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ABSTRACT

Programs for the development of high-temperature
gas-cooled reactor (HTGR) technology over the past 30
years in eight countries are briefly described. These
programs have included both government sector and
industrial sector participation. The programs nave
produced four electricity-producing prototype/
demonstration reactors, two in the United States, and
two in the Federal Republic of Germany. Key design
parameters for these reactors are compared with the
design parameters planned for follow-on coimercial-
scale HTGRs. The development of HTGR technology has
been enhanced by numerous cooperative agreements over
the years, involving both government-sponsored
national laboratories and industrial participants.
Current bilateral cooperative agreements are
described. A relatively new component in the HTGR
international cooperation is that of multinational in-
dustrial alliances focused on supplying commercial-
scale HTGR power plants. Current industrial coopera-
tive agreements are briefly discussed.

the two programs was the selection of the prismatic
core design by the U.S., and the pebble bed core by
the FRG.
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INTRODUCTION

Development of gas-cooled reactors (GCRs) began
in the early 1950s in the United Kingdom. The first
GCRs were CO2 cooled, and operated with relatively low
outlet temperatures. The Dragon reactor was the first
helium-cooled GCR with an all-ceramic core. Interest
in higher outlet temperatures (700 deg C and above)
for higher-efficiency electricity production and
process heat applications resulted in construction of
prototype and demonstration-scale high-temperature
gas-cooled reactors (HTGRs) in both the United States
(U.S.) and the Federal Republic of Germany (FRG). The
development programs in the U.S. and FRG followed very
similar paths (see Table 1). The major difference in
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The United Kingdom (UK) discontinued HTGR
development when the Dragon reactor was shut down,
favoring instead continuing with the Advanced Gas-
Cooled Reactor (AGR) Program. The AGR concept
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features metallic-clad oxide fuel, graphite modera-
tion, and CO2 cooling. HTGR development continued in
the U.S. and FRG, although with secondary emphasis to
LWRs and breeder reactors through the 1960s arid 1970s.
Building on the experience of the demonstration-scale
reactors, designs for larger systems were developed,
up to 4000 MW(t). However, the accident at Three Mile
Island started a trend in thinking away from "big is
better" toward smaller, simpler, and safer (both to
the public and to the investor) designs. In the mid
1980s the U.S. stopped design work on large HTGKs
(LHTGRs) and focused instead on modular units
(HHTGRs). The FRG continued with design of 500 HW(e)
units, but emphasis was also placed on modular units
of 80 to 100 MW(e). The two MHTGR programs are very
similar in focus (see Table 2), with the major
difference still being the choice of the prismatic-
fueled core by the U.S. program, and the pebble bed-
fueled core by the FRG program.
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Interest in very high temperature reactors (VHTR)
began to develop in Japan in the early 1970s.
Japanese interest to date is focused on process heat
applications (steam reforming of methane, and
eventually thermochemical water splitting). The
Japanese do not plan on using VHTRs for electricity
generation. The Japanese program may now be the most
highly focused interest in HTGRs in the world. The
Japanese are aggressively planning a 30 MW(t) test
reactor for operation in the mid 1990s.

Interest in HTGRs in other European countries has
produced several valuable test facilities for evaluat-
ing fission product behavior, and testing of compo-
nents and fuels. The FRG program (and to a lesser
extent, the U.S. program) has purchased space in such
test facilities over the past 20 years, giving the
HTGR program a strong "international" flavor.

International cooperation has played a large role
in HTGR program success from the beginning. The
Dragon reactor was built and operated by a multi-
national project team, and there was international
interest and participation in the two prototype and

two demonstration plants built in the 1960s and
1970s. Cooperative agreements involved both govern-
ment support through national laboratories and
private industries, plus private industrial coopera-
tion. The U.S./FRG cooperation dates back to 1962,
and has continued to flourish. Personnel exchanges
between the U.S. and FRG during the past 10 years
have produced a small cadre of technologists who are
familiar with both programs. Utility and industrial
interest has continued, and the stage is set for a
large-scale, mutually beneficial cooperative program
between these two countries. In addition, the
Japanese program has the potential to produce strong
cooperative efforts between Japan and the FRG, and
between Japan and the U.S.

