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FOREWORD

The successful introduction of an advanced nuclear power plant programme depends on
many key elements. It must be economically competitive with alternative sources of energy, its
technical development must assure operational dependability, the support of society requires that
it be safe and environmentally acceptable, and it must meet the regulatory standards developed
for its use and application. These factors interrelate with each other, and the ability to satisfy the
established goals and criteria of all of these requirements is mandatory if a country or a specific
industry is to proceed with a new, advanced nuclear power system. It was with the focus on
commercializing the high temperature gas cooled reactor (HTGR) that the JAEA's International
Working Group on Gas Cooled Reactors recommended this Technical Committee Meeting
(TCM) on HTGR Technology Development.

Over the past few years, many Member States have instituted a re-examination of their
nuclear power policies and programmes. It has become evident that the only realistic way to
introduce an advanced nuclear power programme in today's world is through international co-
operation between countries. The sharing of expertise and technical facilities for the common
development of the HTGR is the goal of the Member States comprising the IJAEA's International
Working Group on Gas Cooled Reactors.

This meeting brought together key representatives and experts on the HTGR from the
national organizations and industries of ten countries and the European Commission. The state
electric utility of South Africa, Eskom, hosted this TCM in Johannesburg, from 13 to 15
November 1996. This TCM provided the opportunity to review the status of HTGR design and
development activities, and especially to identify international co-operation which could be
utilized to bring about the commercialization of the HTGR.
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SUMMARY

The Technical Committee meeting (TCM) on High Temperature Gas Cooled Reactor
(HTGR) Development was held in Johannesburg, South Africa, from 13 to 15 November 1996.
The meeting was convened by the IAEA on the recommendation of its International Working
Group on Gas Cooled Reactors TWGGCR), and was hosted by the state electric utility of South
Africa, Eskom. Approximately eighty participants and observers from ten countries (China,
France, Germany, Indonesia, Japan, Netherlands, the Russian Federation, South Africa, the
United Kingdom and the United States of America) and the European Commission attended the
TCM. Thirty-two papers were presented covering a large range of topics including:

—  Summaries of HTGR national development and commercialization programmes,
—  Safety and Management,

- Development of the pebble bed modular reactor in South Africa,

- Status of HTGR test reactor programmes,

-~ HTGR plant component and system design development.

Significant activities are occurring in the advancement of HTGR development, particularly
with regard to the utilization of the gas cooled reactor to achieve high efficiency in the generation
of electricity and in process heat applications. Technological advances in component design and
processes such as heat exchangers, turbo machinery, reformers and magnetic bearings coupled
with the international capability to fabricate, test and procure these components provides an
excellent opportunity for achieving economic commercialization of the HTGR. Eskom is in the
process of performing a technical and economic evaluation of a helium cooled pebble bed
modular reactor directly coupled to a gas turbine power conversion system for consideration in
increasing the capacity of their electrical system. In China and Japan, test reactors are currently
under construction which will have the capability of achieving core outlet temperatures of 950°C
for the evaluation of nuclear powered heat process applications. This TCM provided the forum
to share the recent international advances in HTGR technology, and to identify technical and
economic development pathways where international co-operation will support and encourage
commercialization of this advanced nuclear power plant.

The TCM was opened by J. de Beer, Executive Director for Technology, Eskom, G.P.N.
Venter, Director General of Minerals and Energy for South Africa, and L. Brey for the IAEA.
J. de Beer provided an overview of the technical and economic evaluation of the HTGR currently
in progress by Eskom. He stressed the factors influencing Eskom's interest in the HTGR as a
possible future source of electrical generation and the long term trends in system growth which
tend to support this advanced nuclear power plant. G.P.N. Venter addressed the South African
government's plan to uplift the economy, stressing the societal requirements of the nation.
Abundant and inexpensive electricity is basic to South Africa's economic and social growth. He
emphasized the development and application of high technology as being the ultimate long term
wealth creator in any country, and that it was the creation of a technology based future that was
important to the decision by South Africa to host this TCM. L. Brey spoke about the timeliness
and importance of this meeting based on the current and anticipated HTGR related activities of
the Member States comprising the IWGGCR. He indicated that the TCM was being convened
as an activity of the IAEA in the performance of its mission to foster the international exchange
of scientific and technical information in the peaceful application of atomic energy throughout
the world.

The TCM provided the opportunity for the representatives of national organizations and
industry to address their individual HTGR related programmes and plans. Although the structure
of the meeting was divided into individual sessions based on specific topics, there exists a strong
interrelationship between countries in the sharing of technical expertise, test facilities and in the
design, fabrication and procurement of systems and components.



South Affrica provided an excellent location for this TCM. In mid 1995, Eskom initiated a
detailed economic and technical evaluation of the Pebble Bed Modular Reactor (PBMR-SA) as
a potential candidate for future additions to its electric generation system. This utility, with an
installed generation capacity of ~38,000 MW(e), is experiencing a number of significant changes
in load growth. Eskom's electrical system is currently concentrated in the heavily industrial
Johannesburg region with minimal electrical interties to neighboring countries and limited
transmission capacity to the coastal regions of the country. This north central area of South Africa
is also the location of South Africa's large coal deposits which provide the fuel for about 90% of
the utility's electrical generating capability. Recent societal changes which reflect an opening of
South African industry to the world market are causing a shift of the nation's new industrial plant
to the coastal regions of the country. This, coupled with the need for future generating capacity,
the lack of transmission capability and the wish to diversify its energy sources are the primary
reasons for this interest in the HTGR.

The requirements set by Eskom for the installation of new generation capacity include a
capital and operation cost which must match (or improve upon) that being achieved by their large
coal stations. This currently represents a retail power cost to the customer of approximately two
US cents per KW+h. Other requirements for the plant include an availability approaching 90%,
location and plant size to match the load, public acceptance and environmental cleanliness.

Of paramount importance in the design and public acceptance of this advanced nuclear
power plant are the safety considerations and corresponding licensing requirements established
for its implementation. The South African Nuclear Regulatory Authority (CNS) is the responsible
government agency in nuclear licensing and regulatory matters. The licensing process envisioned
for the PBMR-SA will be based on quantitative risk assessment to demonstrate compliance with
fundamental safety criteria laid down by CNS. This is similar to the licensing process established
for the Koeberg Nuclear Power Station and other nuclear installations in South Africa. The design
approach utilized by Eskom is to establish conservative boundary limitations on the PBMR-SA
to assure safety under all operational and transient conditions.

The conceptual design of PBMR-SA features a helium cooled pebble bed reactor with a
power output of approximately 220 MW(th) coupled to a closed cycle gas turbine power
conversion system consisting of two turbo compressors, a turbo generator, a recuperator,
precooler and an intercooler, all located within three steel pressure vessels The three turbo
machines are equipped with magnetic bearings and the recuperator is of a fin plate design for
compactness. The overall net efficiency of this Brayton cycle system is expected to exceed 45%
based on a reactor outlet helium temperature of 900°C and a maximum system pressure of 70 bar.

The South African engineering firm Integrators of Systems Technology (IST) is performing
the detailed evaluation for Eskom with support from fifteen industry and national organizations
worldwide. Although the design of the PBMR-SA is quite simple with only the need for a
minimum of support systems, major portions of the plant have been modelled in an engineering
simulator to allow investigation of system and component interaction, to study the plant’s power
response capabilities and to develop its control philosophy.

The PBMR-SA reactor basically builds on German designs utilizing the experience from
the Thorium High Temperature Reactor and the AVR as well as the technical developments
associated with the 200 MW(th) HTR-MODUL and the 250 MW(th) HTR-100 plants. These
plants utilize a steam cycle in contrast to the Eskom design for a direct cycle helium turbine.
Although this modifies certain boundary conditions, the nuclear and thermal hydraulic
investigations performed at the Kemforschungszentrum Jiilich GmbH (KFA) to determine the
optimum power of the core have reinforced the conservative design originally defined for the
HTR-MODUL. The choice for a core design limited to 220 MW(th) with a diameter of 3.5 meters
and the use of graphite constrictions for nuclear control and shutdown outside of the pebble bed
provides conservatism in maintaining the maximum accident fuel temperature to 1600°C. Also,
the German designs have in the past used a multiple pass fuelling regime in their reactors. A
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possible change in fuelling for the PBMR-SA to a once-through-then-out technique with boron-
carbide coated particles for controlling the neutron flux profile is currently under consideration.
While this technique provides the advantages of simplification in overall fuel management,
allowing off-line defuelling and considerable capital savings due to simplified equipment
requirements, consideration must be given to the possibility that this fuelling method may cause
a limitation on core power to under 200 MW(th).

Other design considerations for the PBMR-SA include the components for the power
conversion unit (PCU). The Atomic Energy Corporation of South Africa (AEC) is supporting the
preliminary design for the two turbo compressors, the power turbine, precooler, intercooler, and
the recuperator. GEC Alsthom of France is providing the preliminary design of the electric
generator and the associated exciter. The three rotating shafts of the PCU are to be supported by
magnetic bearings which are also being designed by AEC. The recuperator is of the compact
perforated fin plate type with the precooler and intercooler being of conventional finned tube
design. The thermodynamic loadings of the precooler and intercooler are anticipated to be nearly
identical, which may allow for interchangeability of components. The electrical generator will
basically be of standard design with the additional requirements of operating in a vertical
configuration on magnetic bearings and with a high pressure helium atmosphere. However, these
requirements are not considered to represent significant design concerns. Both AEC and GEC
have had previous experience related to the design of similar PCU components.

Additional PBMR-SA related presentations focused on the plants’ seismic and structural
considerations, the design of the helium storage and control system, and the simulation of the
passive natural air convection heat removal system. Based on conceptual design considerations,
it is projected that the use of natural air convection cooling of the outer vessel surface will limit
the reactor vessel temperature to below 380°C for a loss of forced cooling event. An alternative
study by KFA provides for the possibility of vessel cooling through the use of a self-acting heat
removal system based on the boiling of water.

Five companies and institutions in the Netherlands are currently investigating the
application of a small HTGR for heat and electricity cogeneration. The base design chosen for
this study is the 40 MW(th) helium cooled pebble bed Inherently Safe Nuclear Cogeneration
(INCOGEN) plant featuring a closed cycle gas turbine to generate about 16.5 MW(e) with a
precooler/heat exchanger system to provide about 18 MW(th) for process heat applications. This
project, under the co-ordination of the Netherlands Energy Research Foundation (ECN), is
evaluating the use of small nuclear installations which are tailored to the heat requirements of
local industry to determine the power rating of the plant. Their evaluation supports a nuclear
energy source with inherent safety features which become more prominent with smaller plant
size; and with cogeneration applications where the economic savings is in a very simplified plant
with a high thermal efficiency. The market potential for this plant includes both new industrial
users and the replacement of existing diesel or natural gas turbine driven systems. A major
technical development effort currently in progress for the INCOGEN plant is to extend the ECN
reactor physics code system to perform combined neutronics and thermal hydraulics steady state,
burnup and transient calculations on the pebble bed HTGR.

Indonesia is undergoing substantial growth in its energy requirements and, although it has
significant oil and gas resources in production, these are diminishing rapidly. An assessment
currently underway by the National Atomic Energy Agency of Indonesia (BATAN) with support
from the IAEA, is the evaluation of the HTGR as a cogenerator heat source to be used in a
reforming process to convert natural gas into syngas as feed material in producing automotive
fuels. A specific application of carbon dioxide reforming of low hydrocarbons is the vast Natuna
gas field, with the unusually high CO, content of approximately 71%. The Natuna field, as well
as other gas field projects on Indonesia's many islands, is being investigated by BATAN for the
promotion of syngas production through the application of the HTGR. Cost projections indicate
that there exists a potential for economic competitiveness for exploitation of the Natuna gas field
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through HTGR cogeneration (reforming plus electrolytic hydrogen) in the production of energy
alcohol. This product is of high market value as a substitute for gasoline and diesel fuel. Another
process under consideration for the HTGR is in the recovery of heavy oil. In many cases more
then 50% of the original oil remains after primary and secondary recovery processes have been
completed. The feasibility of using the HTGR for recovery of this oil through the utilization of
steam flooding has been the focus of a study for the Duri oil field. A recent reassessment of this
HTGR application to the Duri field has shown that a two-fold reduction in thermal power
requirements can be achieved through a modification in the steam injection well pattern.

Construction of China's High Temperature Reactor (HTR-10) continues, with initial
criticality anticipated for 1999. This pebble bed reactor of 10 MW(th) will be utilized to test and
demonstrate the technology and safety features of the HTGR. Development of the HTGR by
China's Institute of Nuclear Energy Technology (INET) is being undertaken to evaluate a wide
range of applications such as electricity generation, steam and district heat production, combined
steam and gas turbine cycle operation, and as process heat generation for methane reforming. The
HTR-10 is the first HTGR to be licensed and constructed in China. The safety design criteria
implemented for this plant includes a negative temperature coefficient for all operating
conditions, a maximum fuel temperature limit of 1600°C for all events, two independent and
diverse reactor shutdown systems, accident avoidance resulting from control rod ejection, a
maximum equivalent diameter of 65 mm for the rupture of any primary coolant boundary line,
separate pressure and heat resisting functions for the system structure, and a passive residual heat
removal system able to transfer decay heat from the reactor vessel at a rate which will maintain
the fuel and pressure vessel within design conditions. INET has undertaken a programme of
engineering experiments to verify the design characteristics and performance of the HTR-10
components and systems. These include depressurization tests of the hot gas duct from operating
pressure, tests of the control rod drive mechanism, performance validation of the hot gas duct
under operating pressure and temperature conditions, two phase flow stability testing for the once
through steam generator and performance testing of the fuel handling system.

HTGR development in the USA currently centres around General Atomics (GA). The
principle focus of this activity has been in the design of the Gas Turbine-Modular Helium Reactor
(GT-MHR). This plant features a 600 MW(th) helium cooled reactor with prismatic fuel elements
as the energy source coupled to a closed cycle gas turbine power conversion system (PCS). The
net efficiency of the GT-MHR is 47.7% with an electrical output of 286 MW(e). The integration
of a HTGR into a closed Brayton cycle PCS has long been recognized as a highly efficient means
of producing electricity. Substantial progress in the development of this plant has occurred
through the technological advances of components such as magnetic bearings and fin plate
recuperators. In 1993, GA and MINATOM combined their efforts for the cooperative
development of the GT-MHR for commercial deployment. This was subsequently expanded in
1994 to include deployment of the GT-MHR for the disposition of weapons plutonium and
included joint funding of conceptual design preparation. In early 1996, FRAMATOME joined
with MINATOM and GA as a participant in this co-operative programme. This programme
currently addresses US and Russian conditions for the GT-MHR including safety, regulatory,
operational, economic, and performance requirements.

The Russian gas cooled reactor development programme includes a pebble bed modular
HTGR with a thermal output of 200 MW(th) aimed at process heat applications and the above
mentioned 600 MW(th) GT-MHR for electricity production. Ongoing and future research and
development work in support of the GT-MHR includes fuel assembly and fabrication design for
fuel particles, compacts, and blocks; tests of the reactor and power conversion system including
evaluation of the traveling seals to reduce helium leakage; and studies of vessel material
mechanical properties to 500°C and large scale vessel production techniques.

Japan provided a comprehensive overview of their HTGR research and development
programme. The principle focus of this programme is completion of the High Temperature
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Engineering Test Reactor (HTTR) at the Japan Atomic Energy Research Institute (JAERI) site
in Oarai, Japan. This 30 MW(th) helium cooled reactor will be utilized to establish and upgrade
the technology for advanced HTGR development and to demonstrate the effectiveness of selected
high temperature heat utilization systems. Initial criticality of the HTTR is scheduled for October
1997, with commencement of the startup physics test programme beginning with fuel loading
(mid 1997) and continuing throughout 1998. This comprehensive programme will include physics
tests associated with approach to criticality, testing of the preliminary annular core consisting of
18 fuel columns and zero power tests of the full core of 30 fuel columns. Among these start-up
tests will be measurements of control rod reactivity worth, scram reactivity, excess reactivity,
neutron flux distribution and reactor noise analysis for both the annular and the full core. The
HTTR evaluation programme will then continue with rise-to-power tests to full power with a core
outlet temperature of 950°C.

Demonstration of the effectiveness of selected high temperature heat utilization systems
will then begin with the testing of hydrogen production by natural gas steam reforming. The
HTTR steam reforming system is expected to demonstrate the ability of nuclear heat to achieve
hydrogen production at costs competitive with a fossil fired heat source. An out-of-pile testing
program to confirm the safety, controllability and performance of this system will be performed
prior to its actual evaluation with the HTTR. Other studies being performed by JAERI include
the design evaluation of gas turbine systems for the production of electricity and laboratory scale
development of the thermochemical IS hydrogen production process. Selected future processes
for demonstration with the HTTR are anticipated to include these heat utilization systems.

Development, fabrication and testing programmes for specific HTTR components were also
reviewed. The fuel assembly for this reactor is the pin-in-block type of hexagonal graphite block
which uses Triso coated fuel particles. To date, half of the initial HTTR fuel has been fabricated
with a current fuel failure fraction of ~5 x 10~ as measured by the burn and leach method. This
Trisco coated fuel utilizes a silicon carbide (SiC) coating for mechanical strength and as a barrier
to the diffusion of metallic fission products. Because of gradual lose of mechanical strength above
1700°C, research into replacing the SiC coating with zirconium-carbide (ZrC) has shown that the
ZrC Tnso fuel particles have better caesium retention, but provide a less effective barrier to
ruthenium than the Triso particles which incorporate the SiC layer. Also, the HTTR utilizes
graphite as the moderator and to provide strength to the reactor. This material is subjected to a
wide range of temperatures and high neutron fluence. Understanding the residual strain and/or
stress accumulated in the graphite components is very important and is the subject of the
development by JAERI of a non-destructive examination technique utilizing micro-indentation
to estimate residual graphite strain.

Pressure tests on the HTTR primary and secondary cooling system were successfully
performed in March 1996. This included the pressure testing of the reactor pressure vessel (RPV).
The selection of 2 1/4 Cr-1 Mo steel for the fabrication of this critical component was determined
by its relatively high temperature, low neutron fluence environment. The technology incorporated
into the design and fabrication of the HTTR RPV is expected to be readily applicable to future
commercial HTGR vessel requirements.

Future deployment of the HTTR receives considerable interest from key industry, national
and academic organizations from Japan. Without exception, these organizations look to the
HTGR as a very important future energy source for process heat applications. The HTR Heat
Utilization Core Group is considering the use of the HTGR in three fields: as a replacement for
fossil fuels, in the production of clean fuels from fossil resources and in the production of
hydrogen from water as the ultimate clean energy carrier. An important aspect of the efforts under
way by the Research Association on HTGR Plants is to make people aware of this safe and
efficient nuclear power source so that the many benefits it can provide in meeting society's energy
needs of the future are clearly understood by the decision makers. Mitsubishi Heavy Industries
is investigating the feasibility of HTGR commercialization for the future. All of these TCM
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contributors acknowledged the positive environmental aspects of the HTGR in helping to meet
the energy needs of the future.

Significant in the international co-operation for HTGR technology development is the offer
by Japan and China for use of the HTTR and HTR-10 test reactors in a proposed new Co-
ordinated Research programme (CRP) on Evaluation of HTGR Performance. Chief Scientific
Investigators will utilize these facilities for performance based tests and HTGR code and model
verification throughout startup, steady state and transient operational conditions. The areas to be
evaluated in the HTTR and HTR-10 testing programmes include core physics, safety
characteristics of the reactors, fission product release and transportation behaviour, thermal
hydraulics, control response and high temperature component performance. This proposed CRP
is in addition to a previously established CRP which is utilizing the HTTR for the investigation
of high temperature heat utilization systems.

