
- 74 o c/o 6 - - / 6

ASSESSMENT OF VERY HIGH TEMPERATURE REACTORS

IN PROCESS APPLICATIONS

by

John E. Jones Jr.
Irving Spiewak
Wallace R. Gambill

April 7, 1976

- NOTICE-
This report w» piepued at an account of work
jponwred by the United Suits Government, Ncithtj
the United S u m not the United States Energy
Reteaicn and Development AdtninUtraiion, nor any of

: l*iefr employee*, nor any of iheii contractor*,
tubcontncion, or thcii employees, nuhes any
wuranty, CXOTCM QT implied, or IMURKI any ICR»1

bility or roponsbility fot the accuracy. contpletene«
UKfulnea of any tnfoimatkin. .pptntu*, pioduci 01

ptooets 4iKkiKd. of itpitteMt that tu UK would not
infrin|e privately owned (ijhti.

OAK RIDGE NATIONAL LABORATORY
. jt Operated by

UNION CAR3IDE CORPORATION - NUCLEAR DIVISION
Post Office Box X

Oak Ridge, Tennessee
U.S. EKERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

By acceptance of this article, the

publisher or recipient acknowledges

the U.S. Government's right to

retain e nonexclusive, royalty-free

license in and to any copyright

covarinc the articia.
(LoAflZsieT A/0.



ASSESSMENT OP VERY HIGH TEMPERATURE REACTORS IN PROCESS APPLICATIONS

John E. Jones Jr., Irving Spiewak and Wallace R. Gambill
Oak Ridge National Laboratory, Oak Ridge, Tennessee U.S.A.

Abstract

In April 1974, the United States Energy Research and Development Administration (ERDA) authorized General
Atomic Company, General Electric Company, and Westinghouse Astronuclear Laboratory to assess the available
technology for producing process heat utilizing a very high temperature nuclear reactor (VHTR). The VHTR is
defined as a gas-cooled graphite-moderated reactor. Oak Ridge National Laboratory has been given a lead role
in evaluating the VHTR reactor studies and potential applications of the VHTR.

Process temperatures up to the 760 to 871°C range appear to be achievable with near-term technology. The
major development considerations are high temperature materials, the safety questions (especially regarding
the need for an intermediate heat exchanger) and the process heat exchanger.

The potential advantages of the VHTR over competing fossil energy sources are conservation of fossil fuels and
reduced atmospheric impacts. Costs are developed for nuclear process heat supplied from a 3000-HW(th) VHTR.
The range of cost in process applications is competitive with current fossil fuel alternatives.

INTRODUCTION

The Very High Temperature Nuclear Reactor (VHTR) is
defined as a gas-cooled graphite-moderated reactor.
There are a number of large industrial process heat
applications that could utilize the VHTR. These
include coal conversion to synthetic gas or liquid
fuels, hydrogen production by thermochemical water
splitting, and hydrogen or synthesis gas (H2 + CO)
production for use in direct reduction of iron ore,
refining of petroleum, and refining of liquids
derived from oil shale and tar sands.

While nuclear process heat is the main focus of this
assessment, the VHTR technology has unique applica-
tions for electric power production which serve as a
secondary incentive for its development. The VHTR
can be used with a thermal energy storage system for
load following and meeting peak electrical loads or
it can produce electricity at high efficiencies by
using an advanced topping or bottoming cycle.
Chemical energy from a VHTR could be piped long
distances to dispersed locations where the energy
would be released at local power or heat producing
facilities.

In recent years there has been increased interna-
tional interest in the possibility of using the VHTR
as a source of high-temperature process heat. The
Federal Republic of Germany has initiated a sub-
stantial program to develop the VHTR, associated'
nuclear coal conversion processes and a chemical
heat pipe system. The Japanese Atomic Energy Re-
search Institute has initiated a comparable program
to develop a nuclear steelmaking system.

