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ABSTRACT

This study assesses the technical, environmental and economic factors affecting the
application of the High Temperature Gas-Cooled Thermal Reactor (HTR) to:

- synthetic fuel production

- displacement of fossil fuels in other industrial and chemical processes.

Synthetic fuel application considered include coal gasification, direct coal
liquefaction, oil shale processing, and the upgrading of syncrude to motor fuel. In these
applications the HTR is used to supply heat for hydrogen production by steam reforming as
well as to supply steam and heat directly to the process.

A wide range of other industrial heat applications was also considered, with emphasis
on the use of the closed-loop thermochemical energy pipeline to supply heat to dispersed
industrial users. In this application syngas (H2 + COZ) is produced at the central station
HTR by steam reforming and the gas is piped to individual methanators where typically
1000°F steam is generated at the industrial user sites. The products of methanation (CHq +
HZO) are piped back to the reformer at the central station HTR.

vi



SECTION 1
EXECUTIVE SUMMARY

1.1 INTRODUCTION-

The purpose of this study is twofold: (1) to assess the application of the High
Temperature Gas-Cooled Reactor (HTR) both for synthetic fuel production pro-
cesses and for displacing fossil fuels in other industrial and chemical processes, and
(2) to provide a preliminary HTR-synfuel davelopment plan.

Two distinct methods of near-term application with the potential of both
economic advantage and fossil fuel resource conservation have been identified:
(1) the HTR-Multiplex Concept, and (2) the concept of coupling a catalyzed
fluidized bed. coal gasifier to an HTR. The first of these concepts, utilizing the
thermochemical pipeline, has been the subject of past process analysis and market
assessment efforts which are both summarized and expanded upon in this study.
The concept of coupling a catalyzed fluidized bed coal gasifier to an HTR is a
direct result of the technical assessment performed herein of nuclear heat
utilization processes. An additional HTR-Multiplex application which appears to
merit further study is oil shale processing, ﬁarticularly the Western shales.

The assessments performed tc date do not uncover overriding concerns
about the technical, environmental or economic viability of the HTR as a producer

of nuclear process heat, Indeed, quite the contrary, all of these considerations
indicate an immediate potential economic need for the HTR-Multiplex if the
concepts identified can be demonstrated as an operating system. Accordingly, a
development plan is given which leads, through demonstration, to operation in the
early 2000s of a prototype commercial HTR-Multiplex System, including the
reactor-steam/methane reformer primary system which is also an integral part of
the coal conversion system. The HTR-Multiplex System has been identified in
these studies as having a significant economic incentive over fossil fuel alterna-
tives. Coal conversion processes utilizing nuclear heat appear to have no current
economic advantage over fossil-fired coal conversion processes, but further inves-

tigafioh is required to better define the relative economics before a significant
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comparison can be made. Depending upon the coal conversion process, the coal
usage can be reduced by 20% to 40% using the HTR heat source to produce
hydrogen; further the environmental impact might be reduced with such a heat

source.

Table }A, Resource Impacts, shows a summary of the current results of this
assessment for typical applications. Table 1B summarizes the estimated energy
costs for three major markets {dispersed industrial heat and peaking electricity,
methane conversion, coal conversion) for the HTR and alternative fossil-fired heat
sources. Note that the HTR and fossil-fired heat sources are estimated to have
equal costs for methane and coal conversion, while the HTR-Thermochemical
Pipeline has a significant economic advantage for the one- and two-shift dispersed
industrial heat market. Figure 1 shows pictorially the relationship of the HTR to
the TCP and coal conversion processes, and summarizes the estimated savings from

Tables 1A and 1B for selected market applications.

The total HTR-Multiplex capacity of 400 th is based upon market and
economic analysis described in this report. The total HTR capacity for the other
pracess applications in Table 1A are arbitrary values based upon year 2000
production estimates because significant economic incentives have not been

identified for the HTR application to coal and methane conversion and oil shale

processing.