Development of the HTGR is of principal importance to the Member States comprising the
IWGGCR. A major recommendation resulting from the 1996 International Working Group
meeting is to proceed with the creation of a central function for the overall co-ordination of
national research and technology development programmes, including establishment of a HTGR
information and data archiving system and for the international advancement of this advanced
nuclear power source. This has led to the formation of the Global HTGR R&D Network
(GHTRN). Although the general charter and details for the scope of the GHTRN are still under
development, it has been determined by the IWGGCR that co-ordination of the HTGR R&D
related resources of each country by a central c-oordination function is the most effective and
efficient method available to support and advance the HTGR.

In summary, two areas of particular significance stand out for commercializing the HTGR.
These included initial plant capital costs and the current state of plant system and component
development. It was acknowledged that the on-going economic evaluations for both the PBMR-
SA and the GT-MHR programmes are estimating plant capital costs approaching US$
1000/installed KW(e). The reasons provided for this low cost include a very simplified modular
plant design, licensing requirements commensurate with the safety attributes of the HTGR, and
competitive procurement of components on an international basis. Also acknowledged for the
PBMR-SA is that the current international technology base allows for the design and construction
of a full scale prototype plant without the requirement for additional extended research and
development.

This TCM provided the opportunity for sharing of recent international advances in HTGR
technology. This included a review of the elements which collectively provide for the successful
introduction of this advanced source of nuclear power. Major considerations for commercializing
the HTGR were explored including the state of technology development, economic
competitiveness, environmental acceptance and safety, public acceptance and the regulatory
standards for its use and application.



OPENING ADDRESS

P. Maduna
Minister of Minerals and Energy Affairs,
Government of South Africa,
Pretoria, South Africa

Presented by G.P.N. Venter

I am very pleased and feel honoured to be here to address the opening remarks of the IAEA
Technical Committee Meeting on “High Temperature Gas-cooled Reactor Technology
Development”. It is an honour for South Africa to be the host country for the TCM. The history
of the High Temperature Reactor dates back to 1966, when a 1S MW prototype reactor was
commissioned in Juelich, Germany. It is reported that our coal reserves will last for another 100-
120 years. Therefore we need to investigate all possible alternative power generation and supply
options that could be made available for South African in the medium to long term. This implies
that our research efforts into energy supply should, in addition to the nuclear option, also
vigorously pursue interest in renewable energy sources such as the solar, wind, hydro and tidal
options.

South Africa has been blessed with extensive natural resources which are vital to improving the
well-being of the citizens of this country. The need for electricity is basic to our economic and
social growth.

We are a mixture of a developed and developing nation. A prime example of this is the electricity
supply industry.

At the distribution end of the industry, the biggest task is that of providing electricity to the
majority of the population that has no main supply. In this area, the targets set down by the
Reconstruction and Development Program are being successfully met. I must give credit to
Eskom in this regard, as they are currently reportedly meeting their commitment of 300,000 new
connections per year.

The other end of the electricity supply industry, the power stations, are clearly part of the
developed economy. South Africa’s power stations include Kendal, which at over 4000MW, is
the largest hard coal power station in the world; and Koeberg, the only nuclear power station on
the African continent. In total, the country has over 36000MW of installed plant, with Eskom
being the fourth largest utility in the world by this measure.

The government’s macro-economic plan is aimed at uplifting the economy, and to ensure that the
social and economic inequalities that exist are overcome. If this is to be done, it must be based,
among other things on the development and application of high technology, as this is the ultimate
long term wealth creator in any country.

By any standards, the nuclear power industry requires one to tap some of the best technological
ideas known to humanity. In the past, South Africa has devoted enormous resources to the
development of nuclear technology at the Atomic Energy Corporation. While the returns are still
difficult to quantify and perception is that they have not been as good as could have been hoped
for, my department is currently looking at ways and means of improving performance in certain



areas. The area of high temperature reactors is one where past investments in nuclear technology
might yet bear fruit.

It is therefore in the light of South Africa’s need for a technology-based future, and a technology
base developed in the nuclear and related fields, that one must consider South Africa hosting this
meeting.

In the modern world, the increasingly competitive global economy forces every country to
carefully assess its competitive advantages. In the case of South Africa, one of these is the lowest
cost of electricity in the world. This low cost, of below 2 U.S. cents per kilowatt hour, is one of
the driving forces behind a number of major projects, which are helping expand the economy. It
is an advantage that needs to be maintained into the future to allow industrialists the confidence
to make large, long-term fixed investments.

This current low cost of electricity in South Africa is due to the highly successful construction
program of coal stations in the 1970s and 1980s, and the reduction of costs. This building
program was, in fact, somewhat over ambitious as it left the country with an overcapacity of
plant, It is only now, with several years of good growth, that this excess is being gradually
reduced. Eskom is therefore investigating a number of options for potential future generating
plant, with specific emphasis on competitive costing.

These investigations include further coal based plant, imports of hydroelectric power from
neighbouring countries, underground pumped storage systems, solar power stations, gas fired
combined cycle plants and nuclear power, as I have already mentioned.

It is pleasing to see that a long term vision is being increasingly taken over the electrical energy
needs of the country. It is only with detailed and thorough studies that the correct decisions can
be made when the time comes to invest in new plant. The economic targets for these technologies
are particularly tough, given the cost of power they have to match.

The nuclear studies originally considered stations similar to the existing nuclear plant at Koeberg,
but given the condition of cost-competitiveness and the ongoing debate in the international arena,
particularly in relation to environmental constraints, it was concluded that there is more potential
in high temperature gas-cooled reactors, based on proven German technology, at least at the level
of the prototype reactor.

This is not to say that South Africa has had anything but good service from the Koeberg power
station near Cape Town over the last twelve years, and there is no reason to believe that it will
not continue until the end of its design life of forty years for reactors of this type, i.e. the
pressurized water reactor, and other current generation designs, can be seen as the workhorses
of the nuclear industry.

I am told that it was while reviewing the potential of the high temperature gas-cooled reactor,
particularly in terms of its inherent safety, that Eskom, in conjunction with local and overseas
industry, entered into the current investigations. In reviewing the targets that these studies are
aiming to demonstrate, it is clear that they are quite demanding. If they are met, it will only be
because of the hard work and dedication of all the scientists and engineers involved, both in South
Africa and overseas.



I should also mention that in terms of government policy, my department expects that mainstream
involvement of all of our scientists and engineers in these endeavours, and not only those from
the white population group, will be a reality in the execution of these investigations. In other
words, black economic empowerment must be vigorously pursued and encouraged through
projects of this nature. As a country and as an economy, it behoves us to do everything in our
power to ensure that blacks are brought into the centre of our economy where they will play roles
above the realm of purveyors of cheap unskilled labour that were assigned to them in the past.

If an improvement can be made in the peaceful commercial performance of nuclear power, the
potential benefits would be significant, both in terms of the low cost of power and the
improvements in environmental emissions.

Finally, let me express my wish for the success of this technical committee meeting. It is my
sincere hope that this meeting will result in a quality programme of international exchange and co-
operation toward further analysis and evaluation of the HTGR as a possible energy source for
future world electricity supply.
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Abstract

Eskom, the state utility of South Africa, is currently evaluating the technical and
economic feasibility of the helium cooled Pebble Bed Modular Reactor with a closed cycle
gas turbine power conversion system for future power generating additions to its electric
system. This paper provides an overview of the Eskom system including the needs of the
utility for future generation capacity and the key performance requirements necessary for
incorporation of this gas cooled reactor plant.

INTRODUCTION

Eskom, the South African state utility, is currently investigating the viability of HTGRs as part
of its future generating mix. This paper explains the background to Eskom's investigation and
key requirements for any possible HTGR program.

SOUTH AFRICA'S ELECTRICITY SUPPLY INDUSTRY

Eskom generates over 95% of the electricity in South Africa with peak sent out demand in
1996 of 27 967 MW. Over 90% of this capacity is represented by large coal-fired stations
(mainly 6 units of 600-700MW per station) fed by dedicated low cost coal mines. Eskom’s
current cost of coal is approximately R33/ton (US$7.50). This has led to a very low average
retail power cost of approximately two US cents per kWh. This low cost structure has been
achieved by a successful construction program of these coal stations in the 1970s and 1980s.
This program achieved low costs because of its scale, both in terms of the size of the stations
and the number of units ordered.

The program, in fact, proved to be over optimistic due to a fall in load growth from 8%/y to
5%/y in the early 1980's and Eskom over built, achieving a 50% reserve margin in the late
1980s and early 1990s. This led to the mothballing of some of the older coal stations
(4513MW) and the delaying of the last station of the construction series, Majuba, at 4117TMW,
by eight years. With the growth of demand since that time this excess has been reduced and
the operating reserve margin (excluding mothballed stations) for the utility at the peak demand
in 1996 was below 15%. The issue facing the utility is therefore whether the current growth
in demand will continue and how, if it does, to construct power stations in line with our
current cost structure. These issues relate to total installed capacity, lead time and cost. There
are also other factors which are starting to impact the utility. They are as follows.

The South African industry is very heavily dependent on primary industry: this is reflected in
the load profile. Most of the extensive deep mining operations and heavy industry (steel,
ferrochrome, aluminium etc.) operate on a 24 hour basis. The domestic market has,
historically, been quite small as the black population had very limited access to electrical
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supply. The result was that Eskom installed very limited load following plants. The only ones
that are used operationally are the two pumped storage schemes (1400MW) and limited hydro
(600MW). As the drive to electrify the black townships continues (300 000 connections a year
by Eskom alone, plus 150 000 by other authorities) and the secondary manufacturing and
service industry grows, the need for load following plant is growing significantly.

In the apartheid era the South African industry became very inwardly focused. As the
majority of the economically active population, and therefore customers, are close to
Johannesburg the industry tended to be based close to this area, and away from the coast (on
average 1000km away). The heavy industrial electrical load was therefore in this area and this
was good for Eskom as the country's large coal deposits are in the same area. It is of note that
the only non-coal base load station is the nuclear station (Koeberg 1800MW) near Cape Town,
which is some 1400km from the next station (Tutuka, a 4000MW coal fired station). As
South Africa has opened itself up to the world market after the fall of apartheid the need to
base export orientated industrial plant near the coast has become apparent. Recent examples
include the Hillside Smelter in Richards Bay (850MW load) and the Saldanha Steel Mill near
Cape Town (200MW). There are plans for several more such major plants. This
concentration of load on the coast will place severe demands on the Eskom transmission
system as well as increasing the problems of quality of supply.

UTILITY NEEDS

Given this scenario, what are the outline requirements for new capacity for Eskom? The
present analysis would indicate the following priorities:-

Cost The capital and operating cost must match (or improve on) that
achieved by large (4000MW +) coal stations.

Lead Time The lead time must be as short as possible to avoid the type of over-
capacity Eskom experienced at the end of the 1980s.

Load Following The station must be able to load follow to compensate for the
limitations on Eskom's current capacity.

Availability This must be as high as possible. Eskom’s current target for existing
stations is 90% (7% planned outage and 3% forced).

Location The plant should be able to be located where the load is without
impacting the overall costs.

Environment It is vital that any new plant must be environmentally (and publicly)
acceptable.
Fuel Diversity Although not vital it would be valuable to increase Eskom'’s diversity

of fuel supply (currently 92% coal).
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KEY PERFORMANCE FOR PBMR

The HTGR Eskom is investigating is the Pebble Bed Modular Reactor, a HTGR based on
German fuel design using a closed cycle gas turbine for power conversion. Each of the above
requirements has been reflected in the performance targets set for plant. It is accepted that
these targets are EXTREMELY ambitious, but it is believed that they are achievable.

Unit Size As a reference the module size is intended to be 100MW electrical
output (220MW thermal). This size is dictated by the limits of the
German Modul style core (without internal structures). The size is
also very appropriate for sites as it allows multiple modules to
support a single city.

Cost The target capital cost, including interest and owner’s costs, is under
$1000/kW, which is in line with the costs of a coal fired station. It
is assumed that this cost will only be achieved under series
construction conditions (10 or more modules). The fuel cost is
aimed to be comparable with current fuel costs at Koeberg (Eskom's
PWR), which is in line with past German studies. The O&M costs
are difficult to determine but, given the inherent simplicity of the
system, a target figure of R3-6/MWh is expected. This just below
Eskom's best figures for current coal stations.

Construction Time The construction time for the series construction is targeted at 24
months, with 36 months for the lead module.

Load Following The current reference design is a 10% per minute ramp increase in
power from 20% to 100% power. A 10% step of current power
level inside 1 second (e.g. 40% to 44%) and any load reduction (up
to 100% load rejection) without trip. The plant is intended to
operate at any power level (0-100%) on a continuous basis. Plant
efficiency should not materially change between 20% and 100%.

Availability Eskom's current plant is achieving over 90% availability. The target
for the PBMR is a single planned outage of 30 days every six years.
The trip rate is intended to be 1 per 70 000 hours, which is in line
with current best practice for power reactors.

Location The restrictions on siting for a nuclear plant are principally defined
by the emergency plan requirements. The target for the PBMR is to
have no planning restrictions beyond 400 meters from the reactor. In
terms of seismic design the reference design is currently being aimed
at the existing Koeberg site (with an SSE defined as horizontal
acceleration of 0.3g) but the requirement is to be able to meet 0.5g
for future versions without significant cost impact.

Environment The current criteria for normal off site releases are seen, from a

technical point of view, to be adequate. It should be readily possible
to meet current severe South African criterion (250 uSv/y) for
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Environment (cont.) effluent releases during normal operation. The other related
technical issue is that of waste, both process waste and spent fuel.
The current strategy is to limit the processes which generate waste
and to provide adequate storage in the plant systems to store all the
spent fuel generated during the operating lifetime of the plant and to
provide storage facilities until final disposal.

Fuel Diversity In Eskom's terms the use of nuclear fuel could be seen to be
advantageous as it diversifies away from the present heavy reliance
of coal.

The item missing from this discussion is public acceptance. It is possible to build a station
which meets the technical (and licensing) requirements but which does not have public
acceptance. In many ways this has been the “Achilles Heel” of the current generation of
nuclear plant. Public concern is based on two perceived problems, disposal of waste and
accidents. The waste problem needs to be addressed in a wider context than a single design
but it is vital that it is seen to be resolvable. The issue of accidents also must be seen to have
been solved. The classic question is “Can the nuclear plant have an accident which could
affect the public?”. The answer for all current generation is “Yes, but it is such a remote
possibility that ........ 7. The only part of this answer that is heard is the first word, the rest is
only limited mitigation! To be acceptable the answer must be “No”. There must be no
physically credible event which can necessitate offsite action.

As can be seen, the current targets for the PBMR are based in the needs of the utility. They

are seen as very tough but if they can be demonstrated to be achievable during the current
phase of investigation, the way may be open for further work on the project.
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ANNEX A - ESKOM STATISTICS

ESKOM Peak Demands(1986-1996)
1986 18278 MW
1987 20 001 MW
1988 20 587 MW
1989 21 871 MW
1990 21 863 MW
1991 22 342 MW
1992 22 460 MW
1993 23 169 MW
1994 24 789 MW
1995 25133 MW
1996 27 967 MW

ESKOM Installed Capacity (gross) - 1996

Coal 34 125MW
Gas Turbine (oil fired) 342MW
Hydro 600MW
Pumped Storage 1 400MW
Nuclear 1 930MW

This equates to a total sent out capacity of 36 563MW of which 4 531MW is in reserve storage
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Abstract

A small heat and power cogeneration plant with a pebble bed high temperature reactor
(HTR) is discussed. Cogeneration could be a new market for nuclear power and the HTR
could be very suitable. The 40 MWth INCOGEN system is presented. Philosophy, layout,
characteristics and performance are described. The lower power level, advanced
component technologies and inherent safety features are used to obtain a maximally
simplified system. Static and dynamic cycle analyses of the energy conversion system are
discussed, as well as the behaviour of the reactor cavity cooling system. Although the cost
study has not been finished yet, cost reduction trends are indicated.

1. Introduction

In Western Europe and the United States, the traditional market for nuclear power plants,
large scale base load power generation, is stagnating and sometimes even shrinking. A
healthy nuclear power industry has three branches of activities: plant construction,
maintenance and decommissioning. If the size of the first activity is shrinking, other
markets have to be found.

The market for autoproducers is growing fastly. In this branch a lot of power is generated
in combination with heat: cogeneration. This market is fully served with fossil fuels now,
mainly natural gas. It is expected that the natural gas price will not remain as stable and
low as it is now. In principle, there should be a place for nuclear power on this market. In
that case, three requirements should be fulfilled:

1. repair of social support

2. economic performance

3. acceptable prototype investment

The High Temperature Reactor can, if properly designed, serve as the nuclear heat source
for such a cogeneration plant.

From the beginning of 1996, a consortium of five companies and institutions are working
together on a cogeneration system with a pebble bed HTR of the peu-a-peu concept as a
heat source. The name of the system is INCOGEN: Inherently safe Nuclear cogeneration.
Sponsor is the Dutch Ministry of Economic Affairs, both through direct funding of ECN as
their "house institute" and through the Programme to Intensify Nuclear Knowledge (PINK).
The five companies/institutions are listed in Table 1.

For a product like a cogeneration plant, it is necessary to get an idea of the requirements
of potential customers and the possibilities of the component manufacturing industry.
Therefore in July 1996, an introduction day was organised on which the philosophy of the
nuclear cogeneration was presented. The response was quite positive. About ninety people
attended the meeting, and apart from a massive, for a nuclear project relatively positive
press and media coverage, about ten companies were interested to become more involved
in the project. The newsletter INCOGEN Bulletin [1] gives a description of the event and
it’s follow-up.
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Table 1. Companies and institutions participating in the INCOGEN project.

company/institution task

Netherlands Energy Research Foundation project coordination, reactor dynamics,
(ECN), Petten shielding

Stork NUCON, Amsterdam plant layout, energy conversion
KEMA, Arnhem cycle optimisation, licensing

Interfaculty Reactor Institute (IRI), Delft reactor statics, burnup calculations

ROMAWA, Voorschoten market analysis, analysis of Dutch industry
potential

In this paper, philosophy, layout, characteristics and performance of the INCOGEN plant is
described. A description of the reactor physical behaviour van be found in the paper of
J.C. Kuijper [2], and an analysis of the potential markets and the management system in
the paper of G.A.K. Crommelin [3].

2. Philosophy

Unlike for traditional nuclear power systems, the economy-of-scale philosophy cannot be
applied at cogeneration. Heat requirements of the local industry will determine the power
level, which in most cases will be no more than several tens of megawatts. Economic
performance therefore must be obtained by simplicity. Three forms of simplification can be
identified:

1. power level: In comparison with older, larger pebble bed reactor designs, the low power
level only gives opportunities for simplification. An example is the defuelling machinery,
which can be omitted. From a certain power level on, the vessel size could become
unacceptably large. For a cogeneration plant, the peu-a-peu concept can be used instead of
the recirculation (MEDUL) concept of the HTR Module [4].

2. new or advanced technologies: because of advances in fuel development (TRISO coated
particles vs. BISO in THTR), and in gas turbine technology, application of the direct
Brayton cycle comes within the realm of possibility.

3. inherent safety features: C. Goetzmann [5] gives a number of design guidelines for
small reactors, amongst them: Use inherent safety features - that become more prominent
with smaller plant sizes - for lowering capital cost. Major cost drivers are nuclear grade
components, i.e. components with a nuclear safety function, Using inherent safety features,
their number could be minimized. An example is the core behaviour at core heatup
accidents combined with stuck control rods. As is shown in the paper of J.C. Kuijper [2],
the fuel never reaches temperatures where the coated particles are damaged, even not after
reaching recriticality.