In the U.S., several private sources initiated
investigations of nuclear process heat. A topical
meeting on the subject, sponsored by the American
Nuclear Society, wae aid at Los Alamos in October
1974.[1]

In April 1974, the United States Atomic Energy
Commission, now Energy Research and Development
Administration (ERDA), authorized General Atomic
Company, General Electric Company, and Westinghouse
Astronuclear Laboratory to assess the available
technology for producing process heat utilizing very
high temperature nuclear reactors.[2,3,4] The
concepts and technology are evaluated for producing
process stream temperatures of 649, 760, 871, 9S2,

and 1093°C (1200, 1400, 1600, 1300, 2000°F). The Oak
Ridge National Laboratory was requested by ERDA to
prepare an overall assessment of the incentives for
developing the Very High-Temperature Reactor (VHTR),
the technical and economic feasibility of the reactor
and associated process, and the research and deve-
lopment requirements. Many government and private
organizations have contributed to this effort.
Three major 0RNL reports are being prepared to
present the results of this work.[5,6,7]

TECHNOLOGY

The VHTRs are thermal reactors utilizing helium as
coolant and having all-ceramic cores composed of
graphite moderator and enriched uranium-thorium
fuel. This combination has enabled the gas-cooled
reactor to develop coolant outlet temperatures far
higher than those of other reactor systems. The
three vendor design studies present features which
encompass most of the available technology, as
illustrated in Table I.

General Atomic has developed the High-Temperature
Gas-Cooled Reactor (HTGR) as a commercial steam-
generating reactor for use by utilities. The Peach
Bottom Reactor [115 MW(t), 40 MW(e)] was operated
successfully by Philadelphia Electric Company from
June 1967 to October 1974 and proved the feasibility
of the concept. GA has built a much larger HTGR at
Fort St. Vrain [842 MW(t), 330 MW(e)] which has thus
far been--operated only at low power levels. The
standard commercial HTGR (helium outlet temperature
of 1400°F or 760°C) is modified for process heat
purposes by placing a process heat exchanger in
series with and upstream of the steam generator.[2J
As in other current HTGR designs, all the primary
system components are contained in one large pre-
stressec concrete reactor vessel (PCRV) because of
the advantages offered by this fora of construction.
Steam-methane reforming was selected by GA as a
typical high-temperature process; and the reformer
was assumed to be located within the PCRV. The GA
study was based on the assumption that an inter-
mediate heat exchanger (IHX) would not be required.
If an IHX is required, reactor exit helium tempera-
tures would have to be increased well above the
reference 1620°F (882°C) to reach 1400°F maximum
process temperature.

The Pebble-Bed Reactor (PBR) developed by Kernfor-
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Table I
Comparison o* the Three Vendor Concepts

General Atonic General Electric

Basis of very high temperature nuclear
reactor design

Aeactor core type

Modification of HTGR concept Pebble bed concept ba*ed on Gen
technology

Hexagonal graphite blocks con- Pebble bed cor*
taining separate coolant and Graphite sphere fuel eleswnt
fuel passages, solid cylin-
drical fuel rods

Reactor coolant

Aeferenee thermal power

Pressure vessel concept

Bellus

3000 HW(c)

Prestressed concrete reactor
vessel

Vallwi

3000 Mtf(t)

•?restr*ss«

Fuel composition

Average fuel residence tiae

Power density of core

Reactor core 4P

System pressure

Core inlet temperature

Reference naxinunt process temperature

Core outlet eeaperaturt

Maximum fuel temperature

Type procecs

•Fully enriched U feed (0C2)
with thorium (Tho.) fertile
u t e r i * !

•Triso coating for both
f i s s i l e and fertile par-
ticles

3 year*

8.4 watts/cm3

16psl

725 psia

770«F (410*G)

MOOT (760*C)

1600'F (871'C)

2475'F (1357#C)

Steam-hydrocarbon reformer

•Lou enriched O.0UI U fuel
•Uranium-thorium tuel alternate
•Triso coated U02 fuil particles

3.B years

5 watts/ca

6 pal

600 psia

4»2'r (2S0*C)

1500'F (816*C>

1742'F (950'C)

2030'F (1110'C)

Steam-hydrocarbon reformer

Prismatic fuel concept based on
nuclear rocket technology

Hexagonal graphite blocks,
hollow cylindrical fuel rods
with central coolant channel

•allurj

3000 HU(t)

Prastressed cast iron reactor
vessel

•Fully enriched 0 feed tuc,)
with thorium (IhO2> fertile
material

•Triso coated f iss i le particles
•siso coated fertile particles

4 years

10 watts/ca3

5 psi

1000 psia

•07'F (*31*C)

1600«F (871#C)