1.2 MARKET, RESOURCE, AND ENVIRONMENTAL ASSESSMENT SUMMARY

The HTR s potentially applicable to the following energy markets:

0 Dispersed industrial heat (non-base load) -- (TCP Applications)
) Peaking and mid-range electricity -- (TCP Applications)

o il shale processing -- (TCP Application Plus Hydrogen Production)

o Coal refining - production of gaseous and liquid fuels

o Ammonia and methanol production (either with coal or methane
feedstock) '

o Water splitting
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The Thermochemical Pipeline System

A concept that combines the HTR with a thermochemical pipeline {TCP)
(the HTR-Multiplex) appears to be an effective way to utilize the HTR in serving
multiple energy markets and is of particular interest in the near term. Markets for
end use methanator heat consist primarily of dispersed industrial heat users,
peaking and mid-range electricity production, and shale oil processing. The
methanators can be considered as a replacement for current industrial boilers (oil-
fired and gas-fired) and for distillate fuel burning in electric generators (gas
turbine or combined cycle).

Analyses indicate that the HTR-Multiplex can supply energy at costs from
two-thirds to three-fourths those of available alternatives in two U.S. markets.
These markets consist of dispersed industrial heat users (one-and two-shift) plus
peaking and mid-range electric power generation systems, In the 2000 to 2020
time period, it is estimated that these potential markets will total approximately
500 th' This amounts to about 12 quads per year of nuclear energy substitution
for fossil fuels,

JIf cogeneration systems are implemented, then the cost advantage of the
HTR-Multiplex is much larger for both the dispersed heat and peaking plus mid-
range electric energy markets,

The combination of these markets is estimated to comprise approximately

400 GW, in the 2000 to 2020 time period {about 9 quads per year), with a.potential
energy savings, through cogeneration of 100 GW p OF about 3 quads per year.

Based on the information now available, the HTR-Multiplex system appears
to compare very favorably with other modes of energy supply in the future context.
Because much of the technology is novel, reliable cost estimates will be difficult to
obtain until more development work is completed. Further the institutional
requirements of the HTR-Multiplex must be evaluated to confirm the broad
application of the concept. This is also true of the competing technologies,
therefore increased uncertainty in comparing alternatives is likely to characterize
energy analysis for some time into the future.

1-6



Since a healthy industrial economy growing at a rate commensurate with
population growth is necessary if acceptable standards of living are to be
maintained, energy supply to industry will have to be ensured. The HTR-Multiplex l'
concept appears to be a promising way of achieving that goal.

Synthetic Fuel Conversion

The application of HTR process heat technology to the various coal refining
markets initially indicates that product costs in the U.S. are about equal to those
evolved from using cozl as a heat source and somewhat higher if methane is
similarly used. The coupling of the HTR to the catalyzed fluidized bed coal

gasifier for the production of synthesis gas appears to change this balance in favor
of the HTR in several applications, providing a highly flexible resource - synthesis
gas which allows one to produce hydrogen, ammonia, petrofeum and coal reftnery
products and contribute directly to the p:oductlon of steel, |

As coal refining is implemented on a large scale in the U.,S., the economics
would be expected to shift more strongly in favor of the HTR. Basically, coal
resources would be depleted more rapidly (20% to 40% without the HTR in most
processes) and coal prices would increase relative to nuclear fuels. The potential
therefore exists to develop optimized systems in which nuclear process heat can be
integrated into an economically competitive coal conversion systems. Further
study is recommended on using the HTR as a prime heat source for converting coal
to synthesis gas.

Oil Shale

The processing of both Eastern (Devonian) (see Appendix B) and Western
U.S. oil shales has been considered briefly and is planned to be a continuing subject
of future work.

The geographical location of Western oil shale deposits lends itself to use of
a central heat and power facility: plants for developing the oil shale would be

within a 20 or 25 mile radius of a centrally sited HTR-Muttiplex, located on
Federal land.

1-7



Use of nuclear heat could release for sale substantial {20% to 30% of plant
output) amounts of hydrocarbon products which would otherwise be used in
recovery and processing. Nuclear heat could also make unnecessary the develop-
ment of facilities for transporting and handling coal and its waste products after
combustion and scrubbing, and could substantially reduce air pollution caused by
combustion of oil shale products.

The extent to which various energy forms from the HTR-Multiplex might be
substituted for fossi! fuels in oil shale products can only be ascertained by further
study of mining, retorting, upgrading, and refinery operations currantly required

for such processes, The potential appears significant enough to justify further
analysis.

