operating requirements. Accordingly, an entity with nuclear
plant operating experience, separate from the industrial plant owner/operator, could operate the nuclear
plant. The owner of the nuclear plant would enter into a contract with the industrial plant for supply of
energy in the required forms “over the fence” to the processes.

Figure 18 shows a possible business model. It illustrates the likelihood that there would be several
“owners” (i.e., equity holders) of the HTGR plant. The principal owner of the plant may or may not be the
operator. The HTGR could also be supplying energy to more than one industrial facility and have
multiple energy supply agreements. It is also assumed that the plant would be selling excess generated
electricity to the grid. As noted in the prior discussion of the co-generation application selling excess
electricity to the grid is a common arrangement for these plants.

Contract with
Regional Grid for
purchase of \
excess electrical

power
Potentially more Long term
than one owner purchase energy
(equity holder) of agreement
Owner - - ..
the HTGR Plant s Potentially more
: . than one facility,
: : owner & agreement
HTGR plant operator Energy Industrial
iy HTGR Plant >
may be different . Facility
than plant owner 60 year lifetime
Zero GHG
Operator emissions
Stable price
Secure supply

Figure 18. Business Model

The “business model” used in the economic analyses performed for each of the potential markets
varies depending on the market. For the cogeneration market the prices for the steam, electricity and hot
gas supplied to the industrial facility are calculated. A prospective industrial plant would evaluate whether
those prices are judged to be competitive with traditional fossil sources of energy over the long term (60
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years or more). In this case the HTGR plant is supplying energy “over the fence” and is, therefore, not
tightly coupled with the process. In this model there is a distinct division between the HTGR plant and the
industrial facility.

In other markets, (e.g., hydrogen generation) the HTGR can be tightly coupled with the process and
the projected price of the product, (e.g. hydrogen) is calculated and compared with projected prices using
conventional processes. This can blur the line between the owners of the HTGR plant and the owners of
the industrial plant. In these cases the costs for construction and operation of both the HTGR plant and the
industrial plant are combined in the economic analyses.

5.2 HTGR Plant Economics versus CCGT Economics

There are fundamental differences in the economics of a nuclear plant as the energy supplier to a
process compared with that of a natural gas fired combined cycle gas turbine (CCGT) plant. The latter is a
common co-generation application in the industrial sector. As shown in Figure 19, in a natural gas fired
plant the fuel costs account for the majority of the annual operating costs. These plants can, therefore, be
cycled without major economic penalty. Much of the combined cycle plant equipment is also more
“portable” than nuclear plant equipment and could be re-located if the original energy market becomes no
longer available.

As shown in Figure 19, the nuclear plant costs are comparatively capital recovery intensive with low
operating costs. The nuclear plant will also have a longer lifetime (e.g., 60 years) than the typical fossil
based CCGT plant, (e.g., 20 to 30 years). The recovery of capital accounts for approximately 70% of the
annual costs of operating a new nuclear plant compared to about 30% for a CCGT plant. Since the capital
recovery is a fixed annual cost the nuclear plant must run at a high capacity factor to be economic
compared to the CCGT plant. The nuclear plant also requires a long term stable energy market. This puts
a premium on developing and sustaining an energy demand profile for the nuclear plant that maximizes
its long term availability and capacity factor.

HTGR Plant CCGT Plant

Capital

&M

Figure 19. Comparison of the operating cost elements of an HTGR with a
CCGT plant. (Developed in Excel file, “CCGT (7FA) steam & elec 5-24-11”)

5.3 Example of Possible HTGR and Industrial Plant Business Cases

When the HTGR plant is supplying energy “over the fence,” (i.e., is a separate entity from the
industrial facility) there are two business cases that must be compatible to make integrating the HTGR
technology with the industrial application economically viable: (1) that of the HTGR plant owner who
will set a price for the delivered energy that fulfills his project economic criteria (e.g., return on the equity
investment), and (2) that of the industrial plant owner who must be able to meet his economic criteria at
that price of energy (e.g., setting a price for his product that is competitive and provides the requisite
return and provides a hedge on feedstock real escalation and/or volatility). Evaluations of specific
applications of this nature have shown that it is important to separate these two business cases because
there are substantive differences in the economic factors such as debt ratio, period of financing, interest
rates, and required return on investment typically applied by these two entities.
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There are other factors that need to be considered in assessing the economic viability of the
application.