MSO'F UOIO'C)

21S8'F (H81*C)

'rheraochemlcal water splitting

schungsanlage (KFA) Julich, differs from the HTGR
primarily by having the fuel contained in graphite
moderator balls. These balls are loaded into and
withdrawn from the reactor daring operation. The
PBR concept was selected by GE for their VHTR
design.[3]

KFA has built and is operating the Arbeitsgemeinschaft
Versuchsreactor (AVR) [46 MW(t), 15 MW(e)], an
experimental steam-generating PBR. The AVR has
operated at a helium core outlet temperature of
950°C (1742°F) since February 1974. A larger PBR,
The High Temperature Reactor (THTR) [768 MW(t),
300 MW(e)), is under construction and scheduled for
1978 operation. This steam generating reactor will
have a helium outlet temperature of 750°C, in the
same range as commercial HTGRs.

The GE PBR places all primary system components Into
a PCRV. Primary helium coolant flows through the
core and exits into five loops, each containing an
intermediate heat exchanger (IHX) and a steam
generator (SG). A secondary helium stream is
heated in the IHX and transported out of tlie reactor
vessel to an external process heater, which GE
assumes to be a steam-methane reformer.

The Westinghouse VHTR contains a number of novel
features.[4] The reactor and its coolant loops are
contained within a multi-cavity prestressed cast
iron reactor vessel (PCIV). The reactor core is
located within the vessel's central cavity. The
vessel walls contain twelve smaller vertical cavi-
ties, or pods, in which are five high temperature
intermediate heat exchangers and circulators, five
gas turbines ana low temperature intermediate heat
exchangers, and two auxiliary cooling systems for
shutdown and emergency cooling of the reactor.

Reactor helium coolant enters and discharges from the
pods through coaxial piping at the upper end of the
cavity, while the intermediate loop, or secondary,
helium coolant is introduced and leaves through the
bottom of the pod. The PCIV has a continuous inter-
nal steel liner to act as a primary coolant boundary
and leak-tight membrane. A thermal barrier and
insulation system is used to limit the temperature of
the liner and minimize the heat los-i to the PCIV.

The process heat exchangers ana tl.e gas turbine-
generators provide energy for a thermochemical
water-splitting process based on a sulfur cycle.

All three vendor concepts appeared to have potential
to achieve process temperatures in the range 1200 to
2000°? (649 to 1093°C). The GE concept has the most
applicable high temperature operational background
in that the AVR has been operated successfully at
950°C for extended periods. GA, on the other hand,
has developed technology applicable to 3000 MW(t)
designs and has the broadest technological base.
The Peach Bottom outlet temperature was only 715"C
(1319*F); however, it appears likely that the HTGR
technology would be applicable to more elevated
temperatures as well. The W concept does not have a
commercial technological base comparable to the
other two concepts; more development would be required.

The GA design was the only one not to use an Inter-
mediate heat exchanger (IHX), but stated that the
need for an IHX had not baen ruled out. GE included
an IHX, with implications of some hope that addi-
tional studies would show that it could be eliminated.
W made a case for the necessity of the IHX. As
there does.not appear to be any basic design feature
or innovation which would allow one concept only to
use the direct system, it is assumed that this



; difference at the present time is one of vendor
; philosophy. Further analysis of reactor safety and
I of radioactivity transport is required to establish
> whether the IHX can be eliminated for some range of
t, process choices.

t The nominal reference process temperature presented
',' in Table I for the three concepts is indicative of
• the historical development of each concept. The

HTGR has evolved from a very strong technology
program focused on steam generation. The lowest
temperature required for a reasonable process effi-
ciency, 1400*F (760*C), has been chosen to minimize
extrapolation of existing components and technology.
The PBR concept is based on the technology of the
AVR scaled up to commercial size; the process tem-
perature selection of ISOO'F (816*C) is a logical
consequence of the AVR helium outlet temperature of
950*C, assuming the heat transport systems can be
developed. The W concept is derived from the very
advanced Nerva reactor technology, which operated
for short times at extremely high temperatures. The
water-iplltting process coupled to the W reference
design requires 1600*F to proceed at reasonable
efficiency.