Industry Assessment

A review of the potential of the HTR as a process heat source is being
conducted among selected suppliers and users of nuclear process heat - utilities, oil
companies, gas transmission companies, architect engineers and institutional
organizations - to obtain their critical commentary and indications of future
potential support. In summary, interest exists in alternate forms of process heat
for fossil fuel conservation and conversion, but active support depends upon the
degree and aggressiveness with which the DOE sponsors the initial stages of
development of HTR process heat concepts. This posture is due in large part to:
(1) the very near term goals of fossil energy suppliers and users, which are oriented
to the development of commercial energy resources over the next 5-10 years; - and
(2) the assumption that longer range energy resource development, with commer-
cialization not occurring until the 2000-2020 period, should intially be stimulated
by the Federal Government with its greater resource capabilities for such long

range projects of potential national need.

The following are major areas of commentary:

o The concept of the HTR-Multiplex must be demonstrated by identify-
ing a site specific need and by operating a test (prototype) plant,
There will be difficulty in establishing owner and user suppori

1-8



because of the lack of precedent for this system and the diverse
nature of potential industrial process heat users. Workable solutions
to the political, institutional and regulatory issues must be found

before industrial participants would be willing tc assume a significant
financial part in the initial deployment of an HTR-Multiplex System.

J Concepts of the HTR as a source of process heat for coal conversion
still must be identified and developed that have a real economic and
environmental advantage over comparable fossil fired coal conversion
processes. The details of this report suggest possible HTR-coai
conversion systems that may offer the needed advantage. Existing
conversion process systems appear to have only a fossil resource
conservation incentive and no economic or technical incentives to
utilize nuclear process heat over existing conventional energy source

sl

0 Several industrial and electric utility contacts are interested in the
concept of participating in DOE-sponscred programs to further define
and develop specific areas of the HTR as a process heat source.
However, the degree of participation has not been defined.

o A willingness exists to support in the Congress the further develop-
ment of nuclear process heat concepts which are a part of a well-
defined and organized program structure,

Environmental Impact

With regard to the future, anything much short of abandonment of existing
clear air regulations will continue to make industrial growth dependent on fossil
fuel as an energy source very difficult and expensive even without a shift from oil
or gas to coal. As industry is forced to switch from burning oil to burning coal,
prevention of significant deterioration of air quality will require expensive new

facilities,

1-9



The alternative is the increasing manufacture and use of clean fuels of the
future which might include coal-derived synthetics or hydrogen. However, even

though coal-derived organic fuels presumably would contain no ash and negligible
amounts of sulfur, the combustion process would require careful control to insure
that emissions of nitrogen oxides, carbon monoxide and hydrocarbons are within

allowable limits.

The definition of air pollutant emission may even be broadened to include
CD2 and the possibility of its "greenhouse effect"” and impact on the earth's
climate,

As is exhibited in Table 2, the TCP system is environmentally benign. When
comparison is made of TCP heat substituted for other fuels at the point of use,
estimates show environmental impact is lessened. Table 2 summarizes the most
important of these total residuals for residual oil, coal, and the HTR-Multiplex

based on a thorium fuel cycle. The "Land" category includes the area required for
fuel storage and heat generation. The annual increment is the surface area
disturbed per year by mining. "Resources Used" refers to the total energy and
water requirements to mine, process and transport the fuel and to transport and

dispose of the waste, The health impacts of the gaseous and radioactive effluents
were not calculated since these impacts are highly site-dependent. However,
various studies indicate that the "Social Costs" for coal and uranium fuel cycles,

which include soiling costs and changes to property value as well as health costs,

are comparable {assuming complete 502 scrubbing for the coal cycle). The
uranium and thorium fuel cycles have much in common, so the environmental
impacts should be similar. If the entire fuel cycle is considered the HTR-Multiplex

system produces less total environmental residuals than do systems based on
burning coal or residual fuel oil. Closed-loop methanation of TCP gas would

produce no routine pollutant emissions,

In conclusion, the preferred U.S. near term economic market application of
the HTR is in the form of an HTR-Multiplex initially serving the dispersed
industrial heat market (one- and two-shift) plus the peaking and mid-range electric
energy market. The HTR may have a longer term application to coal conversion
processes (synfuels) as coal prices rise and as coal environmental impact concerns

Tot
Prou



Table 2
COMPARISON OF ALTERNATIVE PROCESS HEAT SOURCES

Total annual environmental effects due to the complete fuel cycle for a 1000 MW
processing, transport, conversion, reprocessing, and waste disposal.