o The HTGR plant may need to be oversized from that size required to meet the basic energy needs of
the industrial process so that availability requirements for supply of the energy can be assured. Close
to 100% availability requirements are typical for much of the energy supply for an industrial process.
The HTGR plant owner could be expected, therefore, to assess whether there are other potential
markets to which any excess energy can be offloaded. The local electrical grid is a potential taker of
any excess energy. The viability of this alternative is driven by the economics of the regional
electricity generation market.

e The nuclear plant owner will evaluate whether there are other industrial plants in the area or needs of
the regional grid that would permit deploying an even larger plant. There are economies of scale that
can accrue from siting a larger rated plant.

e The HTGR plant owner will evaluate both the regional electrical grid and other industrial plants as
potential long-term alternatives for delivery of the energy if, over the longer term, the primary
industrial plant is shuttered or production curtailed because of evolving economic conditions or other
factors.

In a back-fit project, the owner of the industrial plant will need to assess how much, if any, of the
original energy production equipment to retain in operation as backup to the HTGR plant. This may be a
phased activity—Iless backup equipment is retained as more confidence in the reliability of the HTGR
plant is developed.

For either a back-fit or Greenfield application, the owner of the industrial plant may include other
factors than the price of the delivered energy in evaluating the viability of the HTGR plant as a long term
energy supply. Some of these factors could include:

e The HTGR plant provides a long term (60 years or more) stable cost of energy; separating the costs of
production from the significant volatility of fossil fuel prices experienced over the last decades, thus
adding more certainty to future planning.

e The HTGR plant integrated with carbon conversion processes provides a long term secure and
dedicated source of energy carriers and feedstock; eliminating concerns with disruption of energy
carrier and feedstock supply from the traditional fossil sources.

e The HTGR plant is a non-greenhouse gas emitting source of energy, eliminating concerns with the
effects of potential government policies that result in a cost for carbon emissions contributing to the
volatility of the price of fossil energy.

o Fossil energy sources currently used for energy production (e.g., oil, natural gas, coal) may have more
financial benefit as feedstock to the process. For example, the waste gases that were formerly burned
in the power houses may be convertible to revenue producing products. When waste gas is used to
provide energy to an industrial process, the differential between the cost of imported sources of the
fossil fuel (e.g., natural gas) and the market price of the product that could be produced from the
waste gas and the cost of processing the waste gas are key factors in the economics of such a
conversion. In the conventional processes reviewed by the Project, these factors lead to the decision
to burn the waste gas rather than process it. The factors affecting the economics of such conversion
will be different with an HTGR energy source, and may be more favorable.

e For future Greenfield applications, improved efficiencies and economics are expected in the processes
by reengineering them for integration with the nuclear plant.

e The schedule for initial deployment of an HTGR plant is expected to be in the mid- to late-2020s,
assuming a focused and stable NGNP Project is established. While there is high uncertainty in
predicting the sources, forms, and costs of energy that far into the future, the national commitment to
secure the option as a hedge for such uncertainties needs to be established now.
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6. EXAMPLES OF APPLICATION OF THE HTGR TO
INDUSTRIAL PROCESSES

The following sections discuss the results of NGNP Project evaluations of the application of the
HTGR technology to supplying all or some of the energy needs of industrial processes. The first—
co-generation—is judged by the Project and the HTGR suppliers to have low technical risk, a large
potential market, significant energy price stability, energy security and environmental benefits, and
economic viability. This judgment is based on the nature of the energy needs of this application;
principally steam, electricity, and hot gas with modest temperature requirements, (e.g., 700 to 850°C).