NUCLEAR PROCESS HEAT COST

Oak Ridge National Laboratory, with assistance from
United Engineers and Constructors,(8] has estimated

• VHTR process heat cost. Figures 1 and 2 give the
range of estimated costs of nuclear process heat

: when supplied from a 3000 MU(t) VHTR, considering
the presence or absence of an intermediate heat
exchanger as a parameter. The economic ground rules

• used in obtaining these estimates are given in
; Table II .
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These cosis are based on preliminary, conceptual
designs, and rely heavily on vendor Information.
The costs which are presented nay change as a result
of further research and development and of more
detailed design.

The general trend cf increasing heat costs with
increasing temperature results from increased costs
of materials and components, and more elaborate
systems to maintain the fuel at acceptable tempera-
tures. The discontinuity In cost above 1600°F
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process temperature stems from the need to Introduce
exotic high temperature alloys and/or ceramics into
the high temperature components.

PROCESS HEAT APPLICATIONS

A very wide range of proc&is heat applications have
been considered. The two general alternatives which
appear most promising are (1) a secondary energy
depot, Figure 3, and (2) production of primary syn*
thetic fuels. Figure 4. All applications appear to
be technically achievable with developaent of the
VHTR. .....

Coal Conversion. The major long-term process heat
application of the VHTR Is in synthetic fuels via
coal conversion. Up to 132 VHTfts [3000 MW(O] could
be utilized by 2030 In synthetic fuel production.(7]
However, this application could not have a signifi-
cant impact until after the year 2000. The two major
alternatives for nuclear coal conversion are dis-
cussed below:

(1) Hydrogaaiflcatlon and Hydrotreatmcnt. When
coal is exposed to hydrogen at elevated tempersiurw
and presures (500 to 800*C, 60 to 200 atm.), there
is a strongly exothermic reaction producing methane
and other light hydrocarbons. Hydrogen, in turn,
can be produced In a methane (light hydrocarbon)
steam reformer heated by the helium coolant of a
VHTR. This highly endothermlc reaction is carried
out usually at 680 to 850*C.

The Important chemical reactions are the following:
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Depending on the desired product, this conversion
process can be designed for nee production of
MChane, syngas (H2 • CO), or hydrogen.

Both che German* (9,10) and Control Atomic/Stone and
Webster (11,12) have proposed processes using this
technology for coal conversion.

(2) Pircct Steam Gasification. Coal react*
with steam at elevated temperatures In a strongly
endotheraic reaction. The product* of the reac-
tion, II2 and CO, can be converted to desired pro-
ducts such as stethane or hydrogen.

The Important chemical reactions are the following:

CO{ • «j • t.t to i /» l * <»

<*» • k.J» • *» lUMl/Mtt ()1

Steam-carbon reaction rates become significant at
about 600'C for lignite and ?00*C for hard coal.
The Cernans propose to operate a lignitft steam-
gaslfier at 660*C; {91 this gaslfier would be a
stcait-fluldized bed heated Internally by neliwa
flowing through tube*. This appears 10 be ait opti-
mistically low temperature level.

The steam gasification process leaves a residue of
char, according to United Kingdom sources; (13]
the UK paper cites 750 to 850*C as reasonable temper-
atures for lignite gasification with 92S*C recom-
mended for "high carbon conversion." The corres-
ponding temperature for hard coal lit given ait 1050
to 1100'C.

For the steam gasification process to be practical,
a very high-temperature heat source and process heat
exchangers would have to he developed and/or a
practical catalyzed low-tcnpcrature coal reaction
developed.

Nuclear Stcctmnklng. The most viable concept for
applying nuclear energy to vteclwiklnK combines two
well-known processes: direct reduction in a xhaft
furnace and refining In an electric furnace.

In the direct reduction process, iron ore is reduced
In the solid condition to a product known as sponge
iron by a synthesis gas (CO + Kj) derived from steam
reforming of natural gas, a reaction requiring high
temperature heat. Nuclear energy may be used to
provide the heat needed to produce syatS<e*is gas by
light hydrocarbon reforming for the direct reduction
of iron ore.

The American Iron and Steel Institute has conducted
several studies of nuclear cteelaaklng.[14-18} They
concluded that the nuclear option for steelmaking
appears to be competitive with the conventional coke
ov*n/bl«*t furnace process and with the direct reduc-
tion process using synthesis gas from a Koppers-
TotzcV -siifier. It is not competitive with syn-
thasiv t»* from a conventional natural gas reformer
with current natural gas prices.