These features are used to attain a maximum of transparency. It should be possible to
explain to anybody, laypeople included, why e.g. an emergency core cooling system is not
needed. The core damage grace period is to be infinite, not some days or even a week. To
exclude any discussion about large radioactivity releases, the fission products are contained
at their source by the fuel grain coatings, but also protected against attacks from outside by
a silicon carbide coating around the fuel element.
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It is expected, that with the use of these simplification opportunities, the disadvantage of
the lack of economy-of-scale can be more than compensated.

3. Layout and characteristics

Although the parameters of the INCOGEN plant are not fixed yet, a first study has been
performed to get an idea of main parameters and costs. By means of a market survey, a
final power level, to be expected between 20 and 200 MWth, will be determined. In the
base study the power level has been set to 40 MWth. Main parameters are listed in Table
2.

Table 2. Main parameters of INCOGEN nuclear cogeneration plant.

Core thermal power (MWth) 40

Core outlet temperature (°C) 800
Core inlet temperature (°C) 494
Helium pressure (bar) 23

Net electric power generation (MWe) 16.5
Net heat cogeneration (MWth) 18.0
Net electric generation efficiency (%) 41.2
Net heat generation efficiency (%) 449
Net plant thermal efficiency (%) 86.1

A drawing of the INCOGEN cycle design is shown in Figure 1. The heat source of the
plant is a 40 MWth helium cooled graphite moderated pebble bed HTR, called HR1. The
reactor is directly coupled to a helium turbine. After leaving the turbine the still 522°C hot
helium enters a recuperator and a precooler consecutively. In the precooler a water circuit
for process heat applications is heated. After the precooler the helium enters a compressor
that is mounted on the same shaft as the turbine and the generator. Via the recuperator the
helium enters the reactor core again. The INCOGEN 40 MWth base plant overall
arrangement is shown is Figure 2. Plant building layout is shown in Fig. 3.

The HR1-reactor has some novel safety features compared to other reactor concepts,
mostly due to it’s limited size. For example, after a total loss of coolant the fuel remains
fully intact, even if the reactor shutdown system fails and the reactor goes critical again
after a number of hours. More about this is explained in the paper of Kuijper et al. [2].
The reactor is fuelled with the German type spherical fuel elements (pebbles), following
the so-called Peu-a-peu fuelling concept [6]. Through continuously fuelling, the reactor
contains just a small amount of overreactivity. Only once every ten years the reactor is
defuelled completely. In the primary cell, a passive air-cooled afterheat removal system is
located.
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Fig. 2. INCOGEN 40 MWth base plant overall arrangement.

4. Performance

The performance of three (groups of) components is researched in detail. The behaviour of
the reactor is being analysed by ECN with the code PANTHER-THERMIX [2]. The
energy conversion system performance is modelled by KEMA for cycle optimisation with

their code SPENCE [7]. The reactor cavity cooling system is researched by ECN with the
code FLOW3D [8].
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Fig. 4. Efficiency at part load.

For the energy conversion system, both static and dynamic analyses have been performed.
For example, the net efficiency appears to be fairly insensitive to the gas compressor inlet
temperature. For part load operation, three methods of control have been analysed: 1. full
sliding pressure control, 2. reactor bypass control and 3. compressor inlet guide vane
control (IGV control). Fig. 4. shows the efficiency for part load operation for the three
modes of control. The most favourable type of operation is the full sliding pressure
control. The net efficiency increases slightly and the thermal transients are moderate at part
load. A good alternative is the option Inlet Guide Vane control, allowing fixed operational
pressure at the compressor suction side. However, the life time of the cycle will be
decreased due to the high thermal transients at part load. Therefore it is necessary to level
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off the primary inlet temperature of the recuperator. Very dramatic is the loss in net
efficiency of the bypass control mode at part load. Although the buffering of helium is
very low at part load, the influence on the reactor is enormous.

Dynamic plant performance has been analysed as well. The effects of varying the heat
cogeneration and the load following behaviour will be treated here. Fig. 5 shows the heat
cogeneration response by decreasing the inlet temperature of the compressor. It can be seen
that the heat cogeneration decreases when the inlet temperature of the compressor
decreases. The response of the reactor is very smooth. The load following behaviour is
presented in Fig. 6. Again it can be seen that the response of the reactor is very smooth.
The load demand ramps are from 100-45-100% in five minutes.

The performance of a first design of reactor cavity cooling system (RCCS) has been
analysed. For this, the RCCS of the American modular high temperature reactor design, the
MHTGR [9], has been transferred and adapted to the INCOGEN system.

Cold air from the environment flows through two cold ducts to the downcomer, which is
situated against the cavity wall. At the bottom of the cavity, the air is distributed among
rectangular tubes. The air in the tubes is heated mainly by radiation from the vessel and
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Table 3. Sensitivity analyses on the reactor cavity cooling system.
Influence of the properties of the inlet/outlet structure.
situation temperature (K) total mass heat transfer
reactor wall  cavity outlet duct f(liowtsth(x]'cogt;g;l convection | radiation
uc s
min-max lm-1lm &W) (%) (kW) (%)
chimney 30 m high 623 - 634 376 - 419 375 13.3 208 208 :i792 79.2
(reference calculation)
inlet duct temperature = 651 - 657 439 - 473 437 11.3 151 15.1i849 849
350K
without chimney 646 — 653 421 - 465 428 7.8 158 158 ;842 842
no friction losses in ducts i 621 - 631 373 - 414 370 14.2 213 213787 787
K =0
blockage of one inlet duct ;| 628 — 637 387 - 428 387 11.5 196 19.6 i 804 80.4
and one outlet duct
Influence of the amount of heat release from the reactor vessel wall.
heat release temperature (K) total mass heat transfer
reactor wall  cavity outlet duct f(liowts‘hé:’;g? convection ; radiation
uc s
mn-max Im-1lm &W) (%) kW) (%)
0.5 MW i 519 -531 346 - 374 345 11.0 147 294 {353 706
1 MW (ref. calc.) 623 - 634 376 - 419 375 133 208 208 :792 79.2
2 MW 756 - 763 434 -~ 437 427 15.7 251 126749 874

flows through these tubes and afterwards through two hot ducts back to the environment.
First a reference calculation has been performed. The reactor vessel temperatures range
from 350 to 361 °C; the cavity wall temperature from 103 to 146 °C, and the gas
temperature in the outlet duct is heat to 102 °C. A number of sensitivity analyses have
been performed to compare different circumstances with the reference case:

- elevated inlet duct gas temperature (by 50K),

- absence of a chimney,

- no friction losses in the ducts,

- blockage of one inlet and one outlet duct,

- change of the amount of heat release from the reactor vessel.

Table 3 gives the results for these cases.

5. Costs

The results of the life cycle cost analysis are not available yet. Therefore here only a small
chapter where the trend of cost reduction is indicated, if certain measures are applied. If
the INCOGEN installation is treated like a normal electricity generating nuclear plant
according to the US Cost Estimate Guidelines for Advanced Nuclear Power Technologies,
the investment costs would amount to 7600 $/kWe (‘92). Of course this is far too high.
With cogeneration some improvement can be obtained. But most is to be expected of the
Goetzmann-suggestion [5], to use inherent safety features to reduce capital cost. A first
attempt, conventional classification of some components, gave a cost reduction of 800
$/kWe. A higher reduction, including that due to automatisation, is expected to be possible.
Table 4 gives some cost figures for the INCOGEN installation.
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Table 4. Investment costs of a 40 MWth INCOGEN plant.

absolute invest- | investment costs
ment costs per kWe ('92 USS$)
Electricity only, prototype 125 7600
Cogeneration, prototype 125 6000
Cogeneration with some com- | 110 5200
ponents conventionally classi-
fied, prototype
Cogeneration with some com- | 80 3700
ponents conventionally classi-
fied, small series production

6. Conclusion

A heat and power cogeneration system with an HTR as a heat source would be very
suitable for the cogeneration market. The for this market required power level gives the
opportunity to use inherent safety features to reduce cost, to outweigh the economy-of-
scale disadvantage. Advantages and disadvantages of different control methods are
indicated. Reactor response with load following appears to be very smooth. Costs are still
too high but there is still room for further reduction.
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Abstract

Indonesia is one of the developing countries in Asia-Pacific regions that actively
improving or at least continuously maintain its economic growth. For this purpose, to fulfill a
domestic energy demand is a vital role to achieve the goals of Indonesian development.
Pertamina, the state-owned oil company, has recently called for a significant increase in domestic
gas consumption in a bid to delay Indonesia becoming a net oil mmporter. Therefore, there is good
chance for gas industry to increase their roles in generating electricity and producing automotive
fuels. The latter is an interesting field of study to be correlated with the utilization of HTGR
technology where the heat source could be used in the reforming process to convert natural gas
into syngas as feed material in producing automotive fuels. Since the end of 1995 National
Atomic Energy Agency of Indonesia (BATAN) has made an effort to increase its role in the
national energy program and Batan is also able to involve in the Giant Natuna Project or the other
natural gas field projects to promote syngas production applying HTGR technology. A series of
meeting with Pertamina and BPPT (the Agency for the Assessment and Application of
Technology) had been performed to promote utilization of HTGR technology in the Natuna
Project. In this paper governmental policy for natural gas production that may closely relate to
syngas production and preliminary study for production of syngas at the Natuna Project will be
discussed. It is concluded that to gain the possibility of the HTGR acceptance in the project a
scenario for production and distribution should be arranged in orther to achieve the break even
point for automotive fuel price at about 10 US$/GJ (fuel price in 1996) in Indonesia.

INTRODUCTION

Indonesia is one of the developing countries in Asia-Pacific regions that actively
improving or at least continuously maintain its economic growth. For this purpose, to fulfill a
domestic energy demand is a vital role to achieve the goals of Indonesian development.
Pertamina, the state-owned oil company, has recently called for a significant increase in domestic
gas consumption in a bid to delay Indonesia becoming a net oil importer”. Therefore, there is
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good chance for gas industry to increase their roles in generating electricity and producing
automotive fuels. However, gas development for domestic consumption is complicated due to
the scattered locations of the gas reserves and scattered demand in Indonesia. Most of the gas
resources are remote from the main consumption areas, and therefore projects will require large
mvestment and long lead time. ~

It is realized that distribution of synthetic fuel to the consumer is easier than for natural
gas. Furthermore there substantial tendencies increase in supply-demand gap for oil fuel mainly
diesel fuel and gasoline in Indonesia as well as in the Asia-Pacific regions. The HTGR as a heat
source could be used m the reforming process to convert natural gas into syngas as feed material
m producing synthetic fuels. Therefore, it is important to assess the realizability of the HIR role
in developing the natural gas projects. In this paper governmental policy for natural gas
production in Indonesia that may closely relate to syngas production and preliminary study for
production of syngas at the Natuna Project will be discussed.

GOVERNMENTAL POLICY FOR NATURAL GAS PRODUCTION

In order to speed up the development process, the government of Indonesia is engaged
directly in economic activities, through state-owned enterprises operating in various sectors. In
the petroleum sector, the government’s involvement is based primarily on the constitutional
provision that all natural resources belong to the state and that economic activities considered
essential to the country be controlled by the state. Pertamina, the state oil and gas enterprise, has
a monopoly over all aspecs of oil and natural gas production, and controls all exploration,
production, refining, transportation and marketing of oil and gas in Indonesia. However in the
upstream activities the Minister may appoint other parties as contractors for the state enterprises,
if required, for the execution of upstream operation which can not yet be executed by the state
enterprises.

The mvolvement of Pertamina in the key activities of the oil and gas industry, include:

- Upstream exploration and development of oil and gas fields, through direct participation

or through establishment of production sharing contract with national or foreign
contractors,

- The operation of the major gas transmission and supply systems,

- Equity participation in downstream oil gas development projects.
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The different areas in which the private sector, domestic as well as foreign, has played a
significant role, include among others:

- Financing of major oil and gas projects; Pertamina has utilized foreign commercial
lending mstitutions, trading house and other sources to acquire capital for the projects
expansion.

- Engineering and construction of major oil and gas projects; the development and
construction of the majority of the capital intensive projects has been contracted to
private firms.

- International marketing and distribution of crude oil, oil products and natural gas; the
marketing, distribution and export oil and gas is carried out by Pertamina through its
affiliate companies.

In the downstream petroleum activities, throgh the Presidential Decree no. 42/1989 and its
related Minister of Mines and Energy Decree no. 03/1993, the private sectors, foreign as well as
domestic, have the opportunity to invest in the refining and processing of oil and gas
undertakings. In the future, the private participation will become increasingly important in the
development of oil and gas industry in Indonesia. New regulations have been introduced, in
particular, the April 1992 revisions of the Foreign Investment Law, which allow foreign firms to
have 100% equity in domestic projects, which either have a mmimum paid up capital of US$ 50
million or which are implemented in less developed and remote areas outside Java or within areas
jointly developed with the neighbouring countries. More recently, the Government Regulation no.
20 issued in May 1994 was intended to allow foreign companies to invest in almost all kind of
business activities in Indonesia, with few exception in the very essensial infrastructure.

Pertamina, recently called for an significant increase in domestic gas consumption in a bid

to delay Indonesia becoming a net oil importer. With the scenario of optimistic production
related to low and high consumption, Indonesia will become a net oil importer in 2010 and 2003
respectively (the present daily production is about 1.6 million barrels per day). Therefore, there
is good chance for gas industry to increase their roles in generating electricity and producing
sintetic fuels. Noted that currently oil and natural gas reserves (proven and potential) are
estimated at 9.1 billion bbls of oil and 123.6 TSCF of gas®. However, gas development for
domestic consumption is complicated due to the scattered locations of the gas reserves and
scattered demand in Indonesia. Most of the gas resources are remote from the main consumption
areas, and therefore projects will require large investment and long lead time.

Distribution of synthetic fuels is easier than for natural gas using pipeline or LNG tankers.

Hence, this approach may reduce the problems of natural gas distribution. The high temperature
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gas coled reactor technology (HTGR) can be applied as a heat source in steam or carbon dioxide
reforming for synthetic gas production from natural gas as a feed material in making synthetic
fuels. However, due to public acceptance difficulties faced by the nuclear development, there
should be more benefit can be achieved by the HTGR that its introduction in Indonesia could be
performed successfully.

PRELIMINARY STUDY OF SYNTHETIC FUEL PRODUCTION
Conversion of natural gas to products is always indirect, via synthesis gas. Direct

conversion, e.g. by oxydation of methane to methanol or by oxidative coupling to ethylene, is

theoretically possible, but practical processes have not been developed and may never be.

g S I Y X XX
mol/s e
MW, 10°$/(mol/s) Mio$ MioSly $/GJ %
$/kW,
1. REF 12375 110 1361 163 0.54 9.6
2. HTRt 3090 500 1373 165 0.55 9.8
3. MES 16299 90 1467 176 0.59 10.5
4. Tnvest. annuity = 12%/y 4201  504.1
T= 8000 h/y n PT Xk Y
P 10° Glly $/GJ Mio $/y
GWwt
5. CH4 ¢t 9.9 286 3.8 1086.8 3.62 64.6
6. HIR, t 3.09 89 1 89 030 53
7. Prod. t 10.4 300 1680 5.6
8. Cost C * C=X,e+ 1.2 (forloses) = 672*

Fig. 1: A simplified cost calculation for methanol (liquid) as synthetic fuel at the Natuna
Project. The annuity is assume to be 12%. The specific cost fraction of HTR and nuclear
fuel is 9.8% and 5.3%, respectively.
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Technologies for large-scale production of synthetic diesel oil, gasoline and substitutes for these
products from synthesis gas are available today. High quality diesel and gasoline can be produced
from synthesis gas by Fisher-Tropsch reactions. The technology has been used notably by SASOL
LIMITED in South Affica, and a major part of the transport fuels in that country is actually made
in Fischer-Tropsch plants on the basis of synthesis gas made from natural gas or coal®.

Since 1993/94 there is a gap about 20% or about 8 billion liters per year between supply
and demand of oil fuel mainly for diesel fuel and gasoline. It is estimated that in 2008/209 the
figure will reach at about 40% or 33 billion liters per year. The current price of gasoline in
Indonesia is 9.6 US$/GJ (Rp. 700/liter). In this paper to simplify a case of study in applying the
HTGR it is assumed that production capacities of 8 billion liters per year of oil fuel or equivalent
to 3.0x10° Gl/year of synthetic firel with energy price 9.6 US$/GJ using natural gas from Natuna
gas field as a raw gas should be achieved. It is also assumed that the composition of Natuna raw
gas being fed to the plant is 75% of methane and 25% carbon dioxide which have energy price
of 3.8 US$/GJ. Assuming fed gas composition as above all of the CO, in the fed gas could be

converted into the marketable product synthetic fuel. Actually the CO, content in the Natuna gas
is about 70%, but their content could be adjusted to about 25% and the excess carbon dioxide is

reinjected or be treated by some other way.
A simplified method for calculation of cost estimation as proposed by Barnet® has been

used in the present study. In the calculation it is assumed that the specific mvestment for HTR,
reformer, and methanol synthesis plant are 500 US$/kWt, 110x10° US$/(mol/s), and 90x1G
USS$/(mol/s), respectively. Fuel price for the HTR is assumed 1US$/GJ. Based on his
calculational prosedure (an assumption is that reaction turnovers are always 100%), to cover the
demand 3.0x10° GJ/year the plant need a feed gas about 2.86x10° GJ/year or 286 billion CF/year
methane and 3090 MWt heat source from HTR which its operating time 8000 hours/year.

A simplified cost calculation for the synthetic fuel production is shown in Fig.1. In the

final result of cost estimations an additional cost charges of 20%, C = 1.2 X, is used to
compensate an assumption that reaction tumovers are altways 100%. Based on the result it is

clear there exists a potential of economical competitiveness for the exploitation of the gas of the
Natuna Gas Field, in the production of synthetic fuel from the Natuna gas, making use of nuclear
energy in the form of high temperature heat from the High Temperature Reactor, HTR. The
estimated cost inferred from the calculation is about 6.72 US$/GJ while the oil fuel price
(gasoline) in Indonesia is 9.6 US$/GJ. We believe the production cost from the proposed
scenario could be reduced that lower than 6.72 US$/GJ by making much effort to optimize the
capital mvestment. The other reasons for existing economical competitiveness are that distribution
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of methane to domestic market is tremendous problem and synthetic fuel is a readily marketable
product in the market of transportation as a subsitute dor gasolin and diesel with their relatively
bigh market values.

SUMMARY

The economical competitiveness for the exploitation of the gas of the Natuna Gas Field,
Indonesia in the production of synthetic fuel applying nuclear energy in the form of high
temperature heat from the High Temperature Reactor, HTR has been discussed through the
present paper. It is concluded that by making much effort there a chance for commercializing the
HTR in Indonesia. Further study should be made to obtain the best estimated cost as soon as
possible.
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Abstract

The up-to-day Russian consept of HTGR technology development is presented in paper. At
present it reduces to the following:

- the modular HTGR measured up to modern safety requirements with pebble bed core and
spherical fuel elements of up to 200 MW thermal power have being developed for production of

process heat;

- for electricity production with maximal efficiency through gas turbine cycle the plant design
with modular HTGR containing prismatic block annular core has being carried out.

Conceptual design of GT-MHR reactor plant of 600 MW thermal, developing with
GENERAL ATOMICS cooperation is the base of Russia activity in HTGR technology in current

time.