The latter two processes (conversion of coal to transportation fuels and ammonia and ammonia
derivative production), which are discussed below, represent applications of the HTGR technology that
address principally energy security by providing alternatives to imported crude oil and natural gas as
feedstocks. These are more developmental than co-generation, relying, in some cases, on the development
of the HTSE process for hydrogen production and higher HTGR operating temperatures to optimize the
performance of that process. The economic evaluations of these two applications are, therefore, more
uncertain. In any event, they are judged to be applications that require continued development to ensure
that the benefits of HTGR technology in securing our energy sources, stabilizing our energy costs,
preserving our natural resources, and reducing CO, emissions are fully realized. The NGNP Project has
received support for this continued development in discussions with major companies involved in these
applications.

The economic evaluations discussed below use engineering, procurement and construction (EPC) cost
estimates and operating cost estimates for a mature HTGR plant that have been developed by the NGNP
Project.'” These cost estimates were developed by review of prior HTGR plant design work, (e.g.,
General Atomics designs of the MHTGR, NPR and GT-MHR, NGNP Project FY07 Pre-conceptual
design work), special studies conducted for the NGNP Project by HTGR suppliers, current costs for
common power plant components, (e.g., circulators, steam turbine generators, pumps) and bottoms up
estimates of major components, (e.g., vessels). The cost estimates vary depending on the rating of each
HTGR module, the reactor outlet temperature of the reactor, the rating of the multi-module plant and the
plant configuration, (e.g., includes steam generators and/or intermediate heat exchangers, type and
number of power conversion systems). Correlations were developed from the basic data to facilitate
developing a cost estimate for a specific plant design considering module rating, plant rating, reactor
outlet temperature and plant configuration. These cost estimates and correlations also consider three
possible states for plant deployment; these are: as a first-of-a-kind demonstration plant, during the
“learning curve” transition from the costs for a demonstration first-of-a-kind plant to an Nth-of-a-kind
plant and as an Nth-of-a-kind plant). All of the analyses discussed below were performed for an Nth-of-a-
kind plant status.

It should be noted that because the Project is still in the preconceptual design phase, there is large
uncertainty in these costs. The Project is progressing into the conceptual design phase wherein more
certain estimates of capital costs for the mature plant will be developed. The economics will be updated,
as necessary, as the cost estimates become more certain.

6.1 Co-generation

This application involves the supply of energy to an industrial process typically in the form of steam,
electricity, and/or hot gas from a power plant located either outside the industrial facility or embedded in
the facility. The power plant may be owned and operated by an entity separate from the owner/operator of
the industrial facility or be a part of the facility itself. A large number of these power plants in the United
States are fired using natural gas or coal and waste gas from the industrial processes. These plants
typically include some combination of steam boilers, steam turbine generators, and natural gas combined
cycle (NGCC) plants. In a back fit application, the HTGR would replace or augment the installed
equipment. In a Greenfield application, the HTGR would be the principal energy supply. As noted
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previously the schedule for commercial deployment of the HTGR plant is currently projected for the mid-
2020s. By this time it is anticipated that there will be some governmental action on control of carbon
emissions. Accordingly, whether the deployment of the HTGR is in a Brownfield or Greenfield
application the most likely alternative energy supply that the HTGR would be compared with would be an
advanced NGCC (higher efficiency than current models) with carbon capture and sequestration (CCS).
The energy costs for the HTGR in a co-generation application are compared below with those of an
Advanced NGCC w/CCS.

As noted in previous sections, it is likely that the HTGR plant would not be operated by the owner of the
industrial plant, but rather by an entity with nuclear plant operating experience such as a current nuclear
power plant owner/operator. The NGNP Project and the HTGR suppliers have worked with several
owner/operators of industrial plants and with an owner/operator of nuclear electrical power plants to
develop business cases for this co-generation application.