Because of size mismatch, the steel industry does not
appear to represent a major market for the VKTR In
nuaber of units but it stay be a very important one.
The Japanese have launched a major program in nuclear
steelmaking, allocating about $26 million over a 6
year period. Nucleac steelmaking technology may be
required to keep the U.S. steel industry competitive
in the futur*.

Petroleum Refinery. At the request of Oak Ridge
National laboratory, the General Atoalc Company
conducted a study (J9) to evaluate the use of a
process heat version of the Cenerai Atomic high-
temperature gas-eaoled reactor (HTCR) as a heat
source for petroleum refining and other petro-
chemical processes. The study Investigated the
technical and economic aspects of producing and
transporting 1364 HW of thermal energy to • 250,000
BFJ? refinery, the boundary of which was located
3500 ft from the reactor. Ti.r refinery heat load
was made up of 398 m of 7W>*K steam M* 966 MU of
process heat having the capability of producing
refinery process temperatures of lOSO'F. The basic
refinery heat balance utUi-cd in the study was
provided by Amoco Oil Coapany. Shell Oil Company
supplied acKitlonal data on refinery heat loads,
shutdown schedules* and hydrogen requirements.

Although.the heat transt'sr *ystem was made more
complex (and expensive) by the assumption of a
backup heat source, to assure very high availability,
beat can S.e delivered, to the refinery for 1.91 to
3.92 dollars per 106 Btu. This appears to be in a
competitive range with most fossil fuels for delivered
energy cost.

Oil Shale and Tar Sands. The relative cost of oil
shale recovery using the VJiTR appears to be margin-
nally cospetitlve with conventional alternatives
accr rding to a study by Resource Analysis and Managc-
mtn. Croup.{7,20) Potential benefits of the VHTR
application arc 24 to 502 greater yield from the oil
shale resource and about 202 lower water requirement.

The market potential for the VHTR In shale oil
recovery and processing is not projected to be
significant at present. The market potential In tar
sands recovery In the U.S. is nil but potential
applications in Canada, Venezuela nnd Colombia could
provide an export markec.



Hydrogen Krom U'.itcrspllttlng. A number of studies
under NASA support have been performed on the
central subject of 'tydrogen production by thermo-
chcalcal or electrolytic water splitting (12,21,22,23]
and a comparison of watcrtsplltting with wore con-
ventional methods of hydrogen production. The costs
of hydrogen fro* electrolytic or tfccraochcmlcal
uaterspllttiug using the VtiTR are roughly competi-
tive with one another and about a factor of 2 to 3
higher in cost than hydrogen produced from coal or
fro* VKTit - coal hybrid*.

tlteetele <J<-eamJ level» are noroally separated into
three broad areas: bane load, intermediate load,
and peak load, the ban* lond is normally provided
by the newer tn»nll fuel, nuclear and hydroelectric
plants. Intttraedlate and peak load power demand are
currently ewt by (1) generation in fossil-fueled
(oil and coa\ fired) steam plants, (2) by hydropowcr
or pumped storage and (3) in gas turbines with high
quality, expensive fuels. Except for pumped storage,
which is relatively Inefficient and is United to
very few sites, '.here is no economic, commercial
system for use of nuclear energy to tscct peak and/or
intermediate electrical load, the combination of
the VHTR and chemical (KVA-ADAH) or high temperature
thermal (Heat transfer Salt) energy storage should
lead to a coKpctltivo source of intermediate load
and peaking power.

The power load of an electrical utility grid fluc-
tuates by as ouch as a factor of tvo on a daily
basis. Figure 5 presents a typical weekly load
curve for a large aidwestern utility. The objective
of the VHTK peaking power system is to meet the
dally peak demand of the grid (or a portion of that
demand). Op to 120 3000 MWth V K T R K could be utilized
by 2030 in peaking power applications.(7)

«ccm.t

Figures 6, 7, and 8 arc cost comparisons of EVA-ADAM
Storage, Heat Transfer Salt Storage and three con-
ventional power systems: gas turbines, coal-fired
and oil-fired steam systems.