The government/industrial cooperative agreements
which have been in place to date have focusnd primar-
ily on technology development. However, a new type
of international HTGR cooperation appeared on the
scene in the early 1980s, that of multinational
industrial alliances focused on supplying commercial
HTGR power plants. These alliances are independent
of government support and highly focused on design
and cost issues. It is expected that these coopera-
tive agreements will continue forward after technol-
ogy development is complete and the government-
sponsored cooperations expire.

This paper will address the status of interna-
tional HTGR development in the following order:
(1) historical sketch of national programs,
(2) cooperative programs funded by governments,
(3) multinational industrial agreements.

BRIEF DESCRIPTION OF NATIONAL PROGRAMS

Federal Republic of Germany
The FRG Program has evolved along a generally

similar pathway to the U.S. Program. Brown-Boveri
Corporation initiated work in 1956 on HTGR concepts
using spherical fuel elements and helium cooling.
The thrust of the FRG program has been to maximize
the coolant outlet temperature for process heat and
direct cycle application. Key facilities developed
under the German program include:

- AVR: This 15 MW(e) reactor was designed and
constructed as a prototype plant between 1959 and
1967. It is still operating today as a test bed for
advanced HTGR fuels and materials. The plant has
operated with core outlet temperatures of 950 deg C.
The plant has operated for over 20 years with 677.
availability, and has produced 1.6 billion kWh of
electricity.

- THTR: This 300 MW(e) HTR demonstration plant was
commissioned in 1987. Construction started in 1972,
with initial criticality in 1985. The reactor was
turned over to the operating utility (VEW) in 1986.
Since that time THTR has operated very well. There
have been two minor problems, both of which have been
resolved:

(1) Initially the fuel spheres were packed into a
tight lattice, which made it difficult to insert
control rods into the bed. Insertion of rods under
these conditions led to a number of broken fuel
spheres, but apparently no broken particles. Since
recycling fuel spheres was initiated, the tight
lattice placement of spheres has changed to random
packing. This has alleviated the problem of sphere
breakage, but some breakage still occurs if a



lubricating gas (ammonia) is not used when rods are
inserted.

(2) There have been problems refueling the reactor
when it is at full power. This was due to fluid flow
conditions in the refueling system. As constructed,
there was gaseous flow up the fuel feed lines such
that fuel spheres could not be added to the core while
the reactor was operating at full power. Refueling
was accomplished when the power level was reduced to
below 40% (usually on weekends). In December 1987 the
flow conditions within the refueling system were
modified so that it is now possible to refuel on line
at 100% power.

- ADAM-EVA: Pilot facility for study of steam
reforming of methane

- Jupiter: Pilot facility for study of HTGR fuel
recycle (placed in standby in 1987)

- VAMPYR I: Fission product deposition facility in
AVR

- VAMPYR II: Improved design of VAMPYR I

The FRG Program had focused on several large-HTR
designs, but now includes the MHTGR concept. Designs
which continue development today include:

- HTR-500: This 500 MW(e) concept is planned as a
follow-on to THTR. The designers are a team from HRB.
The concept was evaluated in 1983, and was found both
technically and economically sound. Utility support
for Phase 2 was linked to successful commissioning of
THTR, and has been delayed further by prior agreements
within the utility industry which link HTR-500 with
SNR-300 (a liquid sodiun; cooled reactor). Support for
nuclear power in Germany has been decreased since the
Chernobyl accident, and the future of the entire
nuclear program is uncertain. The designers have
continued work with their own funds, plus utility and
government support.

- HTR-100: This HRB in-line concept is designed to
produce 100 MW(e). A development consortium of five
industrial companies plus a central coordination
company was formed in 1985 with the objectives of
furthering the development of the concept, initiating
the construction of a reference plant, and ultimately
opening the market for this small plant worldwide.
Design and licensing work on the concept has been done
with consortium funds, with research and development
funding from the German government.

- HTR-80: Siemans/Interatoms1 side-by-side concept is
designed to produce 80 MW(e). Work on this concept is
funded by the designer, with safety-related research
funded by the German government.