Figure 20 shows a comparison of the prices of electricity and steam from a new HTGR plant with that
of a new advanced natural gas fired combined cycle gas turbine plant with carbon capture and
sequestration (ADV NGCCw/CCS) as a function of the price of natural gas. Also shown on this Figure
are historical electricity prices as a function of the price of natural gas. The HTGR plant is sized at ~2400
MWt—the rating required to supply a modest sized industrial plant with steam and electricity. It is
compared with an Advanced NGCC w/CCS plant using EIA data on projected costs of generating
electricity with several different technologies.'? The historical data for the price of electricity and steam as
a function of natural gas price was provided by General Atomics as part of preparing a conceptual design
report of a prismatic reactor co-generation plant.” These comparisons are made for varying costs of
natural gas in $/MMBtu. This variation with natural gas price is shown because, as noted previously, the
fuel costs dominate the costs of operating a natural gas fired plant. Two curves are shown for the HTGR
illustrating the change in the costs when varying the internal rate of return on equity from 10 to 15%
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Figure 20. Comparing the price of electricity and steam for HTGR and NGCC plants (2009%). (Developed in
Excel file, “Baseline Co-gen Plant — 4-600 MWt_8-04-11")
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As shown in Figure 20 the price for the HTGR plant electricity and steam is equivalent to that of the
Advanced NGCC w/CCS plant at natural gas prices in the range $3 to $7/MMBtu, depending on whether
the comparison is made with historical prices or Advanced NGCC w/CCS prices and the IRR used for the
HTGR plant. As shown in Figure 16, over the last 5 years, natural gas prices have ranged from a low of
~$4/MMBtu to a high of ~§13/MMBtu with high volatility. As also shown in Figure 16, the EIA projects
a natural gas price in the $7/MMBtu (2009$) range in the time frame for deployment of HTGR plants,
(i.e., mid-2020s and in the competitive range for the HTGR).

The HTGR will also reduce the use of natural gas burning for this purpose, thereby preserving this
limited natural resource for more beneficial uses. The HTGR also eliminates the CO, emissions that result
from the burning of natural gas. Based on the EIA data, a base loaded (87% capacity factor) 340 MWe
NGCCw/CCS plant would burn ~20 billion cubic feet of natural gas (~1000 million 1b) and emit
~1,040,000 metric tons of CO, per year. Two of these NGCCw/CCS plants plus augmenting steam
generators (also fired on natural gas or waste gas) would be required to meet the steam and electricity
supply of the HTGR plant. The steam generators would also contribute to the emissions of CO, and, when
fired on natural gas, the consumption of natural gas.

6.2 Conversion of Coal to Gasoline

One of the processes evaluated by the NGNP Project in the HTGR Integration with Industrial Process
Task'' is the conversion of coal to gasoline using the methanol to gasoline (MTG) process. Liquid
petroleum gas (LPG) is also produced in this process. In each of these evaluations of the potential for
integration of the HTGR in the process, the conventional process is first modeled to determine where the
HTGR could be used and to define the specific requirements for the HTGR application (e.g., heat input,
electricity generation, hydrogen production). The conventional MTG process modeled for this evaluation
is shown schematically in Figure 21.

Figure 22 shows the process with an HTGR energy source. The proposed process includes the same
unit operations as the conventional coal-to-MTG process with the following exceptions: the cryogenic air
separation unit and water gas shift reactors (a part of the gasification and syngas conditioning block) are
replaced by high temperature steam electrolysis (HTSE) to provide oxygen and hydrogen for the process.

Figure 23 summarizes the results of the evaluation. In both cases ~67,000 bpd of gasoline and LPG
are produced. As shown in this figure, the use of the HTGR energy source to supply heat and hydrogen
reduces CO, emissions from the conventional process by a net amount of 100 to 31,000 tons per day (0.04
to 10 million tons per year) depending on the amount of CO, that can be captured in the conventional
process.

Figure 24 summarizes the economic evaluation of this HTGR application. This figure shows the
production price of gasoline for the conventional and HTGR integrated processes required to meet the
economic criteria summarized on the figure as a function of the cost of CO, emissions. As shown, the
HTGR plant is competitive with the conventional process for costs of CO, emissions in the $75/ton range.
The historical range in the price of gasoline in 2008 is also shown on this figure for information. Use of
the coal-to-MTG process for production of gasoline using either the conventional or HTGR integration
approach falls within the upper end of this range.