The main characteristic properties of GT-MHR are presented in this paper. It is assumes that
reactor construction should be oriented as well to a core with weapon-grade plutonium as to a core
with lowenriched ( up to 20%) uranium to use in reactor plant for commercial electricity production.
The design and construction cost evaluations for plant consisting of 4 modulars are shown, the
schedule of demonstration reactor realization is presented as well. In paper the following key R&D
problems, wich may be resolved by the best way on the base of international cooperation are

presented:

- works associated with refine of fuel fabrication technology and its irradiation examination up
to deep burnup (up to 70% fima);

- running tests of the fabrication technology for graphite blocks of necessary dimentions;

- studies of vessel material mechanical properties under the temperature up to 500 °C and
large-scale vessels production;

- tests of the core and reactor components in critical test facilities including studies of control
rods effectiveness and reactivity temperature effects, investigation of uniformity of helium mixing at
the core outlet and fuel colums stability;

- tests of turbine system separate parts including electromagnetic bearings as well as combined
tests of full-scall turbine system in the test facility;

-tests of a "hot” gas line and traveling seals to reduce helium bypass leakage inside the power
conversion loop , et. so.
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1. STRATEGY OF HTGR UTILIZATION

During more than 30-years of HTGR development in Russia the considerable
experience has been accumulated. The cooperation betweeen various organization and
institutes, sufficient number of facilities for testing of HTGR equipment, irradiation of fuel,
graphite and structure materials were created.

However, in the last years, the activities associated with the development of HTGR
projects in Russia was sharply reduced due to economic reasons.

Nevertheless, there is weigty background for the statement that HTGR should play
significant role in nuclear energetics in Russia. The objective need for HTGR is clearly
defined by their unique potential: firstly - of high temperature level of coolant (up to
1000 °C), secondly - of safety properties allowed to allocate the plants with HTGR directly
with consumer of high temperature heat and electricity.

) The task is efficiently to use this advantages of HTGR. There are following ways for
that:

(1) The production of high temperature heat for verious industrial processes. Basic
consumption of heat in industry falls at temperature up to 550-600 °C. This level can be
provided by HTGRs with outlet helium temperature of 750 °C. Almost all oil refineries and
plants for production of petrol and diesel fuel from coal can be served by HTGR with such a
level of temperature. This allows to save only for the oil refineries about 15 % of the oil
processed.

It should lay emphasis of attention .on additional unique features of HTGR, namely
capability of module concept of HTGRs to provide passive removal of residual heat through
the reactor vessel surface by natural processes (convection, conductivity, radiation). Unlike of
other types of reactors the residual heat is removed not only under loss of flow but if the
coolant escaped from primary circuit. The maximum fuel temperature doesn’t exceed
design basis limit of 1600 °C in any accidents if nominal power of reactor with pebble bed
core is about 200 MW and about 600 MW with prismatic blocks core reactor.

TABLE 1. THE-MAIN CHARACTERISTICS OF REACTORS

Parameter Magnitude
VGM VGMP

Thermal power, MW 200 215
Helium temperature, °C
reactor inlet 300 300
reactor outlet 750-900 750
Helium flow rate, kg/s 59...85 91,5
Helium pressure, MPa 5 6
Number of loops 1 main and | auxiliary
Core diameter/height, m 3,0/9,4
Average power density, MW/m’ 3,0 3,2
Fuel enrichment for U-235, % 10
Average burnup, GWday/t 76,0 90,0
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The pbssibility of core meltdown and its relocation in competely excluded taking into
account very high temperature of graphite sublimation.

VGM project [1] with pebble bed core reactor of 200 MW aimed at combined
production of process of heat and electricity. VGMP project [2] with reactor of 215 MW
was completely orientated towards production of heat and designed for a standard of oil-
refinery plant with accounting of user’s requirements.

Table 1 shows the main characteristics of these reactors. Fig.1,2 show the schematic
diagrams of these reactor plants.

(2) The second way is use of HTGR’s only for electricity production. It is to be noted
however, that connection of HTGR with conventional steam-water cycle doesn’t correspond
to their capabilities and can’t provide competitiveness of HTGRs with the other energy
sources. Realization of HTGR advantages should look for a combination of HTGRs with new

technologies.

Usage of gas-turbine cycle in HTGR, which development was began recently allows to
reach a net thermal conversion efficiency up to 48-50 %. This in combination with very deep
burnup of fuel and unique level of safety opens the new prospects for HTGR as electricity

producer.
Thus, at present the strategy of HTGR utilization has formed, namely:

- for production of only process heat, using modular type of HTGR with thermal power
of about 200 MW and pebble bed core;

- for electricity production through gas turbine cycle using modular type of HTGR with
thermal power of about 600 MW and a core formed from prismatic blocks.

This strategy is assumed to more completely demonstrate the advantages of this type of
reactors.

2. THE DESIGN OF HIGH TEMPERATURE HELIUM REACTOR WITH A GAS
TURBINE (GT-MHR)

HTGR has a unique ability on reaching overhigh fuel burnup (up to 800 GWday/t in
comparison with 150 GWday/t in sodium reactors and 60 -70 GWday/t in VVER) and has a
posibility of 90 % burnup of initial fission material. This capacity allows to use of HTGRs for
involving of weapon grade plutonium (WGPu) to energy production with subsequent
disposition of spent fuel without additional reprocessing.

To realization of this unique property MINATOM (Russian Federation Ministry for
Atomic Energy) and leading American firm General Atomics (GA) in February 1995 have
written the agreement on joint development of HTGR with direct gas turbine cycle and began
to finance the conceptual desing of GT-MHR. FRAMATOM has recently joined this

cooperation program.

Russian GT-MHR desing is based on GA reactor concept [3]. GT-MHR plant is a
coupling of passively safe modular reactor with helium coolant with up-to-date technology
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developments: compact highly-effective heat exchangers, high-strength high temperature steel
alloy vessels.

The works on fuel technology are the most important part of conceptual design. They
include the production of test samples of plutonium fuel, and development and justification of
requrements to industrial facility on the fuel from weapon grade plutonium production. In the
future the GT-MHR project will be destined for commercial electricity production and for
sale to third countries. In reactor for this needs the low-enriched up to 20 % UQO2 will use as a

fuel in coated particles.

Fig.3 presents the general view of reactor plant (RP). The main components of RP are
placed in three steel vessels: reactor vessel, vessel of power conversion system and a cross
vessel. All three vessels are located in underground silo. The characterictics of this
contaiment are typical of the contaiments used in current LWR designs. The reactor vessel
houses the annular core, core support, control rod drives, heat exchanger and gas circulator of
the auxiliary loop. There are the penetrations for fuel reloading as well. The reactor vessel is
surrounded by a reactor cavity cooling system, which provides totally passive decay heat
removal in any possible accidents included beyond design accidents.

- The reactor core (Fig.4) contains hexagonal graphite fuel blocks (with width of 360 mm
and height of 800 mm), arranged on 10 in each of 102 columns. In fuel blocks 3191 thousant
fuel compacts are placed in the core. The fuel compact of 12,6 mm in diameter and of
50 mm height consists of graphite matrix with uniformly distributed maltilaied coated
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particles on the basis of pyrocarbon and silicon carbied (PyC-SiC-PyC). For reactor shutdown
and control of reactivity there are two systems: control rods system and system containing
small absorber balls. ‘

A specific feature of the core is the using of the Er203 - based poisoning absorber,
which is pressed together with the graphite forming cylinder rods similar to fuel compacts.
Erbium in the reactor with weapon grade plutonium serves a double purpose: it not only
provides compensation of the initial reactivity excess, but it also ensures the negative
temperature coefficient of reactivity. It contains ~ 23 % Er-167, the only one of the known
poisoning absorbers having a strongly pronounced resonance ( > 1000 barn ) near 0,5 ev. The
presence of this element is essential for obtaining the negative temperature reactivity
coefficient when the temperature rises.

There is a graphite reflector inside and outside of the core. The layers of reflector
adjacent to the core can be replaced during reactor operation.

The vessel of power convertion system houses turbogenerator (turbine and compressor
with one stage of generator cooling) and heatexchanging equipments (recuperator, intercooler
and precooler). The generator is placed in separate box and strongly connected with
turbocompressor through the coupling. The generator and compressor are rotaited directly by

turbine.

The magnetic bearings (three radial and one rested) are used in turbogenerator. Safed
mechanical bearings are provided as well.

The hot gas duct to supply of hot helium from reactor to turbine is arranged in a cross
vessel. The schematic flow diagram of GT-MHR is shown in Fig.5.

The direct Brayton cycle in GT-MHR is being carried out in following way:
-the helium coolant is being twice pressed in compressor and in intercooler;

-prilimary of helium heating up (before reactor input) is taking place in recuperator
which uses of helium energy after turbine;

- in reactor helium is being heated up to 850 °C;

- the hot helium of high pressure then is being expanded in turbine which moves the
compressor and generator;

- the helium of low pressure goes to recuperator where the helium of high pressure
(after compressor) is heated up to 490 °C and goes to the core input;

- the excess of heat is removed in precooler with return water circuit.

The main characteristics of GT-MHR for Pu consumption are shown in Table 2. It
should be notieed that the GT-MHR has sufficient less impact on the environment (less

thermal release and less need in water).
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TABLE 2. THE MAIN CHARACTERISTICS OF GT-MHR -FOR Pu CONSUMPTION

Parameter Value
Reactor power (thermal), MW 550-600
Turbine inlet temperature, °C 850
Reactor inlet temperature, °C 490
Compressor inlet temperature, °C 26
Turbine inlet pressure, MPa 7,02
Plant efficiency, % net 47-48
Core diameter inside/outside, m 2,96/4,84
Core height, m 8
Outside radial reflector diameter, m 7
Fresh WGPu loading, kg 750
Content of Pu-239 in WGPu, % 94
Distraction level of Pu-239, % 90
Amount of loaded WGPu, kg/year 250
Average burnup, MWdays/kg 650
Amount of WGPu involved in fuel cycle during 60
years one reactor service life,t 15
Reactor vessel overall dimensions:
diameter inside/outside, m 7,3/7,8
height, m 26
Amount of radioactive wastes per 1 MW(e) lower by 33 % than in VVER
Amount of heat releases into the environment per 1 lower by 50 % than in VVER

MW(e)
Electricity cost (estumated for commercial NNP)

lower by 20 % than for advanced
VVER

3. THE KEY RaD PROBLEMS FOR DESIGN REALIZATION

The GT-MHR project general schedule is shown in Fig.6. To support deve]opmentsﬂa.nd
license of GT-MHR the following major development tasks will be completed:

(1) Works associated with fuel assembly design and fabrication technology for fuel
particles, fuel compacts and fuel blocks. Fuel irradiation in reseach reactors. The fulfilment of
RaD on fuel on the base of WGPu and industrial facility creation will extend over 6-7 years.

(2) Running tests of the fabrication technology for graphite blocks of necessary
dimentions for fuel blocks, reflector blocks, tests of graphite samples including irradiation in
research reactors will need the same duration.

(3) Test of the core and reactor components in critical test facilities including studies of
control rods effectiveness reactivity temperature effects will need about 3 years. As well as
investigation of uniformity of helium mixing at the core outlet and fuel columns stability.
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(4) Test of turbine system separate parts including magnetic bearings as well as
combined tests of a turbine system in the test facility including aerodynamic and thermal-
mechanical tests of heat-exchanger equipment models and test of a “hot” gas line and
traveling seals to reduce helium bypass leakages inside the power conversion loop will extend
the duration of 4 years.

(5) Studies of vessel material mechanical properties under the temperature up to
500 °C, licensing of technology and large-scale vessels production will need the duration of
5-6 years.

Taking into account of up-to-day state of named above technologies in Russia, design
development and necessary RaD fulfilment are planed during 4-5 years (without extended
irradiation test of fuel and fullscale tests of turbomachine). The named problems may be
resolved by the best way on the base of international cooperation.

The cost estimations completed in this year are shown that the cost of design
development and necessary RaD fulfilment consists of ~ US $275 M.

The general plant arrangement containing four reactor blocks is shown in Fig.7. For
design and construction of the first reactor block the duration of 8,5 years was taken, each
following block will startup in every half year after the first unit. The expenditures for
4 block reactor plant will consist of ~ US $960 M. Specific cost of electricity will be

~ 2.3 kW h.
4. CONCLUSION

The strategy of HTGRs utilization in Russia up-to-day is following: the modular
HTGR with pebble bed core with thermal power of 215 MW - for production of process heat;
for electricity production with maximal efficiency through gas turbine cycle will use modular
HTGR with prismatic block core. For this purpose a feasibility study of VGMP reactor has
been performed and conceptual design of GT-MHR is under way.

The conceptual design of GT-MHR with gas-turbine cycle is the main trend of Russia
activity in HTGR field. The leading organization of Russia : RRC Kurchatov Institute, SIA
Lutch, ARSRIIM, OKBM, etc. are involved in this work.

To complete all RaD works in planned duration the all scientific and technical reasons
are having place. The problems associated with GT-MHR design could be solved mostly
effective on the basis of international cooperation.
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Abstract

Consumption of a huge amount of fossil fuels resulted from human
activities since the industrial revolution has caused an enhanced global warming. In order to
relax the global warming issue, that is, reduction of CO2 emission, new energy resource/carrier
and technology are required to be developed at present. Nuclear energy can satisfy a large
amount of energy demands without significant CO2 emission and its application to hydrogen
production is also considered as one of the leading nuclear heat utilization because hydrogen
has superior characteristics as energy carrier and its demand is expected to increase in future.

JAERI has been constructing a 30-MWt HTGR, named HTTR, to develop
technology and to demonstrate effectiveness of high-temperature nuclear heat utilization. A
hydrogen production system by natural gas steam reforming is to be the first heat utilization
system of the HTTR since its technology matured in fossil-fired plant enables to couple with
HTTR in the early 2000's and technical solutions demonstrated by the coupling will contribute
to all other hydrogen production systems. The HTTR steam reforming system is designed to
utilize the nuclear heat effectively and to achieve hydrogen productivity competitive to that of a
fossil-fired plant with operability, controllability and safety acceptable enough to
commercialization, and an arrangement of key components was already decided. Prior to
coupling of the steam reforming system with the HTTR, an out-of-pile test is planned to confirm
safety, controllability and performance of the steam reforming system under simulated
operational conditions. The out-of-pile system is an approximately 1/20-1/30 scale system of
the HTTR steam reforming system and simulates key components downstream from an [HX.

Hydrogen production using HTGR offers a quite ambitious concept for
future energy systems especially when hydrogen is produced from water. JAERI has been
conducting basic studies on two hydrogen production processes by water splittng,
thermochemical IS and high-temperature electrolysis of steam process, as one of the future heat
utilization systems of the HTTR following the steam reforming system.

Also, a design study on of three gas turbine systems, such as a direct,
indirect, indirect combined cycle systems, has been performed from viewpoint of thermal
efficiency and technical problems.
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1. Introduction

Consumption of a huge amount of fossil fuels resulted from human
activities since the industrial revolution has caused an enhanced global warming. In order to
relax the global warming issue, that is, reduction of CO2 emission, new energy resource/carrier
and technology are required to be developed at present. Nuclear energy can satisfy a large
amount of energy demands without significant CO: emission and its power generation
technology by steam-turbine is said to be proven. The ratio of electricity to the secondary
energy demands, however, is about 19% at present in Japan and is estimated to be only 23% in
the year 2010. Therefore, positive application of nuclear energy to nonelectric field is required
to relax the global warming issue. A hydrogen production system is considered as one of the
leading nuclear heat utilization systems in nonelectric field because hydrogen has superior
characteristics as energy carrier and its demand is expected to increase in future.

A High-Temperature Gas-cooled Reactor (HTGR) provides a high-
temperature nuclear heat with high thermal efficiency being applicable to both electric and
nonelectric fields. Japan Atomic Energy Research Institute (JAERI) has been constructing a
30-MWt HTGR with reactor outlet coolant temperature of 950°C, named HTTR (High-
Temperature engineering Test Reactor), to develop technology and to demonstrate effectiveness
of high-temperature nuclear heat utilization. The first criticality is scheduled in December
1997, and reactor performance and safety demonstration tests will be carried out for several
years[l]. After that, a high-temperature nuclear heat utilization system will be coupled with
the HTTR.

A hydrogen production system by natural gas steam reforming is to be the
first heat utilization system of the HTTR since its technology matured in fossil-fired plant
enables to couple with HTTR in the early 2000’s and technical solutions demonstrated by the
coupling will contribute to all other hydrogen production system. At a preliminary design
conducted from 1990 through 1995, a framework and key design of the HTTR steam reforming
plant have been developed. Prior to coupling of the steam reforming system with the HTTR,
an out-of-pile test is planned to confirm safety, controllability and performance of the steam
reforming system under simulated operational conditions. The out-of-pile system is an
approximately 1/20-1/30 scale system of the HTTR steam reforming system and simulate key
components downstream from an intermediate heat exchanger (HX).

On the other hand, hydrogen production from water is considered as an
ideal method for hydrogen production using the HTGR because any CO: emission is not
expected from the system. JAERI has been conducting basic studies on two hydrogen
production processes by water splitting as one of the future heat utilization systems of the
HTTR following the steam reforming system. One is the iodine-sulfur (IS) process which
utilizes plural chemical reactions and works like a chemical engine to produce by absorbing high
temperature heat from the HTGR. Stable production of hydrogen and oxygen from water
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were successfully demonstrated for 8 hours 1n closed-cycle operation of a laboratory-scale test
apparatus A study on matenals swtable for corrosive process environments 1s under way for
large-scale reahzation. The other 1s the hugh-temperature electrolysis of steam process which
utilize the inverse reaction of a solid oxade fuel cell  Electrolysis cells 1n the course of fabrication
of electrolysis tube and planar cells have been developed, and their performance tests have been
carried out.

Also, a design study on of three gas turbine systems, such as a direct,
indirect, mdwrect combined cycle systems, has been performed from wiewpomnt of thermal
efficency and technucal problems.

2. HTTR Hydrogen Production System by Natural Gas Steam Reforming
2.1 Design of HTTR steam reformuing system

The HTTR steam reforming system 1s designed to utibze the nuclear heat
effectively and to achieve hydrogen productivity competitive to that of a fossil-fired plant with
operabihty, controllabihty and safety acceptable enough to commerciahzation  Figure 1 shows
an arrangement of main components. The HTTR reactor supphes nuclear heat of 30MW with
950°C to parallel-loaded two heat exchangers in the reactor coolng loop, namely the IHX of
10MW at the rated heat exchanging rate and a pressunzed water cooler of the remamning
20MW. The nuclear heat of 10MW transferred from the IHX to the secondary hehum loop 1s
to be utalized for production of hydrogen. Due to heat loss along the secondary hehum piping
from the JHX to a steam reformer (SR), the secondary hehum temperature 1s reduced to 880°C
at the SR outlet, whereas the IHX outlet temperature 1s 905°C. Design speaifications of the
HTTR steam reforming system 1s shown mn Table 1. The key design concept was already
developed as follows[2]

TABLE [ Design speafications of the HTTR steam reforming hydrogen production system

Pressure
Process—gas/Secondary-hel ium 4.5/4 1 MPa

Temperature
inlet at steam reformer
Process—gas/Secondary—hel ium 450/880 °C

Qutlet at steam reformer
Process—gas/Secondary—hel um 600/600 °C

Hydrogen production rate 3800 Nm*/h

Steam—carbon ratio 3.5
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TABLE I Comparison of operational conditions and performance of steam reformers.

Reformer type Fossit—fired Plant HTTR system
Process gas pressure 1~ 3MPa 4. 5MPa at the inlet
of steam reformer
depending upon ( >Hel ium pressure )
final products Pu. of 4. IMPa

Max i mum 850~900°C 800°C
process gas temperature

Max imum heat flux 50~ 80kW/m 40kW/ m
to catalyst zone

Thermal energy utilization of | 80~85% 78%
steam reformer

for heat source power

COzemission from heat source 3t-C0:/h 0
o

 —=> Hydrogen production system

Ilsolation

Product gas (H2, CO)
‘valve

HTTR 905°C

T Natural gas

...................

reformer (SR)

Pressurized Steam

©

water cooler (3. 6MW) generator (SG)
(20MW)
(w —_— N2 -t ! :
Secondary helium Feed water

FIG. 1. Flow scheme of the HTTR steam reforming hydrogen production system.