France
France has built eight Magnox reactors, five of

which are still operating. France also participated
in the HTGR program in the 1960s and 1970s. In 1979,
France terminated their participation in order to
concentrate their resources on PWR and LMFBR deploy-
ment, and fuel reprocessing. The Commissariat a
l'Energie At.omique (CEA) had an industrial agreement
with General Atomics (known as Gulf General Atomic at
that time) allowing licensing of the GA design for
fuel and nuclear heat source components in France.
Through this agreement extensive fuel and primary

circuit component testing facilities were constructed
in France, and several test programs conducted. The
French test facilities were among the best in the
world, including:

- The CARMEN flow loop for testing of fluid flow
conditions in components

- The COMEDIE loop for fission product behavior
studies

- The SPITFIRE fuel irradiation test loop for fuel
performance studies

Only the COMEDIE loop remains operational.
CARMEN and SPITFIRE have been dismantled. While the
HTGR program in France has been discontinued, the
French are still cosigners of the U.S./FRG Umbrella
Agreement in Gas-Cooled Reactor Development.

Japan
Japan's HTGR program may be the most aggressive

in the world at this time. Sixty percent of Japanese
primary energy comes from imported oil. Reducing
this dependence through use of nuclear energy and
coal has been assigned a high priority by Japanese
leadership. Japan's LUR program is already well
established for electricity production. Interest in
HTGRs (VHTRs) is focused on coal gasification, coal
liquefaction, and thermochemical water splitting.
These applications require coolant outlet tempera-
tures of 950 deg C and above. The Japan Atomic
Energy Research Institute (JAERI) instituted research
and development work on the VHTR in 1969. Unique
facilities constructed (or planned) by JAERI include:

- HENDEL: The Helium Engineering Demonstration Loop
was completed in 1982. Two test sections have been
completed (1983 and 1986) and tested.

- VHTRC: The Very High Temperature Reactor Critical
Assembly was completed in 1985. This facility was
designed to measure basic physics parameters as a
function of temperature. This facility was preceded
by the Semi-Homogeneous Critical Experiment Facility
(SHE).

- OGL-1: The Oarai Gas Loop-1 was completed in 1976
in the Japan Materials Testing Reactor (JMTR) as a
test loop for the irradiation of HTGR-type fuel in
various configurations.

- HTTR (planned): Construction of the High Tempera-
ture Test Reactor will begin in 1989. This 30 MW(t)
reactor will operate initially at a helium outlet
temperature of 850 deg C, with plans to go to
950 deg C as the technology develops. This test
reactor will use pin-in-block prismatic type fuel
elements for testing VHTR fuel designs.

People's Republic of China
The PRC has a need for small electricity

generating reactors for isolated areas not presently
covered by the existing grid system. There is also
interest in cogeneration units for use in both
densely and sparsely populated areas. High tempera-
ture heat for heavy oil recovery is another potential
application of HTGR technology. Interest in HTGRs
began in the early 1970s. Research on coated
particle fuels is in progress at the Institute of
Nuclear Energy Technology (INET) at Tsinghua Univer-
sity in Beijing. Work on HTGR technology is also



proceeding at other energy research institutes under
the Ministry of Nuclear Industry. Contact outside PRC
did not begin until the early 1930s. Interaction has
been with the FRG program, and interest in the U.S.
HHTGR is increasing.

Switzerland
The Swiss have a long history of involvement in

HTGR technology. Beginning in the early 1960s,
several Swiss companies and the Swiss Federal Insti-
tute for Reactor Research (EIR) participated in the
development of components for gas-cooled reactor
projects. Switzerland's primary interest in HTGRs was
focused on the direct cycle gas turbine application.
When the German high-temperature helium turbine (HHT)
program was terminated in 1979, Swiss interest in HTR
development decreased significantly. The Swiss are
cosigners of the U.S./FRG Umbrella Agreement in Gas-
Cooled Reactor Technology Development.

United Kingdom
The UK is the pioneer in the field of gas-cooled

reactors. Calder Hall began operation in 1956. There
are 26 Magnox reactors and 10 advanced gas-cooled
reactors (AGRs) operating in that country, all CO2
cooled. Four additional AGRs are in the final stages
of commissioning. The Dragon reactor was the world's
first HTGR, operating from the early 1960s to the mid
1970s. The British HTGR program was discontinued with
ilhe shutdown of Dragon. Much of the British experi-
ence in designing, building, and operating gas-cooled
reactors is still useful to the world's HTGR com-
munity. Plans are presently being developed for a
cooperation between the U.S. and UK in the area of
graphite development.