Figure 25 shows the gasoline pricing for the conventional and HTGR integrated process and for crude
oil refining as a function of crude oil price in $/bbl. The price of crude oil has varied considerably over
the last decade (~$25/bbl in January 2000, ~$130/bbl in July 2008). As shown, the conventional coal to
MTG process is competitive with crude oil refining at crude oil prices in the range of $80/bbl (note the
price range of crude oil at the time of this writing was in the range of ~$100/bbl) with no cost associated
with CO, emissions. At a cost of $50/metric ton of CO, emissions, the price of crude oil would have to be
in the $110/bbl range for the conventional coal to MTG process to be competitive with crude oil refining.
Similarly, the HTGR integrated process would be competitive with crude oil refining in the $125/bbl
range.
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and HTGR integrated coal to MTG processes. (Developed in Excel file, “Backup Calcs on Industrial Sector
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These results indicate that the application of the HTGR technology to coal-to-MTG production of
gasoline is marginally economic for the reference financial and economic factors, even when compared
with the conventional process when subjected to additional costs for CO, emissions. The large capital cost
investment required for the HTGR plant in production of hydrogen, oxygen, and process heat provides a
disadvantage when compared with the relative low capital cost for the conventional plant. Additionally,
the supply of hydrogen, oxygen and process heat in this case does not significantly reduce the complexity
of the MTG plant and eliminate significant components and systems. Therefore, the additional costs of
the HTGR plant add to rather than substitute for the majority of the conventional plant costs. The viability
of this alternative would also be affected by governmental actions that prescribe the pursuit of substitute
transportation fuels.

As the HTGR technology develops the technical and economic viability of the technology for this
application will be revisited and continued to be evaluated with potential end users.

6.3 Integration of the HTGR Technology in an
Ammonia Production Plant

The NGNP Project has developed detailed process flow sheets for integration of HTGR process heat
into processes for production of ammonia and ammonia derivative products such as urea used in the
production of fertilizer. These flow sheets were validated by ammonia equipment and system designers,
meetings with producers of ammonia, and a tour of an operating plant. Scoping evaluations were also
initiated with the objective of comparing the economics of the HTGR integrated plant with the economics
of a conventional plant. These analyses were performed for a typical plant producing 2,500 tons per day
of ammonia.
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In discussions on applying HTGR technology as a source of process heat and reviews of evaluations
of integrated processes, a major producer of ammonia and ammonia derivatives recommended that the
evaluations focus on just the production of ammonia. The information from that evaluation will facilitate
the industry’s evaluation of the viability of the output of that process for use of the ammonia as feedstock
for further processing. To that end, two different applications of an HTGR integrated plant for the
production of ammonia were evaluated. The first used HTGR process heat to offset the burning of natural
gas in the primary reforming stages of a conventional process. A simplified flow sheet for this process is
shown in Figure 26.
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Figure 26. Use of the HTGR instead of natural gas firing in the primary reforming stages.

In the second case, the HTGR plant produces high purity hydrogen and oxygen using the HTSE
process. The high purity hydrogen is delivered directly to the ammonia synthesis reactor along with
nitrogen produced from a cryogenic air separation unit powered by HTGR generated electricity. A
simplified flow sheet for this process is shown in Figure 27. This latter use of the HTGR plant eliminates
all of the reforming and purification equipment required to supply the hydrogen from decomposition of
natural gas in a conventional process. This reduces the capital investment and operating costs of the
ammonia plant, making the use of hydrogen and nitrogen directly for ammonia synthesis potentially more
economically attractive.
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Figure 27. Use of the HTGR for supply of hydrogen directly to the ammonia syntheses reactor.

Both of these uses of the HTGR energy source result in significant reductions in CO, emissions
compared with the conventional process. Figure 28 summarizes the outputs for the two HTGR cases with
the conventional plant. Depending on the case, the emissions that would be emitted from a conventional
process are reduced by 22% (Case 1, ~1,000 tons of CO, emissions per day) to 98% (Case 2, ~3850 tons
of CO, emissions per day).
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Figure 28. Summary of results for use of the HTGR for ammonia production.

Figure 29 summarizes the results of scoping economic comparisons of the two HTGR integrated
plants with a conventional ammonia production plant as a function of the costs for CO, emissions in $/ton
emitted. The comparison shows the ammonia prices in $/ton that would need to be charged to meet the
criteria summarized on this figure (e.g., a 15% internal rate of return on invested equity with a 80% debt-
to-equity ratio). The calculations assume a base price of $6.5/MMBtu for the natural gas supply.