1 Includes mining,

Residual Fuel Oif Coal HTR-MULTIPLEX

Land
Temporarily Committed (acres) 630 8800 390
Annual Use 70 291 4.7
Occupatiomal Accidents
Fatalities 0.06 0.43 0.04
Injuries 3.04 13,43 2.56
Man Days Lost 679 3640 374
Resources Used (Excluding Process Fuel)
Process Heat (Billion kW, /yr) 6.9 6.9 8.43
Electrical Energy (Miliiot kW _/yr) 26.4 39.4 106.3
Process Watgr (Million gal/yrf 690 570 T3
Other Water™" (Million galfyr) 3900 6643 -
Effluents :
Particulates (T/yr) 10,200 106,300 3150
SO (T/yr) 15,200 47,200 1400
NO, (T/yr) 10,240, 10,600, 320
CO,, (T/yr) . L8 x 10, 22x 10 3
Radioactivity to Atmosphere (Ci) 2x 107 1.34 160

Tritium -- -- ~={d)

85 -- -- -={c)
Radiok&tivity to Water (Ci) | -- - 135
Solid Wastes (T/yr) 86.9 39c) 70

Notes: {a) Required to dilute liquid wastes to acceptable standards.

(b} Excluding 34 and 8k

(c) Excludes mine spoil and beneficiation

(d) Negligible impact based on current ORNL fission gas release specifications for fuel
reprocessing cycles under development. If %4 and 8r were allowed to escape to the

environment their impacts would be 6153 Ci - “H and 219, 230 Ci 3%Kr for a 1000 MW,

year.
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increase. Innovative development of HTR/coal conversion processes potentially
can foreshorten the period before commercial acceptance. The application of the

HTR to oil shale processing appears promising and should be investigated further.
1.3 TECHNICAL ASSESSMENT OVERVIEW

Nuclear Heat Utilization Processes

Coal Gasification

In this area of nuclear-assisted coal processing, essentially one key coupling
has been identified. This is the catalyzed fluidized bed coal gasifier as exemplitied
by the Exxon process for production of methane. Its advantages are that it
operates at temperatures as low as 700°C and it does not require the direct
transfer of heat into a corrosive atmosphere, The HTR heat is used to pre-heat the

feed materials (steam and recycled H, and CO) to 700°C for the gasifier, and for
other plant power requirements.

Synthesis gas (syngas), a mixture of carbon monoxide and hydrogen, rather
than substitute natural gas (SNG), or methang, has been identified as the best
candidate for distribution from the coal processing plant. This is because it
represents the opportunity to add the high temperature nuclear process heat in the
endothermic formation of hydrogen and carbon monoxide and to release this energy
at remote methanating plants with the option of also distributing SNG at these
points. Furthermore, synthesis gas is a highly flexible resource allowing one to
make hydrogen, ammonia, petroleum and coal refinery products and contribute
directly to the production of steel. Thus the catalytic gasifier, producing methane,
is coupled with the HTR steam/methane reformer plant to produce synthesis gas,
with the HTR also providing pre-heat for the catalytic gasifier feed materials.

There is a tradeoff between the problem of developing higher temperature
materials versus the advantages accrued in those processes using the higher
temperature heat, This study has concentrated on the latter and has found that
there are significant reasons to be attracted to the reactor system with a 950°C
helium coolant outlet temperature for producing hydrogen {syngas). 1f a AT of

1-12



125°C is assumed from the primary helium to the process gas, then the
temperature levels favor a 950°C reactor outlet temperature for both an increased
once-through conversion efficiency (thus less inert gases to pump or recycle) and
the reduced quantities of steam raised to assist in the reactions. The steam

utilization is a major factor in the methane based system,

The catalytic coal gasifier system is under development and not all of the

process characteristics are available in the open literature. However, estimates
were made which indicate that a combination of a nuclear heat supply, a steam
reformer, and a catalytic gasification system producing a syngas product would
require approximately 40% less coal per unit energy output than a conventional
catalytic gasifier producing a SNG product. Thus, both waste emissions and coal
consumption would be reduced by approximately 409%.