(1) Improvement of steam reformer to enhance hydrogen productivity

Since the steam reforming conditions in the HTTR are higher pressure
and lower temperature as shown in Table 0, the lower hydrogen productivity is predicted
compared with a fossil-fired plant. The following improvements are, therefore, introduced to
the SR to increase hydrogen productivity.
1) increasing heat input to the reforming process gas whuch flows 1n catalyst tubes,
2) Increasing a reaction temperature, that 1s a process gas temperature at the outlet of catalyst
zone in the catalyst tube and
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Reforming gas 450°C. 4 5Mpa

Improvements of hydrogen -Thermal energy
produclion performance ‘::> uthzation of 78%
-Compact seamless
catalyst lubes
( ={> g Increasing heat input to
Reformed gas reforming gas
o 600°C

1 Effective utilization of hot reformed gas

Il

Hehum gas Bayonet type of catalyst tubes
; ‘-—J’> 600°C <r/_:: 2 Increasing helium temperature drop through reformer
/ Reformer outlet helium temperature  600°C
From helium 233 GMW}
= = From reformed gas 0 —1 amw | 4 SMW in total
g s increasing reaction
temperalure
3 ——L——’_———___f
T Helium side heat transfer enhancement
Orifice baffie+wirenet
- Maximum reformed gas temperature 800°C
3 _l—
of o Catalyst tube = Maximum heat flux 40kW/m2
$
3] (Rl —
i Catalyst Optimization of reforming
gas composition
800°C 1 Steam/Carbon=3 5

2 Excessive methane supply

(resulted in residual methane of 0 3MPa at outlet)
ﬁ} Helum gas 8807C. 4 1Mpa

FIG. 2. Improvements of hellum-heated steam reformer performance.

3) optimizing reforming gas composition so as to enhance the reformimng rate

Survey of improved types of heat exchangers and an analytical study on enhancement of
hydrogen production rate lead to proposals shown in FIG 2 These improvements attain a
high hydrogen productivity, that 1s, a thermal energy utihzation of 78% 1s competitive to that of
a fissile-fired plant of 80-85%  The technologies improved here are applicable also to other
HTGR-hydrogen production systems because a heat exchanger type of endothermuc chemical
reactor 1s an essential technology

(2) Steam generator 1 the secondary helium loop for stable controllabiity and as a safety
barmer

A steam generator (SG) wnstalled at downstream of the SR mn the
secondary helum loop 1s found to provide the stable controllabihty for any disturbance at the
SR due to a large capaaty of heat smk  In a thermal transient state that hehum temperatures
at the SR outlet and then at the SG inlet go up by a malfunction m the reforming process gas
hne, a hehum temperature at the SG outlet can be kept constant at the saturation temperature
of steam. Figure 3 shows analytical hehum temperatures at inlet and outlet of the SR, SG and
so on for the process gas feed rate of 0 to 100% of the rated flow rate. The helium temperature
change 15 reduced from 280°C at SR outlet to only 5°C at SG outlet with change of the process
gas feed rate. This result suggests the SG works as a thermal absorber and protects the
reactor from thermal disturbance caused by the reforming system. Also, the SG 1s utiized to
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FIG. 4. Safety design concept against fire and explosion.

avoid a reactor scram due to a malfunction or accident at the reforming system. The secondary
helium is designed to be passively cooled by only the SG, using natural convection of steam and
condensed water between the SG and a radiator installed above the SG. This passive cooling
system by the SG is now under design to meet safety requirements with reasonable

configuration.
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(3) Safety barrier against fire/explosion

A functional or physical barrier is required to assure the safety of a
nuclear system and public. The HTTR-steam reforming system has a potential possibility of
two-type fire/explosion, namely outside and inside of a reactor building (R/B). The safety design
concept is schematically illustrated in FIG. 4. Against the fire/fexplosion outside the R/B, 1t is
reasonable to assure safety integrity of safety-related items against a potential fire/explosion
because a low possibility of fire/explosion should be assumed. Against the fire/explosion inside
the R/B, however, it is the principle to take safety measures to prevent occurrence of
firefexplosion. The basic design concept is to limit the ingress of amount of explosive gas from
the SR through the secondary helium loop within an allowable value. A combination of
isolation valves in a containment vessel and emergency shut-off valve in the process gas feed
line is effective to restrict the amount of ingress gas.

2.2 Qut-of-pile test

Prior to coupling of the steam reforming system with the HTTR, an out-of-
pile test is required to confirm the safety, controllability and performance of the steam
reforming system under the simulated operational conditions. The out-of-pile system is an
approximately 1/20-1/30 scale system of the HTTR steam reforming system and simulates key
components downstream from the IHX. The main objectives of the out-of-pile system are as
follows:

1) design verification of performance of high temperature components, such as the SR, SG,
1s0lation valve and so on, including hydrogen productivity,

2) investigation of transient behavior of steam reforming system, and

3) establishment of operation and control technologies so as not to give the reactor a significant
disturbance at steam reforming system trouble.

The design of the out-of-pile test system has been carried out since 1995, and its construction
will start from 1997.

3. Study on Hydrogen Production by Water Splitting

Hydrogen production using a HTGR offers a quite ambitious concept for
future energy systems especially when hydrogen is produced from water. JAERI has been
conducting basic studies on two hydrogen production processes by water splitting,
thermochemical IS and high-temperature electrolysis of steam process, as one of the future heat
utilization systems of the HTTR following the steam reforming system.

3.1 Thermochemical IS process

Thermochemical IS process utilizes plural chemical reactions and works
like a chemical engine to produce hydrogen by absorbing high temperature heat as shown in
FIG. 5. Here, the sulfuric acid (H2SO4) decomposition reaction is an endothermic reaction, and

53



1000
o 800
o
3 600
st
©
i
8
£ 400
© (H)
= Distillation
200 Xl2+S02+2H,0
_________ =2Hix+H2S0.4 xl2 H20
Bunsen reaction (exothermic)
FIG. 5. Reaction scheme of thermochemical IS process.
3 T T T T T T T T
N
-
™~ 4
S0
N’
o 2T . i
+ Hydrogen Production amount:11.9 ¢
S i 0, LTI A NARI 2 AL EN o e mnnsritimrs ot -
g : o
= 1 F°  Oxygen Production amount:5.9¢ - A
-*C; ':\;m-,,,':,'-”m B e i N W PV S
S :
3 .
o]
-
& 0 — 1 A n 1 2 1 A
0 1 2 3 4 ) 6 7 8 9

Operation time (h)

FIG. 6. Results of continuous production of Aydrogen and oxygen with the
laboratory-scale test.

the so-called Bunsen reaction is an exothermic reaction. The process was first proposed by
General Atomic Co.[3], and has been studied at several research institutions [4-6). The
thermal efficiency of the process based on the Higher Heating Value (HHV) of hydrogen has
been theoretically estimated to be 47~50% from existing thermodynamic data [3,7).

Continuous and stoichiometric production of hydrogen and oxygen for 8
hours was successfully achieved with a laboratory-scale apparatus made of glass as shown in

FIG. 6. However, the obtained thermal efficiency was much less than the theoritical one.
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Some technologies to be developed, therefore, still remain to improve thermal efficiency.  One s
a nse 1 reacton temperature at a Bunsen reaction step, and the other 1s hghly effective
separation of hydrogen and 10dine at a HI decomposition step. As for the latter, a hydrogen
permselective membrane 1s under study to improve separation efficiency. In addition to the
above 1ssues, the development of corrosion resistance matenals 1s necessary for commercial use
Espeaally as for HaSO: boiling environment, any matenal dose not exst for commercial use.
Therefore, a new matenal based on won-silicon alloy and an reactor vessel featuring the high

corrosion resistance of siicon based ceramics are under study

3.2 High-temperature electrolysis of steam process

A hydrogen production process by an electrochermical water sphtting,
based on hugh temperature electrolyss, 1s considered as one of possible future processes of using
aHTGR. Electrolysis cells in the course of fabrnication of electrolysis tube and planar cells have
been developed. A self-supporting planar cell consists of an electrolyte plate of yttria-atabiized
zirconia (YSZ) and porous electrodes as shown i FIG 7. Steam 1s suppled to the cathode
compartment with argon and hydrogen Argon 1s a carrer of steam, and hydrogen 1s a

55



54 .

52k
:5o-
ps
@
L 48+
= A
[«
D
T 46}
-
[& ]
g a4l ©
2
= o)
42+
40 L—L

®
. -
JaN
4 o
o 0o _
o}
° N
o}

® Direct cycle (DC)
o Indirect cycle (I1DC)

A Indirect combined
cycle (IDCC)

| 1 1 1

2 3 4 5
Cose number

FIG. 8 Thermal cycle efliciencies of the direct, indirect, indirect combined cycle gas

turbine systems.
Item / Year ‘96 (97 (98 {99 {00 |'01 {702 |03 |'04 - 1"08 | 09

1 Hydrogen production

by steam reforming
1) HTTR system Z{/r Design safety analysis ,"C;h;{};é}jéhhl-: est

2)Out-of-piie

he - - m o mm e emme.—m - e -

test system

2 Hydorgen production
by water splitting

1) Thermochemical
IS process

Laboratoy-scale test Large-scale Qut-of-
Deveopment of process and materials test pile test

2)High-temperature
electrolysis of steam

: Test

process

3 Gas-turbine

~

Design

FIG. 9. Development schedule of HTGR utilization systems at JAERL

reduced gas to keep nickel of the cathode matenal from oxidation.

anode compartment.

Dry air 1s suppled to the

Relationship between hydrogen production rate and apphed voltage for
planar and tubular cells 1s also shown in FIG. 7.

As for the planar cell, hydrogen was produced

at rate of 2.3Nm%h at an apphed voltage of 2.8V. Then hydrogen production density was
3.6Ndm3m?h and was 1.4 times larger than that of the tubular cell at 850°C. The tests of
electrolysis cells wall be fimished in 1996 after hydrogen productivity data 1s accumulated.
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TABLE I Assumed design parameters for the cycle calculation and obtained thermal
cycle efficiencies.

Case 1 2 3 4 5

Design parameters
*Turbine adiabatic efficiency % 90 92 92 92 92
-Compressor adiabatic efficiency %.| 88 90 90 90 90
-Recuperator effectiveness % 88 88 92 95 95
-ATm for IHX °C { 120 { 120 | 100 { 100 80

Thermal cycle efficiency (DC) % | 44.4) 46.21 48.71 50.4]| 52.3
(1IDC) % | 42.9] 45.4] 47.4| 48.1{ 49.2
(IDCC) % | 47.5] 48.1] 48.5] 49.3] 49.7

Note: (1) Reactor outlet temperatures are 850, 950 and 950°C
for DC, IDC and IDCC, respectively.
(2) Maximum reactor inlet temperature = 500°C.

4. Design Study on Gas Turbine System

It is expected that a high thermodynamic thermal efficiency of 50% can be
achieved in a HTGR gas-turbine (GT) power generation system. This means an effective
reduction in the amount of waste heat, radioactive waste and nuclear fuel use. Thus the GT is
considered to be one of the most useful power generation system to provide a safer environment.

A design study on thermal efficiencies for the direct and indirect gas
turbine cycles has been performed. A direct cycle (DC) is the simplest system and at the same
time has a great possibility to attain high thermal efficiency. However, there still remain some
key technologies to be developed such as a maintenance of turbomacinery associated with a
fission products plate out, a pressure seal of components in a power conversion vessel and a high
temperature (500°C) pressure vessel. An indirect cycle IDC) also has some problems, such as
lower thermal efficiency compared with the DC and high temperature pressure vessel, although
problems associated with fission products can be removed by an IHX.  An indirect combined
cycle IDCC) is an effective candidate to circumbent these problems, since the problems
regarding the reactor inlet temperature can be solved by using the heat of lower temperature in
a steam cycle and thermal efficiency can be also improved compared with the IDC. Table I
and FIG. 8 show a relative comparison of thermal efficiencies for the DC, IDC and IDCC under
assumed design parameters. They are assumed in accordance with the examination of
technologies, which advances 1n the order 1 to 5. The superiority of DC in the advanced
technology stage and that of IDCC in the conservative stage can be observed.
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A future work in JAERI will be devoted in the field of an improvement of
reactor design and safety, and studies regarding the concepts of power conversion vessel,
turbomachinery, recuperator. Furthermore, a trade-off study between IDC and IDCC will be
carried out. In parallel to the design, matenial tests of a recuperator and turbine blade are also
planned.

5. Development Schedule

Figure 9 shows the development schedule of the HTGR utilization
systems at JAERI. The out-of-pile test of the steam reforming system will be conducted from
2000 to 2004, and the results will be reflected to design and safety review of the HTTR steam
reforming system. The construction of the HTTR system will be planned to start from 2002,
and be followed by the demonstration test till 2009. The thermochemucal IS process 1s planned
as one of the future candidates of the HTTR following the steam reforming system. After a
large-scale test using commercially available metal and ceramic materials, an out-of-pile test 1s
scheduled from 2007. The design study on the gas turbine system will be carried out tall 2000.
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Abstract

High Temperature Gas-Cooled Reactor (HTGR) technology and its development
during the last 30 years has led to the design, construction, and operation of five graphite-
moderated helium-cooled reactors with gas outlet temperatures up to 950°C and power
levels up to 330 MWe. Design and licensing activities of even larger units (up to 1200 MWe)
were well advanced in the U.S. when dropping electricity demand led to cancellation of
these commercial units.

The experience from these early plants and related design and development activities
provided a solid technology base when gas-cooled reactor development shifted towards
smaller, passively safe designs. Although operating experience and past developments are
still applicable, the push for safer, highly efficient and economical units, and the need for
special applications, has added new requirements that demand and justify further R&D and
opens the door for broad international cooperation in the further development of base
technologies for HTGR applications.

In the fall of 1995, driven by budget constraints and anti-nuclear sentiments, the US
government decided to discontinue financial support of the Gas Turbine-Modular Helium
Reactor (GT-MHR). At that time, significant work was underway with participation of
several vendors with specialized expertise in various aspects of the GT-MHR. Fortunately,
the US government provided for documenting the design and development status through
an orderly close-out program. Concurrent elimination of government restrictions opened the
door for broader international cooperation.

Discussion between General Atomics and the Russian Ministry of Atomic Energy
(MINATOM), in the summer of 1994, led to an agreement on a jointly funded design and
development program for the GT-MHR. The program is initially focused on the burning of
weapons plutonium that becomes available from dismantled nuclear weapons. The long term
goal is to utilize the same design for commercial applications - using uranium fuel. This
program took advantage of existing technologies and facilities in the US and Russia, but
right from the beginning left the door open for broader international cooperation.
Accordingly, in January 1996, FRAMATOME has joined the ongoing effort. Discussions are
underway with other international entities to join this program.

The program is proceeding well. Several Russian laboratories/design organizations
are participating with GA and FRAMATOME. Significant improvements in the power
conversion system design are a clear example of the benefit of the cooperative effort.

Further work needs to be done to confirm fuel and components prior to full
deployment, etc., providing ample opportunities for international cooperation in many areas.

59



INTRODUCTION

The Gas Turbine - Modular Helium Reactor (GT-MHR) is an advanced High
Temperature Gas-cooled Reactor (HTGR) being developed in an international cooperative
program involving General Atomics (GA), the Russian Federation (RF) Ministry of Atomic
Energy (MINATOM), and FRAMATOME. The overall goal of the cooperative program
is to first develop the GT-MHR for the disposition of surplus weapons plutonium in the RF
and then to offer GT-MHR plants fueled with uranium to the international market for
electricity generation.

The first step in this cooperative program was an agreement between GA and
MINATOM to complete the GT-MHR conceptual design. FRAMATOME subsequently
joined the conceptual design program. Other international organizations are actively being
pursued for participation in the conceptual design program and are expected to join shortly.

Very satisfactory process has been made to-date. Good technical work is being
performed on the conceptual design, international interest in the program is growing, and
US restrictions imposed on GA regarding cooperation with RF on nuclear reactor
technology have been lifted. Prospects look good that the conceptual design results will be
positive and the program will move on into detail design and technology development
activities leading to prototype deployment. These activities will broaden the opportunities
for international participation.

Although the design work is proceeding on the basis of using weapons plutonium fuel,
the project forms an excellent basis for worldwide commercial deployment of GT-MHR
plants. A plutonium fueled plant will demonstrate the design and performance. A
commercial plant can then be deployed based on the prototype design but fueled with
uranium without need for any significant design changes.

BACKGROUND

HTGRs are characterized by a graphite moderator, helium coolant and coated
particle fuel. The graphite moderator and coated particle fuel provide an all ceramic core
which allows for the generation of high temperature heat energy for electricity generation
at high thermal conversion efficiencies and for process heat applications. Helium coolant
is the best single phase, inert fluid available for transport of high temperature heat energy
from the graphite core.

The five HTGR plants built and operated to-date have validated the basic HTGR
design and performance characteristics. The key characteristics which these plants have
proven include:

. The ability of coated particle fuel to reliably retain fission products to very high
temperatures (up to about 1600°C) and the production of coated particles in
commercial quantities that meet the quality requirements necessary for high
temperature retention of fission products.

. The inherent high heat capacity characteristics of HTGR graphite moderated reactor

cores that provide long times for corrective measures to mitigate upset conditions
without challenging safety limits.
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FIG. 1. 350 MWt Modular high temperature gas reactor
. The advantages of helium as a nuclear reactor coolant. Safety issues are simplified
by the coolant being single phase; corrosion products are eliminated by the coolant
being inert.
. The acceptability of two different fuel configurations, pebble and prismatic.
. The adequacy of the technology data base for the design, analysis, construction, and

operation of HTGR reactors.
This HTGR technology data base was developed in the 1960s and 1970s in support

of the deployment of large central station power plants. A construction permit had been
issued in the US for the first of these plants. However, before large HTGR power plants
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could be deployed in the US, the oil embargo in the mid 1970s occurred and extensive
energy conservation measures were undertaken reducing the electricity demand growth rate.
As a consequence, the need for new large central station power plants contracted.

All of the large HTGR plants on order in the US (10 units) were canceled, along
with the cancellation of more than 100 LWR plants. The LWR plants under construction
were delayed causing capital costs to escalate. Then, in 1979, the Three Mile Island accident
occurred which led to wide spread public fear of nuclear power and costly backfits to the
existing LWR plants. The financial liabilities, the public’s fear of nuclear, and the lack of
need for new base load capacity combined to halt new nuclear plant orders in the US.

In the early 1980s, evaluations of the reasons for the dearth of new nuclear plant
orders led to the conclusion that smaller, simpler nuclear power plants with inherent safety
characteristics were needed for public acceptance. The Modular High Temperature Gas
Reactor (MHTGR) was conceived to meet this need, Figure 1. The MHTGR employed a
steam cycle power conversion system in common with the prior large HI'GR plants.

The MHTGR design had unparalleled safety (meltdown proof), was considerably
simpler because of the absence of the need for complex safety systems (completely passive
decay heat removal system), and at 350 MWt/135 MWe per module was much smaller than
the 1000+ MWe nuclear plant size common in that era. Furthermore, the design maintained
fuel temperatures below 1600°C using completely passive means to retain fission products
within the coated particle fuel. This provided substantial additional simplifications; the need
for secondary containment was eliminated as were the needs for emergency plans for
sheltering and evacuation of the public. There was, however, increased importance for the
coated particle fuel to meet high quality standards.