The use of the HTGR process heat plant as a substitute for some of the burning of natural gas in a
conventional plant has pricing that varies in a manner similar to that of the conventional plant (see
Figure 29). Because this case only offsets a fraction of the natural gas combustion, the required pricing
increases with the costs of carbon emissions at a rate slightly lower than that for the conventional process.
The ammonia pricing for the HTGR process heat plant is comparable to that of the conventional plant at
costs of $50/ton of CO, emissions.

Figure 29 also shows the results for the option wherein the HTGR hydrogen plant supplies pure
hydrogen that is combined directly with nitrogen generated from an ASU in the ammonia synthesis
reactor. Ammonia pricing for the economic conditions shown in the HTGR hydrogen plant is projected to
be comparable to that of the conventional plant at CO, emission costs of ~$160/ton. The economics for
this case are based on designs and performance of the HTGR and HTSE plants developed in the NGNP
Project FY 2007 preconceptual design task. The Project is continuing to support development and
optimization of the HTSE process and the full capabilities of the HTGR technology. As these
technologies develop the technical and economic viability of the HTGR technology will be revisited and
discussed with potential end users.
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Figure 29. Comparison of conventional and HTGR integrated plant urea pricing vs. costs for CO; emissions.
(Developed in Excel file, “Ammonia Economics - Separating the Process from the HTGR 8-02-10”).

6.4 Hydrogen Generation and Effect of Uncertainties on Economic
Evaluations

The economics of integrating the HTGR and the HTSE hydrogen plant with the coal-to-MTG and
ammonia production processes are very sensitive to the price of hydrogen produced by the HTGR/HTSE
plant. The hydrogen price is similarly affected by the assumptions used in the calculation. The economic
calculations presented in Figures 24, 25, and 29 reflect a hydrogen price in the $3.2/Kg range. This is
judged to be representative of current knowledge of the costs and performance of the HTGR and HTSE
plants. However, because HTGR design development is still in the preconceptual phase, there is a large
uncertainty in the factors applied to calculate this price. To establish the impact of this uncertainty on the
price of hydrogen, sensitivity analyses were performed to determine the effect of variations in the
principal assumptions applied to calculate this price. The results of these sensitivity analyses are
summarized in the tornado chart of Figure 30, which shows the effect of variations in the debt-to-equity
ratio, required internal rate of return, plant overnight cost, financing term, operating costs, and interest
rates such as interest during construction and financing interest. The variation in each parameter
investigated in the sensitivity analyses and the baseline value for each parameter are shown on this chart.

As expected, the first three parameters have the most effect on the results. The total variation shown
on the chart ranges from a low of $2.36/Kg to a high of $4.25/Kg, driven by the variation in
debt-to-equity ratio investigated (90 to 0%). Note that it is not appropriate to sum up all of the extremes
shown on a tornado chart to estimate the full range over which the price of hydrogen could vary. These
variations will actually combine in a more random way. To provide an assessment of the full range of
expected variation in hydrogen pricing for the ranges assumed for the parameters, a Monte-Carlo analysis
was performed using triangular distributions of these factors over the ranges shown in Figure 30.

Figure 31 shows the results of this analysis as a probability distribution for the hydrogen price. The mean
of the analysis ($3.18/Kg) conforms well with the baseline price of Figure 29. The wide swing in the
1-sigma span ($2.69/Kg to $3.68/Kg) reflects the large uncertainty in the pricing.
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Figure 31. Probability distribution of hydrogen pricing. (Developed in Excel file, “HTGR H2 Cost
Monte Carlo Analysis using Crystal Ball 6-9-10”).

As cited previously, the majority of non-refinery hydrogen is produced using natural gas as the
feedstock and energy source in the SMR process. The price of hydrogen using the SMR process is
therefore a strong function of the price of natural gas. Figure 32 presents this variation assuming a new
SMR process installation, the financial factors used in the economic evaluations presented above, and
typical operating costs, excluding the cost of natural gas. The evaluation was completed for a plant
generating ~35,000 Ib/day of hydrogen with a natural gas usage of 121,000 Ib/hour.'® The Hydrogen
pricing for the SMR process is shown as a function of the price of natural gas ($/MMBtu) and the cost of
carbon emissions ($/MT of CO,).
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Figure 32. Comparison of hydrogen pricing using SMR and HTGR/HTSE technologies. (Developed in Excel
file, “Backup calcs on Industrial Sector & Emissions and CTL Plant 6-7-10 & Baseline Hydrogen Plant — 5-600
MWt, 7.57 Kg/sec 8-16-11").