Three major portions of the nuclear heated cata]ytic gasification system are
yet to be fully developed. The gasifier has only been run at a pilot plant scale.

Experimental results show that the catalyst appears effective. However, a broad

program is needed to prove the effects of scale-up and to determine if there are
more efficient and economic catalysts which might be employed. The reformer
presents a major materials problem in that materials of construction that will
survive the reducing environment for the 30 year period required for licensing have

not yet been identified. Work is currently underway in both the U.S. and Federal
Republic of Germany (FRG) aimed at identifying candidate materials for this
application. Experimental work in the FRG on the Pebble Bed Reactor (PBR) and
DOE-sponsored development work have laid the basis for application of the HTR to

nuclear process heat (NPH) applications. If a major program in NPH is undertaken
in the U.S., each of these three areas must be included in the investigation.

In addition to the catalytic fluidized bed (Exxon) gasifier, both the entrained
bed (Texaco) and moving bed (Lurgi) gasifiers were considered.

In these latter two gasifiers, application of nuclear heat requires transfer of
heat directly to the reaction bed to replaée coal combustion heat. Because of high
temperatures and highly corrosive conditions these dpplications are not believed
practicable. However, the Lurgi process does operate at a lower temperature than

the entrained bed process.
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For production of methane from coal, the athermal catalytic gasifier may
be superior to the exothermic hydrogasifier being developed for HTR application in
the FRG. The exothermic hydrogasifier requires hydrogen feed from an HTR-
steam/methane reformer (850°C. process temperature) while the athermal catalytic
gasifier requires only pre-heating the reaction gas feed materials {700°C: process

temperature) and recycling the potassium carbonate catalyst.

Direct Coal Liquefaction

The application of HTR heat to direct coal liquefaction (H-coal, Solvent
Refined Coal {SRC), Exxon Donor Solvent (ENS) processes) has also been investi-
gated. A key to successful coupling of the HTR and the various liquefaction
processes is the production of hydrogen from coal using the catalytic gasification/-
nuclear reformer concept developed previously. Here a process has been outlined
for the production of 95% pure H2 for use in liquefaction. This purity was chosen
arbitrarily and the optimum purity would have to be chosen by a more detailed
design. The liquefaction processes themselves would require a minimum of
modification in order to match up with an HTR. Heat exchange to the processes
where needed could be supplied by steam generated from the primary helium
coolant from the HTR. Again it should be noted that a significant portion of the
process heat might be obtained from a light water reactor (LWR). However, again
the temperatures required to produce the hydrogen in the gasifier could only be
achieved by an HTR.

The analysis performed here indicates that 10 to 15% of the coal used in the
conventional process could be substituted by nuclear heat. This is significantly less
than in the analysis of the coal gasification processes. This is not surprising since

the majority of the coal feed is converted to coal liquids and the generation of H,
- consumes a relatively small portion of the coal feed.

The cases chosen here produce products that range in quality from a boiler
fuel up to a fairly select product of naphtha. The quality of the product is directly
related to the amount of hydrogen added to the coal and the coal saved in the
process is in turn related to the hydrogen consumption. Therefore, the amount of
coal saved is greater for higher quality products and less for the lower quality



products. FEach of the processes considered here can operate over a range of
process conditions to produce a range of products. Therefore, hydrogen require-

ments and coal savings can vary from process to process. Generally, the range of
coal savings for any of the processes would fall within the [0-15% value calculated

here,

Once the liquids are formed, they must be further refined if they are
converted into gasoline. In order to accomplish this refining additional hydrogen
must be added to the coal "crude” and, in general, the hydrogen for this step could
also be produced by the catalytic gasification/nuclear reformer. Even more coal
could be saved in this process, so that the overall coal savings in converting coal to

gasoline would probably be of the order of 20%.