Although this is a preliminary analysis, it appears
that the EVA-ADAH peaking system will be competitive
only if fuel prices rise considerably above their
present level. As can be seen in Figure 6, the cost
of a gas turbine system is not a strong function of
the period of operation, but is very sensitive to
fuel costs. Compared to a gas turbine system, EVA-
ADAM would be competitive at higher fuel prices,
only if it used as an intermediate power producer,
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being used 6 to 12 hours per day. However, it can
be inferred from Figures 7 and 8 that in this range
of operation, fossil-fired steam plants would be
more economical even at higher fuel coses.

The heat transfer salt system appears to be a very
attractive alternative to present gas turbine
peaking systems. It can be seen in Figure 6 that
the heat transfer salt system is competitive with
the gas turbine' system even at the lower range of
fuel prices. This system is more economical than
EVA-ADAM because it has a lower capital investment
per kilowatt of peaking power; but like the EVA-ADAM
system it has a low operating cost, so it will
become even more attractive as the price of fossil
fuels rise. Because of its low operating costs, the
heat transfer salt storage system lias the additional



of being coopetitive with the steam cycle
for production of intermediate load power. Figures
7 and 8 show that this system is competitive with
both the oil- and coal-fired steam systems at the
lower fuel prices for intermediate load applications
up to about 10 hours per day or 40Z plant factor.

The VHTR peaking power scheme would reduce the
demand by the electric power industry for high
quality fuels which have alternative uses for
transportation and home heating and would provide a
mechanism whereby nuclear energy could be effec-
tively used to meet peak power demand.

Heat Transfer Salt (UTS) is a eutectic mixture of
potassium nitrate (KN03), sodium nitrite (NaN02),
and sodium nitrate (NaNOa). It is economical and
has good heat transfer properties. HTS was deve-
loped by du Pont in the thirties for use in the
chemical and petroleum process industries. The
usual composition by weight is 53Z KNO3, 40Z NaN02,
and 72 NaNOj. Some of the more important physical
properties of HTS for this application include its
low melting point (288°F) and high thermal con-
ductivity (0.33 Btu/hr ft °F), specific heat
(0.373 Btu/lb °F), and heat transfer coefficient
(300 to 2900 Btu/hr ft2 *F over a wide range of
temperatures and velocities). HTS has been widely
used in many industrial applications and in very
large volumes.

Figure 9 Is a schematic diagram of an electric
peaking power generating system based on HTS energy
storage. The 3000-HW(t) system will provide 200
MW(e) continuously and 3667 MW(e) for 6 hr a day
(peaking power). The system is designed to store
43,200 MWhr of thermal energy.

fuel is imported oil at about the same price level.
In view of the large German investment in gas-
cooled reactor technology and the high price and
scarcity of fossil fuels, prospects appear bright
for a VHTR prototype by 1990 and commercialization
by 1995.

3. Japanese VHTR. Steeloaking, based on
imported coal, constitutes 20Z of the Japanese
demand for energy. Metallurgical coal has recently
increased greatly in price and the supply has
become less reliable. Japan has very strong incen-
tives to deploy the VHTR, but is likely to import
gas-cooled reactor technology at first.

4. Pea'iing VHTR. Of all the VHTR applica-
tions we have investigated, this would appear to
have the best possibility for being competitive
with other energy systems in the U.S. at an early
date. An economic size prototype (1500-2000 MWt)
could probably be deployed by 1990.

In the long term there Is a large potential for
application of the VHTR in synthetic fuels pro-
duction via coal conversion, power production for
daily peak electric load, and ultimately base load
high-efficiency power production using high tempera-
ture cycles or gas turbines.

CONCLUSION

Gas-cooled reactor technology is very attractive and
Its technical feasibility for large units appears to
be established. Thus far it has not been sus-ess-
fully commercialized because the margin of potential
superiority over other energy sources (light-water
reactors) has not been decisive in any applicatic
or In any country. All future applications of the
gas-cooled reactor (including the VHTR) would bene-
fit enormously from early introduction and com-
mercial success in any one application. The pro-
spects for near term commercialization which appear
to be most favorable are the following:

1. Steam-cycle HTGR. General Atomic Corpora-
tion has indicated that it is making a strong
effort to develop a competitive design. The first
commercial plant could be started about 1987.

2. German VHTR. German hard-coal prices are
now just under $2/10f'BTU and their major source of
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