The price of hydrogen for the HTGR/HTSE process is for a HTGR plant cost of ~ $1,700/kWt and
nominal financial factors assumed by the Project for a mature plant installation, (80% debt, 10% IRR). As
shown in Figure 32, the HTGR/HTSE process intersects with the SMR pricing at natural gas prices from
$12/MMBtu to $17.5/MMBtu depending on the cost of carbon emissions.

As cited previously the NGNP Project evaluated the application of HTGR energy as a substitute for
burning of natural gas in the Steam Methane Reforming process.”'® Although the reductions in CO,
emissions and natural gas consumption are not as favorable for this application of the HTGR technology
for hydrogen production the economics are better. Figure 33 compares the price of hydrogen generated
using the conventional with the HTGR-integrated SMR processes as a function of the price of natural gas.
As shown the HTGR/SMR process is more economic for natural gas prices above $6.5/MMBtu.

At the time of this writing the supply to demand ratio of natural gas is sufficient to establish a price at
the lower end of the range of prices experienced over the preceding decade. At this price the economics of
the HTGR in comparison with a comparable natural gas fired plant are not favorable. However, the
supply to demand ratio is trending to support a higher price because of uses of natural gas for base-loaded
electricity production and initiation of significant export. These factors may drive the price of natural gas
to the point where the HTGR economics are more favorable. It should also be noted that the HTGR
technology is slated to become available for commercial application in the mid-2020s and has a design
lifetime of 60 years. As shown in Figure 16, over the past 40 years the price of natural gas has shown an
average escalation of 2% above inflation. It is not likely that the price of natural gas will remain near its
current historical low or buck this historical trend in price escalation into the time frame in which the
HTGR technology is available for deployment.
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Figure 33, Price of Hydrogen as a Function of Natural Gas Prices for Conventional and HTGR-Integrated
Steam Methane Reforming Processes (Developed from Excel file, “H, from SMR & SMR w_HTGR Plotting for
Presentations” & Reference 19).

6.5 Conclusion on Application Economics

To develop confidence in the technical and economic viability of the HTGR technology, the design of
the plants needs to be developed to provide better estimates of performance and costs to construct and
operate. The economic factors for financing and pricing of energy over the long operating lifetime of
HTGR plants need to be refined through further discussions with major financial institutions with an
energy portfolio, current nuclear plant owners, and major industrial plants that can benefit from use of
energy supplied from the HTGR. Additionally, the long term financial benefit of this technology to the
end user has not been quantified in the evaluations performed to-date. The benefits of a long term secure
and stable price of energy have been summarized qualitatively in this report. These factors may combine
to permit the end user to accept a higher than current market cost that will be stable over the long term.
This factor has not been accounted for in economic evaluations of the technology presented in this report.
How to account for this fact is being pursued with the end users and other stake holders involved in the
development of the HTGR technology.

The NGNP Project is developing updated and more refined economic models for evaluating the
viability of the business models for both the HTGR plant and the industrial plant for the processes
evaluated to-date and for those for which evaluations are to be completed. As the HTGR plant designs
evolve, better estimates of the capital and operating costs for these plants will be developed that support
higher confidence levels in the results of the economic models. The scoping economic analyses
performed to-date do show that the HTGR technology has the potential to be competitive with many
conventional industrial processes while offering significant benefit in stabilizing energy prices, providing
secure energy sources, and reducing CO, emissions. The HTGR process may be favored in specific
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applications if there are governmental regulations that make it more attractive, lower costs and better
financing were available, and other factors, such as stability in energy supply and pricing, were major
factors.

As the technology develops and as U.S. energy policies and/or direction become better defined, the
technical and long term economic viability of the HTGR applications will continue to be reevaluated and
reviewed.
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