A critical economic issue in the application of nuclear heat to synfuels
production is the availability of the HTR heat source. A rough estimate shows that

the potential annual fuel cost savings using nuclear heat in place of coal would be
offset by a 5% to 10% loss in plant availability. Thus it appears imperative to
maximize the plant availability.

Ammonia/Hydrogen Production

The key element of a nuclear based ammonia process is the production of
pure (less than 10 ppm CO) hydrogen from coal using the HTR-reformer-catalytic
gasifier plant. Once this pure hydrogen is obtained, it would be fed to a modified
ammonia synthesis process. The major difference between this process and the
conventional process would be that air could no longer be used as the source of
nitrogen, since the oxygen presesnt is no longe{' needed for the partial oxidation
reaction. Therefore, an air separation plant is added to produce a pure nitrogen
product for use in the synthesis reaction. An enriched air or oxygen byproduct
would be available for sale, or if no market existed would be vented. Once the
nitrogen is obtained, it is compressed to a pressure equivalent to that of the feed
hydrogen and then mixed with it. This mixture is then compressed to reaction

pressure and fed to a process essentially equivalent to existing synthesis processes.



Major energy consuming operations include the compression of the reactants
to pressure and the refrigeration of the product stream to increase the recovery of

ammonia from the recycle Nle? mixture,

Although the processes were not evaluated in detail, it is obvious that the

viability of the nuclear based process is dependent on the cost of nuclear heat,

coal, and the nitrogen separation as compared to the cost of natural gas. Assuming
that the nuclear based process can be designed as efficiently as the conventional
process, the lower cost of both coal and nuclear heat make this route attractive as
a means of producing ammonia. Again it should be noted that the key use of HTR

heat is in the manufacture of hydrogen where the conversion in the reformer is

drastically affected by the temperature of the gas reactor coolant.

Finally, no direct heat applications of NPH have been identified (e.g.,
cement and lime production). In the main these processes are beyond the reach of

the presently envisaged HTRs because of HTR temperature limitations.
HTR In Process Heat Application

The HTR is considered for process heat applications because of its high
temperature capability, and the higher the achievable helium outlet temperature,
the greater the number of processes for which it is adaptable. There are two
primary circuit concepts considered for -process heat applications: one uses an

intermediate heat exchanger (IHX) so that the primary coolant does not flow
through the reformer and steam generator (indirect cycle), while the other has the
reformer and steam generator in the primary circuit (direct cycle). The use of an
IHX in the primary circuit generally reduces the helium temperature available for
the chemical process by about 50°C relative to the direct cycle. The reasons for
using an [HX are both operationally and safety related. Safety considerations are
affected since the IHX and secondary helium system provide additional separation
of the process gas from the primary coolant circuit. This would be important for
the thermochemical pipeline application in which the process gas is transported
off-site without intervening systems. In addition, using an IHX avoids bringing
combustible process gas into the reactor containment. Locating the reformer

outside the reactor containment permits easier accessibility to process system



components which require maintenance (e.g., replacing reformer catalyst). How-
ever, the secondary helium system presents serious design difficulties, particularly
in the design of large diameter, high temperature piping to withstand seismic and
thermal loads, and in the ITHX design.

Many of the process heat applications require the use of a steam reformer

to convert gaseous hydrocarbons into hydrogen, carbon monoxide, andfor carbon
dioxide. Since a high temperature is desirable, it is preferable to eliminate the
IHX and include the reformer in the primary circuit. The duplex tube reformer
mitigates some of the safety concerns by providing double wall separation between
the primary helium and the process gas; it also can permit monitoring of the gap
between the two tubes to determine if leakage is occurring. Since there is little
use in the reformer for helium temperatures below about 570°C, a steam generator
is used downstream of the reformer to utilize the heat which is not usable in the

reformer,

A power plant for process heat applications would probably produce elec-
tricity for its own use, and, in most cases, would have electricity available for off-
site distribution. Table 3 shows the reactor power requirements for several major
process heat applications: thermochemical pipeline, coal gasification, coal lique-
faction, and ammonia production. Two coal gasification processes, the Lurgi
process and the catalytic gasification process, are shown including several varia-
tions of the catalytic gasification process dependent on the temperatures in the
reformer and gasifier. All of the coal gasification cases are sized to handle 12,000