Economic evaluations indicated that a reference four module MHTGR plant using
© 350 MWt/135 MWe modules had power generation cost projections which were non-
competitive with equivalent sized coal and LWR plants. A larger MHTGR module design
was then developed rated at 450 MWt/175 MWe per module retaining the same safety and
simplification features. The reference four module plant using this module size had
projected generation costs essentially equivalent to comparably sized coal plants and large
LWR plants. However, the technology for highly efficient combined cycle natural gas fired
plants became the low cost new generation alternative. Being equivalent in cost to coal and
LWR plants was judged to be an insufficient basis for committing the financial resources
necessary to design and construct a first MHTGR plant, and mature plants would not be
competitive with new, more efficient combined cycle plants.

The message to us was clear. To be competitive, the thermal efficiency of nuclear
power had to be markedly improved to compete with modern high efficiency fossil plants.
HTGR technology has always held the promise for electricity generation at high thermal
efficiency by means of a closed direct Brayton cycle and fortuitously, technological
developments during the past decade provided the key elements to realize this promise.
These key elements are as follows:

. The HTGR reactor size had been reduced in developing the passively safe module
design. At the same time, the size of industrial gas turbines had increased. The
technology was now available for a single turbomachine to accommodate the heat
energy from a single HTGR module.
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FIG. 2. 600 MWt Gas turbine modular helium reactor

Highly effective compact plate-fin recuperators had been developed. Recuperator size
and capital equipment cost are key economic considerations. Highly effective plate-
fin recuperators are much smaller than equivalent tube and shell heat exchangers and
provide for substantially less complexity and capital cost.

The technology for large magnetic bearings had been developed. The use of oil
lubricated bearings for the turbomachine with the reactor coolant directly driving the
turbine was problematic with regard to the potential coolant contamination by the
oil. The availability of magnetic bearings eliminates this potential problem.
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The product of integrating these technologies into a closed Brayton cycle power
conversion system coupled to a modular HTGR reactor is the Gas Turbine - Modular
Helium Reactor (GT-MHR), Figure 2. The rated power of the GT-MHR was increased to
600 MWt, from 450 MWt used in the prior MHTGR, based on further evaluations which
showed the higher power level was acceptable without increasing the module vessel
diameter. With a net efficiency of 47.7%, a single GT-MHR module produces 286 MWe.

The GT-MHR was formally selected in 1993 as the reference concept for
development by the US gas reactor program for commercial deployment. However, driven
by budget constraints and anti-nuclear sentiments, the US government decided to
discontinue financial support of the GT-MHR starting in the fall of 1995. At that time,
significant work was underway with participation of several industrial companies and
national laboratories. Fortunately, the US government provided for documenting the design
and development status through an orderly close out program. The documentation is now
essentially complete. US government restrictions on providing other countries access to the
documentation were also eliminated which opens the door for broad international
cooperation.

Concurrent with the 1993 selection of the GT-MHR as the reference concept for
development in the US, GA and MINATOM signed a memorandum of understanding for
cooperating on the development of the GT-MHR for commercial deployment. Subsequently,
in early 1994, MINATOM proposed that the cooperative program focus on development of
the GT-MHR for disposition of weapons plutonium. In the summer of 1994, GA and
MINATOM agreed to initiate development of the GT-MHR for weapons plutonium
disposition, and to jointly fund the preparation of the conceptual design, with the long term
goal of utilizing the same design fueled with uranium for commercial deployment.

In January 1996 FRAMATOME joined with GA and MINATOM as a participant
in the cooperative program and is providing additional funding to support the GT-MHR
conceptual design work in Russia.

GA/MINATOM COOPERATIVE PROGRAM AND PROGRESS

There are many technical, political, and economic advantages of the GT-MHR
cooperative program. The technical advantages include the GT-MHR system advantages
(melt-down proof safety, high generation efficiency, high plutonium destruction) and the
program advantages realized from reciprocal technology transfer covering a broad spectrum
of scientific, engineering, materials and manufacturing know-how. The political advantages
include fulfillment of joint plutonium destruction proliferation objectives, economic support
for Russian institutes and industries, and development of an environmentally clean, pollution
free energy source. The economic advantages include reduced development costs and a
nuclear plant design for commercial deployment having low electricity generation cost.

The GT-MHR cooperative program addresses both US and Russian requirements
including safety and regulatory requirements, performance and economic requirements, and
operational requirements. The requirements include top level design criteria and specific
design codes and standards. This approach is being used to enhance the prospect that a
uranium fueled design can be readily deployed in markets throughout the world.

The GT-MHR conceptual design work is being directed by a joint steering committee
composed of representatives from MINATOM, OKBM, KI, GA, and FRAMATOME. The
steering committee provides oversight of project activities and establishes guidelines for
conducting the work. It is responsible for establishing the overall direction and strategy of
the program.
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Unrestricted existing information on the US sponsored GT-MHR design has been
made available to the program and this information is serving as a relatively mature starting
point for the cooperative conceptual design effort. A major achievement to-date has been
significantly improved power conversion component conceptual designs with major
contributions from the OKBM designers, Figure 3. The current GT-MHR power conversion
configuration now incorporates both US and Russian technology and is a clear
demonstration of the cooperative program advantages.

A goal of the current program is to evolve it into a broad based international
cooperative program and efforts are underway to foster participation of other international
industrial organizations and/or governments. Several organizations in major nations with
nuclear power capability have expressed interest in becoming involved with the program.
Discussions are ongoing to determine appropriate terms and conditions under which they
might participate. A broad based international cooperative program reduces the up-front
financial burden on any one country and is considered by many international leaders to be
the best way available today to develop a modern nuclear power system for commercial
deployment in the world market.

Following completion of the conceptual design, scheduled for October 1997, the
broad based international cooperative program would be responsible for carrying out the
detailed design and development activities.

PLANNED GT-MHR DEVELOPMENT ACTIVITIES

The GT-MHR concept is based on taking advantage of existing technology to the
maximum practical extent (e.g., the core is designed to use the same prismatic fuel proven
in the Fort St. Vrain demonstration plant). No new technology has to be developed because
the needed technologies have essentially been demonstrated elsewhere. The GT-MHR
concept does, however, incorporate new features for addressing new requirements which
require additional development. Principle among these features are passive decay heat
removal, plutonium fuel, and use of a closed Brayton cycle power conversion system. The
development activities planned for these new features are described here organized into the
development tests for the reactor system and the development tests for the power conversion
system.

GT-MHR Reactor System Development Tests

The development tests planned for the GT-MHR reactor system, Figure 4, include
fuel tests, tests of the reactor cavity cooling system, and design verification tests of key
reactor sub-systems and components. These tests are briefly described in the following.

Fuel Tests are planned to qualify TRISO-coated plutonium particle fuel for GT-MHR
performance parameters and to provide data for validation of fuel performance models
including fission gas release and plate-out. To supply fuel for these tests, current fuel
manufacturing equipment and procedures will be adapted for processing weapons-grade
plutonium into GT-MHR fuel.

Reactor Cavity Cooling System (RCCS) Tests are planned to provide design data and verify
integrated performance. The tests include determining the effective conductivity of the
graphite core, buoyancy-induced fluid mixing in the enclosures along the core, and
emissivities of metal surfaces including the RCCS panels, reactor vessel and metallic reactor
internals. Final verification of the RCCS design is planned by an integrated RCCS systems
test using a scale model of the reactor metallic internals and reactor vessel.
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FIG. 3. GT-MHR power conversion system incorporates US and RF technology

Design Verification Tests are planned to verify the design and performance of the of the
- principle reactor sub-systems and components which include the following:

. The Reactor Internals and Hot Duct
. Fuel Handling System

. Neutron Control System

. Reactor Service Equipment

. Shutdown Cooling System
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GT-MHR Power Conversion System Development Tests

The development tests planned for the Power Conversion System (PCS), Figure 5,
include design verification tests of the key sub-systems and components and performance
testing of a full-scale integrated power conversion system using a fossil-fired heat source.
These tests are briefly described in the following.

Design Verification Tests are planned to verify the design and performance of the of the
principle PCS sub-systems and components which include the following:

. Generator Tests

. Turbocompressor Tests

. Magnetic Bearing Tests

. Seals Tests

. Recuperator Tests

. Precooler/Intercooler Tests

PCS Integrated Tests are planned using the first GT-MHR power conversion module and will
be performed in two phases using a fossil energy heat source:

. Phase I, Steady State Simulation - This phase will be done in two steps: Step 1 will
reproduce full helium temperatures distribution at part pressure, and Step 2 will be
full helium pressures distribution at part temperature.
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. Phase II, Key Transient Simulation - Two transients will be run for each plant duty
cycle selected according to their severity in producing thermal and pressure loads on
the PCS components. One transient will stan. from a steady state condition in which
the helium temperatures distribution has been simulated at part pressure, and the
other from a steady state condition in which the helium pressure distribution has
been simulated at part temperature.

COMMERCIALIZATION OF THE GT-MHR

In addition to design, development, and licensing activities, the overall program plan
for development of the GT-MHR, Figure 6, includes the construction and operation of a
prototype module. Performance testing of the prototype will demonstrate all of the GT-
MHR systems and their operating characteristics in a fully prototypical plant.

The licensing activities will be pursued in parallel with the detail design and
development activities and have the objective that the prototype plant satisfy US, RF, and

other applicable international regulatory requirements. The intent is to address the licensing
issues which will be directly applicable to follow-on commercial units.

Construction and operation of the prototype module, fueled with weapons plutonium,

is the final preparatory step needed for commercialization. The design and development
activities, the licensing activities, and the construction and performance of the prototype
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form the foundation for commercializing the technology. The manufacturing, construction,
licensing, and operating experience obtained will provide a firm basis for the information
necessary for establishing terms on the part of sellers for commercial offerings and for
obtaining required financing on the part of buyers.

The participants in the international cooperative program for development of the
GT-MHR will have direct access to the technology. Direct access to the technology will
enable the participants, either individually or as partners, to become vendors of GT-MHR
commercial plants for the world electric generation market. There is a large market
projected for new electric generation capacity in the next century and the projected cost and
environmental benefits of the GT-MHR show it has high potential to be highly cost effective
and capture a significant share of the world market.

Advanced discussions are now being held with additional potential participants. It is
expected that the participant membership will be finalized prior to the initiation of the
detail design and development activities planned after completion of the conceptual design
in the fall of 1997.
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CONCLUSIONS

The key conclusions regarding the GT-MHR background, international cooperative

program, development requirements, and commercialization considerations in this paper are
as follows:
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Substantial HTGR technology has been developed in support of the five HTGR
plants that have been built and operated and in the programs carried out for
developing the technology for large central station power plants. The key
characteristics of HTGR plants, which include coated particle fuel, graphite
moderator, and helium coolant, have been demonstrated.

Repercussions of the oil embargo in 1973 followed by the Three Mile Island accident
in 1979 combined to halt orders for large central station nuclear power plants in the
US due to the large financial liabilities, the public’s fear of nuclear, and the lack of
need for new base load capacity.

The MHTGR with a power rating of 350 MWt/135 MWe was conceived to meet the
perceived need for smaller, simpler nuclear power plants with passive safety
characteristics but was concluded to be non-competitive with equivalent sized coal
and LWR plants. A larger MHTGR variant with a power rating of 450 MWt/175
MWe was more competitive but was still not competitive with combined cycle plants.

To be competitive, the thermal efficiency of nuclear power has to be markedly
improved to compete with modern high efficiency fossil plants. Technological
developments during the last decade on industrial gas turbines, magnetic bearings
and highly effective recuperators have made practical the coupling of a modular
HTGR with a Brayton cycle power conversion system for the generation of electricity
with net thermal efficiencies approaching 50%. The GT-MHR is the product of this
coupling.

Budget constraints and anti-nuclear sentiments have caused the US government to
discontinue financial support of the GT-MHR. Fortunately, the US government
provided for documenting the design and development status and eliminating
restrictions on providing other countries access to the documentation.

GA and MINATOM have initiated a cooperative program for the development of
a conceptual design of the GT-MHR for weapons plutonium disposition with the long
term goal of utilizing the same design for commercial deployment using uranium fuel.
FRAMATOME has subsequently joined the cooperative program.

The GT-MHR cooperative program has many technical, political, and economic
advantages including the benefits realized from reciprocal technology transfer
covering a broad spectrum of scientific, engineering, materials and manufacturing
know-how. Design progress to-date clearly demonstrates the advantages of the
reciprocal technology transfer.

A goal of the current program is to evolve it into a broad based international
cooperative program and several international organizations have expressed interest
in joining. A broad based international cooperative program is considered by many
international leaders to be the best way to develop a modern nuclear power system
for commercial deployment.



No new technologies need to be developed for the GT-MHR. The GT-MHR concept
does, however, incorporate new features for addressing new requirements which
require additional development. Principle among these features are passive decay
heat removal, plutonium fuel, and use of a Brayton cycle power conversion system.

Development tests required for the GT-MHR include fuel tests, tests of the reactor
cavity cooling system, design verification tests of key systems and components and
performance testing of a full-scale integrated power conversion system using a fossil-
fired heat source.

The GT-MHR deployment program includes construction and operation of a
prototype module. Construction and operation of a prototype module is the final step
needed for commercialization of the technology.

The participants in the GT-MHR international cooperative program will have direct

access to the technology which will enable them to become vendors of GT-MHR
commercial plants for the burgeoning world electric generation market.
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RECENT ACTIVITIES ON THE HTGR FOR ITS XA9BA46672

COMMERCIALIZATION IN THE 21st CENTURY

I. MINATSUKI, S. UCHIDA, S. NOMURA, S. YAMADA
Mitsubishi Heavy Industries Ltd,
Tokyo, Japan

Abstract

Currently, the greatest concern about energy is the need to rapidly increase
the energy supply, while also conserving energy reserves and protecting the
worldwide environment in the coming century. Furthermore, the direct use of thermal
energy from nuclear reactors is an effective way to widen the application of nuclear
energy. From this standpoint, Mitsubishi Heavy Industries (MHI) has been continuing
the various activities related to the High Temperature Gas Cooled Reactor (HIGR).
At present, MHI is participating in the High Temperature Engineering Test Reactor
(HTTR) project, which is under construction at Qarai promoted by the Japan Atomic
Energy Research Institute, as the primary fabricator. Moreover MHI has been
conducting research and development to investigate the feasibility of HTGR
commercialization in future.

In this paper, the results of various studies are summarized to introduce our HTGR

activities.

First, a basic development scenario for the commercialization of the HTGR in 21st
century was formulated. In this scenario, it was clarified the development of
technologies for the reactor and for the application of nuclear heat can proceed
independently. This is apparently in contrast to the situation for other types of
reactor. The development scenario proposed here consists mainly of a three stage
process leading to the commercialization of HTGR. In the first stage, an HTGR power
plant should be constructed to demonstrate the technologies and the economic
characteristics of such a large-scale reactor. In the next stage, integration of the
HTGR technologies and the nuclear heat utilization systems should be demonstrated

by the construction of HTGRs which incorporate typical heat application systems

such as a coal gasification system, an H: production system and a gas turbine.
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In the final stage before commercialization, several types of commercial HTGR plant
will be constructed and operated. Typically these plants will be modular, high
performance facilities, with primary energy resource production from H., methanol,
coal gas, and a combination of various systems.
The following were selected as the main criteria for reviewing the feasibility of
the HIGR development scenario described above.
1) A design study of the HTGR plant concept and an investigation of its economic
characteristics.
The conceptual design studies of HTGR rated power from 50MWe to 600MWe have been
conducted. From the results of these studies, the following points have been
clarified.
(@ The construction of a modular type HTGR is feasible using technologies proven
in the operation of HTTR.
® A large-sized HTGR, such as a 600MWe plant, is feasible through the
application of new technologies under development.
® The economic characteristics were investigated. A large sized HTGR has the
advantage of the cost improvement, and is expected to be competitive with the
LWR.
2) A development study of the various nuclear heat application systems and the
investigation of their main characteristics.
The concept of cogeneration systems using a gas turbine, a methanol production
system and a coal gasification system have been developed and evaluated, from both a
technical and economic perspective. The important results are following.
@ The key technologies that enable a He gas turbine to achieve high efficiency
have been studied and an optimized system configuration has been proposed.
@ It was recognized that a system combining He gas and a steam turbine was quite
promising for an advanced power plant.
® A conceptually new coal gasification system has been proposed and developed.
This system was combined with steam gasification and a partial oxidation

process, which is expected to improve the coal conversion ratio.
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@ The concept of a methanol production plant consisting of coal gasification and
SOSE (Solid Oxide Steam Electrolysis) has been developed, and compared with
other methanol production systems consisting of steam gasification and steam
ref;rming. As a result, it was clarified that the both systems are promising
from the technical and economic view points .

® A conceptual design study of a new electric storage plant integrated with the
HTGR, the coal gasification plant, the SOSE, the methanol production plant,
and the methanol power plant has been conducted. As a result, the feasibility

and cost advantage versus a pumped storage system were investigated.

1. Introduction

Currently, the greatest concern about energy is the need to rapidly increase
the energy supply, while also conserving energy reserves and protecting the
worldwide environment in the coming century. Furthermore, the direct use of thermal
energy from nuclear reactors is an effective way to widen the application of nuclear
energy.
We believe the HIGR is most promising candidate to meet these various needs because
of its diverse application of nuclear energy with high temperature output. From this
standpoint, MHI has been conducting the various activities related to HIGRs.
In particular, MHI is currently participating as primary fabricator in the HTTR
project under construction at Qarai by the Japan Atomic Energy Research Institute.
Moreover MHI has been conducting research and development to investigate the
feasibility of HIGR commercialization in future.
In this paper, the results of various studies are summarized to introduce our HTGR

activities .

2. A Scenario for HIGR Commercialization
2.1 The role of the HTGR
Based on the prospectus for energy conditions in 21st century, the following

expectations of relevance to the HTGR were derived.
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(1) Wider use of the nuclear energy making up for the shortage of fossil fuels

(2) Wider application of coal energy instead of natural gas and petroleum energy
(3) Higher safety potential for nuclear plants

The HIGR can supply higher temperature energy than other nuclear power systems. By
exploitiﬂg this characteristic, the HIGR can play a key role in the production of
hydrogen energy, which is expected as final destination of the search for a clean
new energy source; this could be accomplished through technology for reforming coal
in combination nuclear energy of the HTGR. Therefore, we recognized that the HTGR
should be positioned as a mainstay of future emergy supply systems.

2.2 The Purpose of HTGR Development

The HTGR that will emerge in the next century should have the following distinct

features.

(1) It should use nuclear resources effectively in consideration of a Pu recycling
plan.

(2) It should be able to produce a huge amount of hydrogen, with a view to meeting
needs for into the future.

For this purpose, the HTGR should be developed with the goals of a higher output
temperature and a larger sized plant.

(3) It should have cost competitiveness with other types of power supply plant.
Therefore, the cost reduction effort must always be considered in each
development stage of the HIGR.

(4) It should be equipped with innovative technologies that will meet the diverse
requirements of 21st century.

2.3 The HTGR Commercialization Scenario proposed by MHI. _

The final target of HTGR development is focused on two systems: a hydrogen

production HTGR and a coal gasification HIGR.

{1) Development Approach
At present, an HITR is under construction and we expect to apply most of the
basic technologies of the HTTR to the HTGR plant of next stage.

We believe operation of the reactor system in a demonstration plant will be

necessary before construction of commercial HTGRs. This scenario differs from the

approach of FBR commercialization, in which a prototype reactor should be

constructed.
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F1ig.1.  Proposed Development Scenario for the HIGR Commercialization

Generally, HTGR outlet power is limited by many restrictions, and therefore large
scale explanation of technologies should not be necessary, as it is with the FBR.
Fig-1 Shows the proposed approach for HTGR commercialization.