United States
The U.S. gas-cooled reactor program began in 1957

when the General Atomic Division of General Dynamics
Inc. developed the first design concepts. These
concepts were based on earlier work in the United
Kingdom. The U.S. program has focused primarily on
helium-cooled, graphite-moderated concepts. Key
facilities in the U.S. program include:

- Peach Bottom I: This 40 MW(e) prototype plant was
constructed between 1962 and 1967, and operated from
1967 to 1974. The plant operated at 882 availability
(after replacement of the first core), and produced
1.3 billion kWh of electricity. The first core
contained the earliest version of coated particle
fuel. A single pyrocarbon coating was applied to the
carbide kernels to prevent hydrolysis. Some of the
coatings cracked, the fuel compacts swelled, and burst
some of the graphite sleeves. The core was replaced
after 150 effective full power days (EFPDs). The
replacement core contained multiple-barrier type
coatings which operated successfully for the remainder
of the 1349 EFPDs.

- FSVR: The Fort St. Vrain Reactor is a 330 MW(e)
demonstration plant which was constructed between 1968
and 1974, and has operated from 1974 to the present.
The plant operating experience has been generally
poor, due in part to the many innovative first-of-a-
kind components included in the design. The biggest
problem has been the steam turbine-driven helium
circulators. The circulator design includes a water
bearing/lubricating system with complex seals. This
design was selected to avoid the potential for oil
ingress into the primary helium coolant system from
oil bearings. Leakage of water from the bearing/seal

system into the primary circuit has been a continuing
problem, and considerable time is required to remove
moisture to the required levels after each water
ingress incident.

- HFIR: The High Flux Isotope Reactor at ORNL was
commissioned in 1966 for isotope production, materi-
als testing, and physics experiments. It has a peak
power of 100 HW(t), but is now derated to 85 MW(t).
At 85 MW(t), the peak neutron flux levels (1015

n/cm2-s) are !.9 (thermal), 1.1 (fast), and 4.4
(total). These levels are among the highest con-
tinuous neutron fluxes of any reactor in the world.
HFIR has been used extensively for irradiation
nesting HTGR fuel and graphite.

- CFTL: The Core Flow Test Loop at ORNL was con-
structed under sponsorship of the Gas-Cooled Fast
Reactor Program. The facility was completed in 1981
and never used for its initial purpose. The design
was modified slig't. ly, and the facility was renamed
the Component Flow Test Loop. It has been used to
perform oxidation experiments on HTGR graphites. The
facilities has several unique capabilities, including
a high-speed data acquisition system, high tempera-
ture (>1000 deg C) - high pressure (>1050 psi) test
loops for both static and transient testing, and a
large available test volume (30-ft X 40-ft X 40-ft).

- Specialized PIE Capability: The ORNL hot cells
have several postirradiation examination (PIE)
capabilities designed specifically for use with
coatfcd particles fuels. The Irradiated Microsphere
Gamma Analyzer (IMGA) system can acquire the gamma
signature of individual coated particles, and analyze
the signature by computer to determine the inventory
of gamma-emitting fission products. Measured fission
metal inventories can be compared with calculated
inventories to determine retention properties. The
Postirradiation Gas Analyzer (PGA) system is designed
to measure gaseous fission product inventories in
irradiated coated particles. Individual particles
are broken, and the gases released subjected to mass
spectrometer analysis. Measured quantities released
are compared with calculated inventories to determine
retention properties. Electron microprobe scans of
ceramographic cross sections have been used to
measure fission product distributions within irradi-
ated coated particles, to quantify failure mecha-
nisms.

USSR
A number of experimental facilities are in

operation at the Kurchatov Institute in Moscow.
These include:

An irradiation loop for spherical fuel elements

- Two critical facilities

Facilities to study pebble bed core characteris-
tics, graphite friction and wear, and helium coolant
technology at temperatures up to 1000 deg C.