tons of coal per day. Three processes are included for coal liquefaction, Solvent
Refined Coal (SRC), H-Coal and the Exxon Donor Solvent (EDS), and are sized to

produce 50,000 barrels of fuel per day. There is no relationship in the sizes used
for the different applications. Table 3 shows the total power required for the
reactor and the split between the power to the reformer and to the steam
generator. The table is based on a 950°C reactor outlet temperature, a 300°C

reactor inlet temperature, and a 575°C outlet temperature from the reformer.
The 575°C reformer outlet is as low as practical for use in reforming, although
higher temperatures could be used in the steam generator for superheating the
steam.



Table 3 shows that the reformer power requirements determine the reactor
size in the applications for thermochemica!l pipeline and.catalytic gasification with
an 825°C peak reformer temperature on the process side. In these applications,
the processes cannot use all of the steam produced, so there is excess steam
available for use in other processes or to produce electricity. The rermaining
processes in Table 3 determine the reactor power on the basis of the steam
requirements, and the processes do not utilize all of the high temperature heat.
Although it would be possible to use this high temperature heat to provide some of

the steam required and reduce the reactor power required, it would waste high
temperature heat that could be used for other processes. An optimized plant would

probably use more than one process or produce electricity.

Note that the effect of reducing the reformer process temperature from
825°C to 700°C causes approximately a 10% increase in HTR power for the TCP
case and a 25% increase in HTR power for the coal gasification case, because of
the reduced chemical conversion efficiency in the reformer at the lower tempera-

ture. This penalty would appear to be acceptable for a first demonstration facility
in order to permit utilizing currently available metallic materials for the reformer
at the 700°C temperature.

In addition to the 10% increase in HTR power for the TCP case, reducing the
reformer temperature from 825°C to 700°C also causes an estimated 43% increase
in the component of heat cost (§/GJ) associated with the reformer-pipeline-
methanator plant (exclusive of the HTR). Assuming a fixed HTR heat cost of
$2.50/G1, the total increase in heat cost is 15%,

These estimates of the effects of the reduction in reformer process
temperature are quite crude and further work is needed to better establish these
values,
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In summary, special requirements for the HTR for process heat applications

beyond those for steam-electric cycles include:

o a higher outlet helium temperature

0 the addition of a steam reformer in the helium coolant circuit

upstream from the steam generator

0 a potential safety requirement for an intermediate helium circuit to

keep the process gas outside of the reactor containment building

o a higher required power availability and possibly a power source back
up because of initial lack of interconnected system of plants (process
gas "grid") similar to electrical grid.

o different duty cycles and design basis events associated with process
gas application, in addition to those imposed by the steam-electric
system for the Multipiex plant,

1.4 NUCLEAR FUEL CYCLE SUMMARY

The nuclear fuel cycle studies were all based on the conversion of thorium
to fissionable uranium-233 (U-233) using fuel enriched in U-235 or U-233 as a feed
material. The high neutron efficiency of U-233 makes it particularly well suited
for use in graphite moderated reactors. The high conversion efficiency of the U-Th
cycle helps to minimize the annual fuel requirements and fuel costs of the PBR.

Four basic fuel cycles are of current worldwide interest. Two of these
cycles are "stow away" cycles in which the fuel elements are stored without
immediate reprocessing once they achieve their final burnup. Feed material for
these cycles is a mixture of either highly enriched uranium (HEU) or medium
enriched uranium (MEU) particles {as oxide or carbide)lmixed with enough Th-232
particles to provide the desired feed enrichment, The MEU feed option is of
interest solely because the uranium feed material is not useful for use in weapons
manufacture. The two remaining fuel cycles involve reprocessing and recycling of
the spent fuel. The feed enrichment is achieved with either U-233 or U-235

makeup (HEU). With recycle the uranium ore requirements are reduced relative to
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the "stow away" cycles, however the front-end of the fuel cycle requires remote
handling because of the activity of the U-234 decay products. In this report the
fuel cycles with no reprocessing will be referred to as "Once-Through". This is not

to be confused with the "Once-Through Then Out" or OTTO fuel management
scheme in which the fuel achieves its discharge exposure in one pass through the
core. The fuel cycles with reprocessing and recycling will be referred to as
Recycle. All fuel cycles considered are of the OTTO type.