This sceﬁério consists of three stages. In the first stage, we should demonstrate
the technologies of the reactor system in which a large sized core and high
performance fuels will be designed. The basic design concept of the demonstrated
reactor system should be close to that of the commercial reactor system. Therefore,
in the commercial stage, this design concept should prove to be cost competitive
with FBRs and LWRs . With this background we propose that the HIGR demonstration
plant should be an electric power plant using a conventional steam turbine system
for the following reasons.

Since many of the technologies have been developed in the HTTR, the construction
time should not be lengthy.

The total investment for the demonstration HTGR should be minimized and recoverable

as soon as possible. It is presently expected that funding for the construction
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will be supported by the nuclear power utilities, therefore, the economics of the
construction cost will be considered to be the most important issue.

We will improve the performance of the plant by coupling it with a gas turbine
system in the next stage.

In the second stage, several HIGR plants will be constructed to demonstrate the
feasibility of various nuclear heat application systems, which will be developed
independently. The typical nuclear heat application systems that should be
demonstraied in this stage are a hydrogen production system using SOSE (Solid Oxide
Steam Electrolysis) and a coal gasification system.

In the third stage, the several types of commercial HTGR will be constructed,
coupled with an optimized heat application system whose basic concepts will have
been demonstrated in the previous stages. The candidates for the commercial HTGR are
a coal gasification HTGR and a gas turbine electric supply HIGR. H; production will
be a key issue having a potential to change an energy utilizing condition in human
society from a fossil fuel to a H: fuel in far future. The use of a coal energy will
widen because of a shortage of other fossil fuel like a petroleum and a LNG.
However the coal fire releases a huge number of C0., the gasification technology
will expected to convert a clean energy. The gas turbine electric supply by HIGR is
also an essential technology due to it's safety characteristics, high efficiency

and economics.

3. HIGR plant conceptual design study
In the HTGR development scenario, MHI proposes that an HIGR electric power supply
plant will be most advantageous kind of plant to demonstrate HIGR. One of the
greatest concerns about an HTGR plant is its economic characteristics; in
_particular, the busbar cost should be competitive with that of the LWR. From an
economic perspective, it is known that a large sized plant is advantageous. To
investigate the potential improvement of HTGR economics, a feasibility study was
conducted for an HIGR of twice the power module of earlier systems.
To investigate the economic characteristics, a preliminary design for a very small

sized HTGR was also studied.
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3.1 Large sized HTGR plant design study. [1]

(1)

Reactor design

To determine the maximum reactor power that, given the limits of the decay heat

removal system, would result in acceptable fuel temperatures under accident

conditions, we studied the feasibility of a core with the following design

conditions.

1) Reactor vessel outer diameter is about 9.0 meter (maximum).

2) ZrC used as the coated fuel material with superior capacity for holding
fission products.

3) Peak fuel temperatures during accidents limited to below 1800°C.

4) The control rod material uses a C/C composite.

Fig-2 shows a cross section of reactor pressure vessel, and Fig-3 shows a cross

section of the core.

Table. 1 shows the main specifications of the large sized HTGR plant.

Plant design

To improve the economic performance, we studied the feasibility of a plant

having the following design conditions.

1) Coolant outlet temperature of 850°C (maximum) to permit adoption of a gas
turbine cycle in the future

2) A single cooling system per reactor

3) Steam generator and reheater co-located within the same vessel and arranged
side-by-side. This means that this vessel is connected to the reactor vessel
by a cross duct.

4) Steam turbine cycle for the generation of electric power.

Fig-4 shows a flow diagram of this plant.

3.2 Features of a small sized HTGR plant

Clearly, a small sized HIGR plant has an economic disadvantage; however, it has the

following potential advantages as well.

« Further inherent safety characteristics

+ Long term burning

« Eeay transportation with total plant system
+ Reduced total investment
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Fig.2. Reactor Pressure Vessel F1i9.3. Core Cross Section
Table. 1. Specification of Large-sized HIGR
1. Reactor
Thermal power 1150 MWt
Reactor vessel OD 9.05m
Active core configuration Annular
Effective active core diameter 3.62m/6.17m
Effective active core height 9.52m
Average power density 6.3 MW/m®
2. Primary cooling system
Coolant outlet/inlet temperature 850°C / 490°C
Coolant inlet pressure 72 ata
Coolant flow rate 2214 ton/h
3. Fuel
Type uco
U enrichment 19.8%
Average fuel bumup 131000 MWD/MTU
4. Steam generator
Heat-transfer pipe Helical coil type low-fin tube
Qutside tube fluid Primary helium gas
(infet/outlet temp.) (795°C / 490°C)
Inside tube fluid Pressurized water (superheat steam)
{(inlevoutiet temp.) (281°C / 538°C)
Exchange calory 875 Mwit
5. Reheater
Heat-transfer pipe Helical coil type low-fin tube
Outside tube fluid Primary helium gas
(inlet/outlet temp.) (850°C / 795°C)
Inside tube fluid Superheat steam
(inlet/outlet temp.) (338°C / 538°C)
Exchange calory 175 MWt
6. Steam Turbine
Type Reheat extraction condensatre turbine
Power 536.6 MWe
Steam condition 170 ata, 538°C / 40.6 ata, 538°C
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Fig.5. Flaw Diagram of the Smill Sized HTGR

Therefore, this type of HTGR is expected to have large marketability in the Asian
area. [6] We sketched a plant concept to investigate its economics. Fig-5 shows a
flow diagram.

3.3 Compérison of economic characteristics

We estimated the unit power cost for three HTGR plants having different outlet
powers. Table. 1 shows the results of the relative cost comparison of these plants.
These results indicate that the large-sized HTGR plant has an attractive cost
potential and is cost competitive with LWRs: and that the small-sized HTGR plant is
expensive, but its cost is only 15% higher than that of the Modular HIGR (200MWe).

Table. 1. Cost Comparison

Small Szed HTGA | Modulor HTGR | Large Sized HTGR
(MWe) 50 MWe 200 MWe 500 MWe
{(MwW1) 125 MWt S00 Mwi 1150 Mwt
Total Capial Cost a0 100 210
Unit Cast 130 100 80
Busbar Cost 1s 100 9
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4. Conceptual design study of nuclear plant application systems

In the commercialization scenario described in a Chapter 1, it is recognized that
hydrogen is expected to be the ultimate energy source for human society. We have to
develop the diverse technologies required to meet needs in far future, especially
through the application of nuclear heat from the HIGR. This chapter summarizes the
results of studies on the technologies of the gas turbine, coal gasification and
methanol production as such application systems.

The goals of these studies were as follows.

(1) Investigation of the characteristics of the basic system

(2) Improvement of the particular characteristics of the HIGR

(3) Optimization of the nuclear heat application system

(4) Creation of an innovative concept for this system

4.1 Study of the HIGR power plant (2]

As the electric power system, we considered three different methods of generation:
a gas turbine, a steam turbine and a combined system.

In this study, we surveyed plant efficiency and the principal design parameters
based on the following conditions.

Reactor power: 450MiWt

Qutlet temperature: 850 °C

For the steam turbine system, the maximum plant efficiency was about 42%.

For the gas turbine system, we obtained a maximum plant efficiency of 44% under the
design parameters listed in Tablell. Fig-6 shows how the plant efficiencies change
in relation to the pressure ratio between inlet pressure into turbine and outlet
pressure from turbine. The combined cycle power plant was expected to produce the
maximum efficiency among three systems. In this study, we optimized the power
distribution between gas turbine and steam turbine, and studied the maximum plant
efficiency of about 46%. Fig-7 shows the flow diagram of this combined cycle power

plant.
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Toble. M. Optimized Design Parameters of Gas Turbine

turbine adiabatic efficiency 92%
compressor adiabatic 89%
efficiency

recuperator effectiveness 95%
generator efficiency 98%
pressure drop raio 6%

The main results of this study were summarized as followings.

(1) As a nuclear power plant system attached with the HTGR, we studied basic
characteristics from the view point of improvement of the plant efficiency.

(2) The haximum plant efficiency condition and design parameters were investigated.

(3) The plant efficiency will be evaluated from 42% to 46% among three power plant
and the combined cycle power plant has a highest potential to improve the

plant efficiency.
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4.2 Study on nuclear power cogeneration system using gas turbine system [3]

One of the most attractive point about the HTGR is considered the heat source from
nuclear energy has a wide temperature range to be used compared with the LWRs.

This means the HIGR has a high potential to widen an overall thermal efficiency.
From this view point, we evaluated an overall thermal efficiency with changing a
temperature levels produced with a gas turbine as the heat application system.
First, we selected four typical HIGR gas turbine systems. These were a direct and
regenerative cycle; a direct, regenerative and inter cooling cycle; an indirect,
regenerative and inter-cooling cycle; and an indirect, rehearing, regenerative and
inter-cooling cycle. The flow diagram for each one is shown in Fig-8.

Other design parameters were set in common, as listed in Table IV.

In this study, we first sketched HTGR cogeneration systems in which a different
temperature heat exchanger was equipped for each gas turbine system. We investigated
in detail, the overall thermal efficiency by changing the inlet temperature of the
heat exchanger from 800 °C to 100°C im 100°C steps. Fig-9 shows the typical flow
diagram of HIGR cogeneration system for the direct and regenerative gas turbine
system. Fig-10 shows the results of the overall efficiency for each gas turbine

HTGR, with cogeneration systems adopted to the differing temperature ranges.
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Table.IV. Basic Parameters of Cogeneration HIGR

Reacter power . 450 MWt
Cove outlet temp. . 850°C
Compressor inlet temp. : 35°C
Turbine inlet pressure : 60 ata
92%
Compressor efficiency : 88%
Mechanical loss 1 25%
Heat Loss 1 1.0%
Heat exchanger efficiency 1 95%
Generation efficiency : 98%

From these results, we concluded the following.
The maximum overall efficiency is over 70% for the direct gas-turbine as the

cogeneration system in the temperature range below 100°C.

4.3 Study on a methanol production system [4]

From the perspective of wider application of nuclear heat from the HIGR plant and
conservation of fossil fuels, it is recognized that technology for reforming coal
resources to a clean new energy source is essential in the future. Therefore we
examined the concept of a methanol production plant and its main characteristics.
Methanol is expected to provide an alternative to petroleum because of its high

performance in limiting emission of CO:.
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Flaw Diagram of Methanol Production System

Table.V. Evaluation of Design Characteristics

System (1) System (2}
Partral oxidation Steam gasification
+ +
S0SE Steam reforming
Economical aspect A 8
(Nethanol cost) ¥54 3/kg tn 2025 ¥60 8/kg 1n 2025
Environmenta! aspect A B
(CO, emission rate) 1 37kg CO,/kg Methanol 1 42kg CO,/kz Nethanol
Utilization factor of energy B 8
(Methano! conversion ratio) 135% 115%
(Utif1zatton factor of nuclear heat) 17% 8%
(Utilizatron factor of source carbon) 95% 92%
(Ut11122t10n factor of total energy) 9% 67%
(Utrl12zat1on factor of waste heat) 4% 16%
Operation flexibrlsty A [+

this system can supply
elsctricity by installing
largs hydrogen tank

Capacity of electricity
production ts smail

Relative difficuity of development

B8

C

Under the development by
pilot plant

Devalopment of fluidized-bed
reactor for steam gasification
of coal s difficult

Waste heat utiiization

B

This system can be coupied
to snother process

This system can be coupied
to another process

A :Excellent

B : Good

C : Not recommend
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In this study, two promising methanol production systems were proposed and their
features compared. First, we reviewed the methodology of coal gasification and
hydrogen production and compared several candidates. Fig-11 shows the flow diagram
of above two systems in combination with the HTGR. One candidate is composed of a
CH. reformer and the steam gasification of coal and the other is composed of an
SOSE and partial oxidation coal gasification. Table. V shows the results of
comparing the two systems from several points view. We also investigated methanol

production systems, their characteristics and the technical solution they required.

4.4 A new electric energy storage plant using an HTGR as the heat source for
methanol production [5]
This total plant concept consists of an HIGR, chemical reactors and power systems.
Fig-12 shows its schematic flow diagram. The HIGR supplies high temperature heat to
the SOSE, where hydrogen is produced from the steam and electric power at night.
Hydrogen and coal introduced from a coal gasification system are combined in a
chemical reactor to produce methanol. After the electric power is converted to
methanol, the methanol is used as the fuel for the power plant. This can contribute
to supplying additional electric power for to the peak load during the day.
The items studied are as follows.
1) Plant systems and component design
2) HIGR-SOSE operability, including procedures for switching between day and night
operation
3) Plant layout of the systems and main components
4) Product cost evaluation
The results of this conceptual design study are as follows.
1) The total plant system was designed with the capacities listed below.
HTGR plant rating: 450MWt
Methanol production plant: 393tons/h
Methanol storage capacity: 83500 nf
Methanol-fired power plants: 2650MWt
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F1ig.13. Comarison of Products Cost

HTGR plant operation was determined as follows.

Nighttime HTGR plant operation: 10 hours for H. production

Daytime HIGR plant operation: 9 hours for electric generation

The results of cost evaluation estimates that the cost of electric regeneration
is approximately 20% less than that of a pumped storage system. It even has a
cost advantage in hydrogen production at present marker prices due to its higher
purity. Fig-12 shows a comparison of regeneration cost estimation for the

regeneration system in this study and a pumped storage system.
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In conclusion, a new type of electricity storage system that adapts HTGR was

developed, and its feasibility and cost advantages were clarified.

5. Conclusion

In this paper, we introduced part of the results of our studies on the HIGR, which
have been conducted jointly with the Japan Atomic Energy Institute, Tokyo Electric
Company Ltd., and General Atomic.

We are now studying HTGR development with a long-term view toward its
commercialization. The greatest concern we are now facing is establishing a
framework for the development plan of a post HTTR as a Japanese national project. We
must make our best efforts to realize such a plan because we believe HIGR is one of
the most promising ways to solve the energy problem while protecting the worldwide

environment.
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HTR-10 SEVERE ACCIDENT MANAGEMENT XA9846673

YUANHUI XU, YULIANG SUN
Institute of Nuclear Energy Technology,
Beijing, China

Abstract

The High Temperature Gas-cooled Reactor (HTR-10) is under construction at the Institute
of Nuclear Energy Technology site northwest of Beijing. This 10 MW thermal plant
utilizes a pebble bed high temperature gas cooled reactor for a large range of applications
such as electricity generation, steam and district heat generation, gas turbine and steam
turbine combined cycle and process heat for methane reforming. The HTR-10 is the first
high temperature gas cooled reactor to be licensed in China. This paper describes the
safety characteristics and design criteria for the HTR-10 as well as the accident
management and analysis required for the licensing process.

1. INTRODUCTION

The 10MW High Temperature Gas-cooled Reactor (termed HTR-10) is a
pebble bed type high temperature gas-cooled reactor with 1TOMW thermal
power output for a wide range of possible application for e.g. electricity, steam
and district heat generation, gas turbine and steam turbine combined cycle as
well as process heat generation for methane reforming. It is located on the site
of Institute of Nuclear Energy Technology of Tsinghua University (INET) in the
northwest suburb of Beijing, about 40km away from the city. On the area of
INET, there already exist a swimming pool experimental reactor and a SMW
nuclear heating reactor. The HTR-10 is under construction and it is expected to
reach critical in 1999.

The main basic design features of the HTR-10 are derived from the HTR-
Module, Germany. Due to the relatively small size and corresponding small
power output of the HTR-10 it has own design features from safety point of
view. In summarize it is much safer than the HTR-Module and therefore the
auxiliary systems are more simpie.

In this paper the HTR-10 safety design criteria and safety characteristics
were presented. The accident analysis were described and accident
management as well as corresponding measures were introduced.

2. SAFETY DESIGN CRITERIA

The following safety design criteria for the HTR-10 were set up, taking into
account the inherent safety characteristics of a HTR-Modular and design
requirements as an experimental reactor.

e The reactivity temperature coefficient shall be negative at any operation
condition.
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e Coated fuel particles (CPs) shall not fail during normal operation and
anticipated operational occurrences. That is, at any accident event the
maximum fuel temperature shall not exceed 1600 °C .

e The means for shutting down the reactor shall consist of two diverse
systems. Main system shall perform its function assuming a single failure and
shall be, on its own, capable of quickly rendering the reactor subcritical by
an adequate margin from operation and accident condition. Meanwhile
reserved shutdown system shall perform its function without assumption of a
single failure and shall be, on its own, capable of quickly rendering the
reactor subcritical by an adequate margin from operation and accident
condition.

¢ A severe accident resulting from control rods ejection must be avoided at any
condition.

e The lines connected to the reactor coolant pressure boundary shall be fitted
with the isolation valve in principle. It shall be designed to ensure that the
maximum rupture area at any line should not be larger than pipe area with
equivalent diameter of 65 mm.

e The pressure resisting and heat resisting functions of the structure, where
high pressure and high temperature coolant is contained, are separated to
reduce mechanical loads on high temperature metal structure.

e The passive residual heat remove system shall be to transfer fission
production decay heat and other residual heat from the reactor core at a rate
such that prescribed fuel design limits and design condition of the pressure
vessel are not exceeded.

3. DESIGN FEATURES

Technical design of the HTR-10 represents the features of HTR-Module
HTGR design. The cross section of the HTR-10 primary circuit is shown in Fig.1.

The helium at the temperature of 250 °C enters the main circulator and
is pressured, then flows into the outer coaxial pipe of the hot gas duct and
enters borings in the side reflector, and flows through these from the bottom
to the top. The cold gas directly enters reactor core and is heated up to a
temperature of 700 °C while flowing through the pebble bed from the top to the
bottom. An effective mixing of the hot helium gas is attained by the geometrical
design of the bottom reflector in order to make uniform temperature
distribution. Then helium flows through the center tube of the hot gas duct and
enters steam generator. The heat is transferred to water in secondary circuit
while the helium temperature is cooled down to 250 °C. The HTR-10 main
design parameters are listed in Table 1.

The important technical features of the HTR-10 are as follow:

e Using spherical fuel elements, which are formed with coated particles.

e Reactor core design ensures that the maxim fuel element temperature of
1600 °C cannot be exceeded in any accident

e The reactor core and the steam generator are housed in two separate steel
pressure vessels. They are connected by the hot gas duct pressure vessel
and arranged side by side.
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FIG 1. The Cross Section of the HTR-10 Primary Circuit
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Table 1 HTR-10 Main Design Parameters
Reactor thermal power MW 10
Active core volume m® 5
Average power density MwW/m® 2
Primary helium pressure MPa 3
Helium inlet temperature °C 250/ 300
Helium outlet temperature °C 700 / 900
Helium mass flow rate kg/s 4.3/3.2
Fuel Uuo2
U-235 enrichment of fresh fuel elements % 17
Diameter of spherical fuel elements mm 60
Number of spherical fuel elements 27,000
Refueling mode multi-pass,

continuously

Average discharge burnup MWd/t 80,000
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Active core cooling system is not required for residual heat removal in case
of accident. Residual heat can be dissipated by means of passive heat
transfer mechanism to surrounding atmosphere.

The reactor core is entirely constructed by graphite materials, no metallic
component are used in the region of the core.

The two reactor shut down systems, i.e. the ten control rods and seven
small absorber ball systems, are all positioned in the side reflector. They can
drop into borings by means of gravity. In-core control rods are not needed.
Spherical fuel elements go through the reactor core in a “multi-pass” pattern.
Thus all fuel elements attain a relatively uniform burn-up distribution in the
core. Fuel pebbles are continuously discharged via a pneumatic pulse single-
exit gate (or better called “reducer”) which is placed inside the reactor
pressure vessel

The integrated steam generator and intermediate heat exchanger (IHX) are
designed. The steam generator is once through, modular small helical tube
type. The helium circulator is installed in the steam generator pressure vessel
and positioned above the steam generator and the 1HX.