Prior to the Chernobyl accident, technical
papers by USSR delegates at conferences indicated
that reactor designs using the pebble bed core
concept were being evaluated. The 50 MW(e) VGR-50 is
a dual-purpose design for power production and gamma
irradiation. The VG-400 is also a dual-purpose
design for process heat (for ammonia production) and
production of steam and electricity. The VG-400 has



a thermal rating of about 1000 MW(t), with four
primary loops, and a helium inlet temperature of 950
deg C into the intermediate heat exchangers.

Since the Chernobyl accident, interest has
shifted to smaller, inherently safe reactors. Working
relationships between the USSR and FRG have become
closer. Two modular HTR designs have been described
in technical papers, the VTR-265, which is similar to
the HRB/BBC HTR-100 design; and the VTR-250 which is
similar to the Interatom HTR-Module. Work on the VGR-
50 appears to have been discontinued, but design work
on the VG-400 continues.

INTERNATIONAL COOPERATION IN HTGR DEVELOPMENT (PUBLIC
SECTOR)

There are several bilateral cooperative agree-
ments in place:

United States - Federal Republic of Germany
Currently, U.S./FRG cooperation is ongoing in

several areas under the Umbrella Agreement signed in
1979. The Umbrella Agreement was also signed by
Switzerland and France. The agreement covers coopera-
tion in government-sponsored work. Since the early
1970s, approximately a dozen U.S. scientists (from
ORNL and GA) have completed assignments at KFA, and
approximately the same number of German scientists
have completed assignments at either ORNL or GA. Work
under the Umbrella Agreement has been accomplished in
the following subprogram areas:

Fuel Development Subprogram: This cooperation
has been in place for over 10 years, and is viewed by
both sides as highly successful. There are five
elements to this subprogram: (1) irradiation testing;
(2) fuel process development; (3) fuel design and
specification; (4) pre- and postirradiation charac-
terization; and (5) fuel design assessment, perfor-
mance assessment, and modeling.

Graphite Development Subprogram. This coopera-
tion has also been in place for over 10 years. This
subprogram also has 5 elements: (1) irradiation
testing; (2) characterization of properties;
(3) graphite design data and specifications;
(4) performance assessment, modeling, and design
verification; and (5) control materials.

Fission Product Transport. This subprogram was
developed at the same time as the fuels and graphite
subprograms. The cooperative work carried out under
this subprogram is very closely aligned with both the
fuels and safety subprograms. This subprogram has two
elements: (1) fission product release and transport,
and (2) methods verification.

Materials Testing Subprogram. This subprogram
addresses all reactor materials, except fuel and
graphite. Emphasis has been on advanced materials
properties. The subprogram has four elements:
(1) surface phenomena, (2) mechanical properties,
(3) structural stability of ceramics, and
(4) structural design criteria and methods.

Safety Subprogram. This subprogram focuses on
the common interests of both the U.S. and FRG programs
in fission product retention by fuel particles,
graphite, primary circuit, and reactor building.
There are nine elements to this subprogram: (1)
safety criteria and procedures for demonstration of

compliance; (2) probabilistic methods and reliability
data; (3) passive component reliability data; (4)
reactor physics under accident conditions; (5) heat
transfer and thermofluid behavior under accident
conditions; (6) radionuclide retention in fuel; (7)
radionuclide retention in graphite; (8) fission
product plateout, washoff, liftoff and settlement;
and (9) corrosion under air and water accident
conditions. The objectives of the subprogram are to

provide a clear understanding of the top level
safety requirements and approach of the individual
national programs;

advance the understanding of HTGR safety through
benchmarking, cross comparison, and extension of
experimental data and analytical methods/models;

improve the confidence level of the individual
national safety programs through code validation
and peer review; and

reduce the cost of the individual national
programs through mutual cooperation on generic tasks
by minimizing duplication of effort.

The work of this subprogram is not design-specific.
It is cooperative and scientific in nature. The
starting point is the comparison of the top level
safety criteria and the methods for showing com-
pliance with these criteria in the U.S. and FRG. The
subprogram then focuses on efforts needed for
radionuclide retention and the basic functions
required to assure retention, which are

- core heat removal

- heat generation control

- control of chemical attack of fuel

The work included in this subprogram is pertinent to
that needed to perform a comprehensive safety evalua-
tion. The works builds on the scope of other sub-
programs (fuel development, graphite development,
fission product transport, and AVR test program
studies) which have been in progress for some time.