For this sfudy, two designs have been selected for each fuel cycle to show
the range of expected fuel parameters which might occur. The lower bound
represents fuel designs which approximate the characteristics of current Thorium-
High Temperature Reactor (THTR) fuels; the upper bound represents an improve-
ment in one of the design characteristics of the current THTR fuels, usually the
heavy metal loading per ball, Neither the upper nor lower bound are intended to
show maximum or minimum characteristics but rather characteristics which might

reasonably be expected.

The Once-Through MEU fuel designs are characterized by high fossil burnups
(100,000 MWD/MT) with medium enriched uranium used both as a first core and
reload core fuel. The designs were developed to minimize proliferation risks while

still maintaining a high burnup, and THTR and Arbeitsgemeinschaft
Versuchsreaktor (AVR) fuel characteristics.

The Once-Through HEU fuel designs are representative of extended para-
metric research on Once-Through HEU fuel cycles in PBRs in Germany. The
designs are characterized by high fissile burnups (100,000 MWD/MT) with highly
enriched uranjum uséd both as first core and reload core fuel. The designs were
developed as introductory fuel designs, to be used before recycle occurred.

With fuel recycle, the PBR can recover its bred U-233 and increase the
amount of U-233 in the core. The net result is fuels with a higher conversion ratio
and lower uranium makeup fuel requirements. The fuel designs studied represent
the equilibrium conditions that would occur after many U-235 fueled cycles had
created an inventory of U-233. Once the inventory has reached equilibrium no net
gain or loss of U-233 occurs, but the makeup fuel requirements are again U-235.
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If U-233 is available, the above HEU recycle designs might be initially
fueled by U-233 rather than by U-235, and U-233 might als> be substituted as
makeup fuel. With a fully enriched U-233 core, the PBR can reach its highest

conversion ratio. The Recycle U-233 designs represent this high enriched Uranium-
233 fuel concept. The U.S. plans tc develop a plant to recover the U-233 from
spent HTR fuel are not in existence. Thus initial HTR coles would be operated
with U-235 as in the LWR fuel cycle,

A summary of the fuel design parameters and results are shown in Table &,
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SECTION 2
HTR-PROCESS HEAT MARKET ASSESSMENT

2.1 SUMMARY

The High Temperature Reactor (HTR) is potentially applicable to the following

non-baseload energy electric markets:

o DNispersed industrial heat

o Peaking and mid-range electricity

o Ammonia and methanol production with methane feedstock
o Coal Refining - production of gaseous and liquid fuels

o Water splitting

A concept that combines the HTR with a Thermochemical Pipeline {TCP) (the
HTR-Multiplex) appears to he an effective way to utilize the HTR in serving multiple
energy markets and is of particular interest in the near-term. Markets for the
methanator steam consist primarily of dispersed industrial heat users plus peaking and
mid-range electricity production. Methanators can be considered as a replacement for
current industrial boilers (oil-fired or gas-fired) and distillate fuel burning in electric
generators {gas turbine or combined cycle).

Analyses indicate that the HTR-Multiplex can supply energy at costs from two-
thirds to three-fourths those of available alternatives in two U.S. markets. These markets
consist of dispersed industrial heat (one- and two-shift operations) plus peaking and mid-
range electric power generation. In the 2000 to 2020 time period, it is estimated that
these potential markets total approximately 500 GWt. This amounts to about 12 quads per

year of nuclear substitution for fossil fuels.

If cogeneration systems are implemented, then the cost advantage of the HTR
Multiplex is much jarger for both the dispersed heat and peaking plus mid-range electric
energy markets. The combination of the above two markets is estimated to comprise
approximately 400 GWt in the 2000 to 2020 time period (about 9 quads per year). '



Based on the information now available, the HTR-Multiplex system appears 1o

compare very favorably with other modes of energy supply in the future. Because much
of the technology is novel, reliable cost estimates will be difficult to obtain until more
development work is completed. Since this is also true of the competing technologies,

increased uncertainty in comparing alternatives is likely to characterize 