AVR Subprogram. This subprogram has three ele-
ments: (1) reactor physics measurements and methods
validation, (2) transient response measurements and
methods validation, and (3) fission and activation
product behavior and methods validation.

Fuel Recycle Development. The fuel recycle
subprogram began in 1977 and was terminated about
three years later. Head-end reprocessing work on
spherical fuel elements was performed at GA, and some
crushing studies on prismatic blocks was done at KFA.
A number of PWSs were developed, centering around use
of the Jupiter facility at KFA for reprocessing,
head-end reprocessing test facilities at GA, and fuel
refabrication capability at ORNL (U.S.) and HOBEG
(FRG).

United States - Japan
The U.S./Japan cooperation is just beginning.

Three types of cooperation are likely. They are:

(1) Joint Development Activities: Joint funding for
development activities which are part of the U.S.
Program.



(2) Technology Exchange:
exchanges of data.

These involve balanced laboratory
involved.

facilities from both sides will also be

(3) Testing in Unique Facilities: Specific tests by
one party in the other party's facilities or equip-
ment.

There are five areas to the
cooperation.

written statement of

Annex 1: HTGR Research and Development
This involves testing of specific equipment.

Annex 2: Irradiation Testing of Japanese Fuel in HFIR
Irradiation and postirradiation examination to

demonstrate fuel failure fraction of less than 10" .
This corresponds to no failures observed in 29,000
particles to establish a failure fraction of <10*A

with 95Z confidence. Irradiation conditions will be
1000 deg C, 1,-67. FIMA, 3 x 1025 n/m2 fast fluence.
The irradiation will take four cycles in HFIR. Post-
irradiation examination will include capsule disassem-
bly, visual examination, fuel rod and graphite
component metrology, fission gas release tests, long-
term acid leach tests, cetamography, electron
microprobe examination, and core heatup simulations
tests.

Annex 3: Graphite Development
Three Test Project Plans (TPPs) have been

approved; these cover:

- TPP-GI: Irradiation-Induced Creep

- TPP-G2: Multiaxial Strength and Failure Criteria

- TPP-G3: Fracture Mechanics Data and Theory

Annex U: Testing of Structural Materials
Four Test Project Plans have been drafted as

follows:

- TPP-M1:
Behavior.

Improved Models for Creep-Fatigue

- TPP-M2: Irradiation and PIE of Alloy 800H

- TPP-M3: Gas-Metal Reaction Phenomena and Testing
Methodology

- TPP-M4: Fracture Mechanics Crack Growth Data Base

Annex 5: Reactor Safety and Licensing Requirements
Areas of interest include:

- Reactor physics/neutronics data

- Fuel and fission products behavior

- Graphite stress calculation methods

- Design verification tests

- Design criteria for safety systems

- Component verification tests

United States - United Kingdom. Discussions are
ongoing to establish a cooperation in the area of
graphite development (specifically, failure criteria).
The agreement will involve the CEGB and UKAEA on the
UK side, and DOE in the U.S. Industrial and national

United States - France. A program is under way
to study fission product behavior in the COMEDIE test
loop at Grenoble, France.

DISCUSSION/CONCLUSIONS

Eight countries have developed high-temperature
gas-cooled reactor technology, and at least four of
these countries are continuing with plans for commer-
cial reactors. There are many unique features in the
designs being pursued, but also many similarities.
The similarities offer opportunities for cooperative
programs in technology development, both to validate
assumptions and design methods, and to avoid expen-
sive duplication of effort in construction of test
facilities and performing experiments. The most
productive areas of cooperation at this time are in
the areas of fuel performance, graphite properties
measurement, fission product behavior, structural
materials development, reactor physics, safety, and
model validation. Sharing of test facilities is
being done routinely in the U.S./FRG cooperation,
with great benefit to both sides of the cooperation.
It is anticipated that this will increase in the
future. In addition to the government-sponsored
international cooperative agreements for technology
development, a number of industrial cooperative
arrangements have been established. The industrial
alliances are focused primarily on commercialization
of HTGR technology, including design, licensing, and
component fabrication.

The focus of resources .from several national
programs on common technology goals, and the syner-
gisra which comes from pooling of industrial strengths
across national boundaries, makes the international
HTGR program unique.