A ventilated primary cavity is designed as a confinement to restrict the
radioactivity release into the environment, it has not the function of gas-tight
and pressure-retaining containment.

¢ The digital reactor protection system is used in the HTR-10.

4.

Use of domestic standard turbine-generator unit in secondary circuit to
provide electrical power.

SAFETY CONSIDERATION

The basic safety features of the HTR-10 include the multi-barriers against

release of radioactivity and the reactor inherent safety.

4.
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1. Multi-barriers against release of radioactivity

Integrity of fuel particle coatings

The HTR-10 uses spherical fuel elements which are formed from many small
TRISO-coated fuel particles. The fuel particles are coated with two high -
density layers of pyrocarbon and one layer of silicon carbide. The silicon
carbide layer is very dense so that no significant quantities of radioactive
gaseous or metallic fission products can be released from intact fuel particles
even if their temperature is up to 1600 °C, but the maximum fuel temperature
is far below 1600 °C under all normal operating and accident conditions.
integrity of the primary gas envelope

The primary gas pressure envelope is the second barrier to the release of
radioactive substances. The primary gas envelope of the HTR-10 is
composed of reactor pressure vessel, steam generator pressure vessel and
hot gas duct pressure vessel. These pressure vessels will be cooled by cold
helium flow and kept in low operating temperature. The components of the
pressure vessel unit are designed in such a way that the possibility of
through-wall cracks can be ruled out.



¢ Confinement function of primary cavity:
The reactor pressure vessel, the steam generator pressure vessel and the hot
gas duct pressure vessel are positioned inside primary cavity. When the
postulated event of unisolatable piping break happens, the radioactivity
substances in the primary coolant and portion of the activity deposited on
the surface of the primary system are released into the primary closed cavity.
Afterwards, primary gas which carries radioactivity will be exhausted into the
environment pass-through the vent stack. Under normal operating condition,
the sub-atmospheric pressure of primary cavity can prevent leakage of
radioactive gas into the reactor building.

4.2. Passive removal of reactor residual heat
Residual heat after reactor shutdown can be removed from the core to
surrounding graphite structures and components and up to residual heat
removal system in the primary cavity through convection and radiation. There
are no any active components in this system. Heat can be dissipated through
the air coolers to final heat sink-atmosphere.

4.3. Negative reactivity temperature coefficient
The HTR-10 has negative reactivity temperature coefficient for both fuel and
moderator of about 8.8x10°/K and during normal operation the fuel
temperature is 700 K far from allowable maximum temperature. Therefore
about 5x107? reactivity compensation can be provided by negative reactivity
temperature coefficient. It can offset reactivity increase at accidents of water
ingress and control rods withdrawal.

5. ACCIDENT CLASSIFICATION CRITERIA

The spectrum of accident events are identified in accordance with their
best-estimate frequency of occurrence and its consequence. In the HTR-10 they
are divided into five categories: normal operation states (category 1),
anticipated operational occurrences {(or middle frequency accidents- category
2), rare accidents (category 3), limited accidents (category 4) and severe
accidents (category b5).

At rare accidents and limited accidents the reactor should be maintained at
subcritical condition even if the reactor could not operated in short period as
well as the capacity of residual heat remove should be kept and maximum fuel
temperature should not exceed 1200 °C. At rare accidents the exposure level
for any individua!l outside the HTR-10 siting due to release of radioactivity shall
be less than 1 mSv for whole body dose and 10 mSv for thyroid dose. At
limited accident the exposure level for any individual outside the HTR-10 siting
due to release of radioactivity shall be less than 5 mSv for whole body dose
and 50 mSv for thyroid dose.

At serious accidents the exposure level for any individual outside the HTR-

10 siting due to release of radioactivity shall be the same as one at limited
accidents. The difference is that at serious accidents reactor mechanical
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integrity would not taken into consideration and only the exposure level for any
individual outside the HTR-10 siting due to release of radioactivity are
estimated.

6. DESIGN BASIS ACCIDENTS

The design basis accidents (DBA) are classified into several groups. There
are: increase of heat removal capacity in primary circuit, decrease of heat
removal capacity in primary circuit, abnormality of reactivity and power
distribution, rupture of primary pressure boundary tubes and anticipated
transients without scram (ATWS). The analysis results for above mentioned
accidents are shown as follow:

At the accident of loss of the heat sink the maximum fuel temperature is
about 868 °C and the primary pressure change is very small. Therefore it is no
need to use additional measure except stopping the helium blower and inserting
control rods by the means of the reactor protection initiated by signals of the
ratio of primary flow to secondary flow, the helium inlet temperature raise and
the rate of neutron flux decrease.

During the accident of abnormal reactivity and power distribution it is
assumed that the maximum reactivity increase with one control rod withdrawal
is 1.83% at the rate of 1 cm/s within the moving internal of 2.2m. The
maximum power rate would be 2.7 times higher than normal power rate and
the maximum fuel temperature is 925 °C. It is still no need to take additional
measure.

At the accident of the rupture of primary boundary tube the tube rupture in
the fuel handling system with diameter of 65mm is the most severe accident
due to appropriate design. With the signals of the ratio of primary flow to
secondary flow and primary pressure decrease rate the reactor should be
shutdown and the helium blower should be stopped. However due to rapid
release of the helium the reactor cavity pressure would be raised up 0.11MPa
within few seconds and the helium would be released into the surrounding
environment. Low radioactivity of the helium at normal operation will not much
effect the radioactivity level at the siting surrounding. In about three minutes
the primary pressure is equal to the reactor cavity pressure and the decay heat
is mainly dispatched by heat conduction and radiation as the natural convection
effect is very weak. Although the generated heat is higher than the heat
removed capacity at first few hours, the core temperature raise is very small
due to large heat capacity, that is the maximum fuel temperature is about 874
°C . It is much lower than safety limited temperature and the fuel failure would
not be occurred. Meanwhile it is assumed the natural convection flow would be
established and total air in the reactor cavity would be reacted with the core
graphite. In this case the total amount of graphite corrosion is only 4.3 kg and
the maximum corrosion rate of the spherical ball surface is about 323 mol/m?2.
The coated particles are not exposed to air atmosphere and can keep their
integrity.

98



7. BEYOND DESIGN BASIS ACCIDENTS

Beyond design basis accidents mainly include: long-term failure of the
reactor cavity cooling system, simultaneous withdrawal of all control rods at
power operation and at reactor start-up, failure of the helium blower shut-
down, simultaneous rupture of all steam generator tubes and rupture of the hot
gas duct vessel. :

For the accident analysis of failure of the helium blower shut-down it is
assumed that the helium blower could not be stopped due to some reason so
that primary pressure and the temperature of components in the primary circle
would be raised. The primary pressure would be increased to 3.5 MPa in 76
seconds and the helium would be released to the cavity, and then to
surrounding environment via the filter. It has no significant influence on the
surrounding. The temperature of the helium blower would be increased to about
490 °C. As there is no heavy load on the blower material it will not influence on
the reactor safety. The temperature of the steam generator pressure vessel, the
reactor pressure vessel and lower part of metallic internal would be raised to
about 272 °C , 386 °C and 298 °C, respectively. They are lower than the
material allowance operating temperature.

At the accident of simultaneous rupture of all steam generator tubes the
reactor protection system is put into operation by the signal of high humidity.
The initial flow rates in the broken hot and cold legs are 3.4 kg/s and 3.47 kg/s
respectively. Total 102 kg water is pored into the primary circie. The oxidization
corrosion rate and pressure increase is very small and can be negligible.

The accident of rupture of the hot gas duct pressure vessel is the most
severe accident. The reasonable and conservative assumptions are made. That
is the integrity of the reactor core is not taken into consideration at the accident
analysis and the accident duration is only three days as the management
measures are taken to terminate continuous air ingress into the reactor core
within three days. Under above mentioned assumption at the accident of
rupture of the cross duct vessel the helium would be released to the
surrounding without flowing through the filter at beginning of the accident. Due
to low radioactivity at normal operation it will no significant influence on the
surrounding. Then the air will continually ingress into the rector core and react
with the graphite. The total graphite corrosion amount is about 340kg. The
graphite matrix corrosion amount is about 35% of the total graphite corrosion.
Therefore about 0.75% of the coated particles are exposed and small amount
radioactive material would be released to the surrounding. The exposure level
for any individual outside the HTR-10 siting due to release of radioactivity is
0.36mSv for whole body dose and 1.75mSv for thyroid dose. They are much
lower than specified dose limit. The fuel elements temperature is about 890 °C.

At the accident of ATWS initiated by depressurization and long-term failure
of the reactor cavity cooling system the reactor can be automatically shut down
by the means of the negative reactivity temperature coefficient. The
temperature of fuel elements and the reactor pressure vessel are only 898 °C
and 250 °C, respectively.
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8. CONCLUSION

Due to the HTR-10’ inherent safety features except the severe accident no
management measures have to be taken. It is only in the case of hot gas duct
pressure vessel failure that management measures are needed to terminate
continuous air ingress into the reactor core.
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Abstract

On the view point the most important for the HTGR development promotion now
in Japan is to have people know about HTGR, the Research Association of HTGR
Plants(RAHP) has paid the best efforts for making an appealing report for the
past two years .

The outline of the report is described with an introduction of some basic
experiments done on the passive decay heat removal as ome of the activities

carried out in a memmber of the association.

1. Introduction

RAHP, the only private organization studying the HTGR developments in Japan,
consisting of universities, utilities and venders has been widely investigating
and vwatching the HTGR technologies as well as the commercialization aspects
in the wvorld since 1985. THe association was reorganized recently in the
framevork of the comittees under the Institute of Applied Energy (IAE of Japan),
but has kept same activities on the HTGR as before.

On the understsnding of the technical advantages and the importance of intro-
ducing the HTGR into the energy world through the studies, and from the view
point that the most important at this stage now in Japan is to have people
knov the HTGR, the association has paid best efforts for the past two years
for making an appealing report, especially expressed as concisely and plainly
as possible for the HTGR technologies and the meanings of its introduction.

The outline and intention to be used of the report is described belovw , with
an introduction of some basic experiments on the passive decay heat removal
wvhich is one of the key issues of the system done in Tokai University, as an

example of activities of a memmber of the Association.
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2. Report appealig HTGR support

2.1 Intention of the paper
The paper is made up under the subjects of ;
0 What is HTGR ?
0 VWhy HTGR now ?
0 Hov to be developed ?

In the opening page the intention of the paper is expressed. The paper is
aimed for the support of the people by clearly showing our own understandings
through the studies on the HTGR not only for the people in the fields concerned
but also in the fields of the executives of beaurocracies, industries and uni-
versities and also for the young people who will be responsible in the next
generation.

The report consists of three chapters. In the Ist chapter are explained the
terms used for the HTGR and the various concepts of the HTGRs such as fuel and
core or the pover supply plants and heat supply plants, etc. In the 2nd chapter,
the main part of the paper , is described the outline of the developments of
HTGR in which the merits and the attractive featurs of the HTGR are stressed.

In the 3rd chapter are described the summary and proposals.

2.2 The outline of the HTGR developments

In the 2nd chapter, the main part of the this document, the outline of the
HTGR developments is described under the subtitles of ;

0 ¥hy HTGR now ?

the reason, backgroud, stand points, direction or needs

What kinds of applications possible 7
The sizes of the plants considered.
What siting possible ?

FWhat schedules or milestones for the developments of the HTGRs desireble ?

o O o O O

The technologies status obtained so far.
The present technology levels on the HTGRs obtained
so far both in Japan and foreign countries for the
further developments of the HTGR in applications.

0 What problems or subjects to be overcome ?

102



0 The econorics of the HTGRs considered and possible ?

0 The circumstances and situations in the HTGR developments.

AS for the first theme, “¥Why HTGR now ?” , the paper appeals the reason why,

stressing that ;

(1) HTGR can wutilize the nuclear energy in much larger scopes and at much

higher efficiencies. :

0 VWider utilizations of nuclear energy more than electricity.

The HTGR can expand the nuclear energy use to the other energy

regions, e.g., to the transportation energy by producing hydrogen

or methanole.
0 Pover Generation at much higer efficiency;
0 Steam turbine generation 40 %

o Gas turbine generation 50 %

o Possibility of heat utilization at much higher efficiency by cascade

using

(2) HTGR can make the urban siting possible near to the place of the demands

by its inherent safety characteristics of the modular HTGRs. :
0 The basic features of the modular HTGRs;
o The specific features of the coated particle fuel
FP release free even to 1600°C
Melt down free
0 Helium gas cooling
No phase change
No reactibity change in consequence
o Large graphite (ceramic) core
Very slow transients in accidents
" ( by the huge heat capacity of the core )
No core meltdown
0 Highly achieved inherent safety features in the accidents;
0 Reacter shutdown features
Not actively shutting down, but passively stopping itself
( by big negative temp. coeff. on the very

large temp. rise allowance in the core )
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o Decay heat removal features;

Not actively cooling, but passively getting cold itseif

The core temperture limitted below 1600°C at any cases

o Confinment of FPs;

Through the above two inherent charactristics built in the
core, the FPs are all confined in the coated particle fuels

in the worst, highly hypothetical accidents.

As for the 2nd theme, “What kinds of applications possible ?” , the scopes to

be expected or desired are illustrated as shown in the figure 1.

Besides the above, 1in the rest of the articles are explained the unique

features of the HTGR such as ;

o

The flexibility in plant constructions owing to the multi-module plant,
selecting to construct the modules by turns.

And thus reducing the capital burden and avoiding the capital risks.
Imposing less burden to the operators with little possibility to invite
vital accidents by mis-handling.

Actual and proven technologies through the long experiences of con-
structions and operations to the scale as large as the demonstration
reactor plants.

Efficient utilization of the nuclear fuel by higher burn up

Flexibility of the fuel cycle so as to enable to use uranium, pluto-
nium and thorium in the same reactor core.

Unique capability of coated particle fuels for the efficient plutonium

burning.

In the 3rd chapter, the paper concludes as the words
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that the HTGR can greately contribute to the energy and enbironmental

problems on the earth with its capability of the inherent safety, the

unique ability in the thermal use of the nuclear energy by its high

temperature and the flexibility of the fuel cycle, etc.,

and that the HTGR is of actual technologies with the long experiences

in constructions and operations even to the scale of the demonstration

reactor plants,
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o and that it keeps the higher possibilities to itself by using together
vith gas turbine systeas,

o therefore, promoting the HTGR technology developments, making up the
actual scenario to the stage of the practical use , incorporating the
“HTGR development” into the national energy strategies and the actually

constructiong a demonstration plants are desirable.

3. Basic experiments on the passive decay heat removal

3.1 The background

In Tokai Universiity, we have carried out basic experiments on the passive
decay heat removal, one of the key issues of the modular HTGR, with subsidies
from three member companies of RAHP, in the form of joint study or consigned
study.

¥e have two themes on the experimental studies, one of which is the investi-
gation of the air flow behaviors on the natural air draft strengthened by the
the chimny effects and another is the studies on the possibilities of the
attractive applications of the separated heat pipe systems both for the passive
decay heat removal on the reactors.

These studies have been done together with the objects for the graduate stud-
ies of the graduate students. Therefore the studies are very basic and done by
the small handmade devices mainly made by the students themselves, though, very
interesting findings have been obtained so far. These results are thought to
be suggesitive on desiging the actual systems or on planning larger scale
experiments for the actual systems.

¥e would like to invite the discussions on them by showing the experimental

resuls of these studies as below.

3.2 The abnormal flow phenomenon taking place on the natural air draft

heat removal system experiments

Recently there has been a strong tendancy for advanced reactors to rely on
the passive heat removal by means of natural air draft strengthened by chimny

effects for the ultimate purpose of rejecting decay heat to the environment
seen in the modular HTGR(MHTGR), modular LMR(PRISM) and advanced LWR(AP-600).
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Basic experiments was intended with intention of identifying the flo¥ behav-
iors in the various vind conditions including typhoon and accidents such as
partial blockage of the air fiow pathes, etc. Abnormal flow occurence was
taken place during one of the experiments.

Experimental apparatas was made with focus on the Reactor Cavity Cooling
System (RCCS) of the MHTGR, the conceptial design of which is shown in Fig. 2.
Decay heat is transfered to the cooling pannel provided arroud the uninsulated
reactor pressure vessel and then transported and rejected to atomosphere by
buoyancy-driven natural circulation of outside air through the cooling pannel,
plenum, stacks and finally to the ultimate heat sink of the environment. For
the actual design, recutanguiar outlet ducts are routed inside the inlet ducts
as shown in the fig. 3. The outlet ducts are insulated to reduce regenerative
heating of the inlet air. Multiple stacks must be provided redundantly as the
safety components by a redundancy principle in nuclear plants.

A cupper pipe 160mz in diameter and 450mm long lined with the seathed heater
inside was used as the simulated heated wall. A side wall to keep air gap
arround the heated wall was connected with upper pienuan upon which two pipes
100sm in diameter and 1000ma high vere set, thus making a mock test device to

simulate the fliow functions as shown in Fig. 4.
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Photo.1 Normal flow
(Both stacks discharging)

Photo.2 Abnormal flow
(One stack discharging
/another stack inhaling)

Photo.3 Returned to the normal flow
(The flow returns to the normal flow
when the flow resistaces are added
on the extis of the both stacks)

Fig.4 The air {low behviors at the exits of the stacks
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The abnormal flow occurence was taken place when the annular gap was varied
from 15am to 10mm in the experiment demonstrating the optimum gap width for the
effective cooling of the heated wall by showing agreement between the analysis
and the experiments. Befor reducing the channel gap to 10mm stacks air vas
equally breathing out on both the stacks as shown in Photo.1 of Fig.4, vhere
the air flow is visualized by smoke of incense sticks. However, at the moment
the gap was changed to 10mm, on one side of the stacks air flow began to be
reversed to suction side, as shown in Photo.2. But under this condition, if
being added flow resistance on both the stacks by reducing the flow area the
flow pattern retuned to the original as shown in Photo.3. This behavior was of
strongly repeating characteristics.

After observing the possibility of the abnormal flow occurence of the natural
air draft, the aim of experiment was shifted to clarifying the causes and iden-
tifying the conditions to avoid the abnormal phenomenon, as it was thought to
be very inherent and important to these systems.

Based on the experimental resuits that the inlet gate flow resistance causes
the same effect with the frictional resistance of the cooling channel on the

abnormal flow occurence, the experimental apparatus was changed to have an
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" Ai : Inlet air flow arca at the botlom of the channel _|
I_ Ao : Outlet air flow arca at the cxit of the stacks |
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Fig.5 The comparison of the experimental results with the analysis
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inlet gate to adjust the inlet flov resistance by changing the air intake area
vith the gap fixed at 20mm in width. The flov behaviors were examined on the
various combinations of the inlet flov resistance with the exit flow resistance
on the stacks. The abnormal flow occurence was taken place at the intake flov
area of about 30 % of the cooling channel flov area (Fig.5), and was recovered
by adding same measures of flow restriction on the stacks after the tranmsient.

On comparisons of the experimental results with the analyses for the various
combinations of the inlet and outlet flow resistances, it was concluded that
the abnormal flow arised on the experimental apparatus when the conditions of
the flov was as shown in Fig.5,

ﬁo < ﬁs
vhere Mo is the mass flov rate calculated for all the path through from the
inlet gate to the exit of the stacks and Ms is the mass flow rate evaluated
for the chimny effect caused by only the stacks.
In the subsequent experiments, however , on the experiments wmodified with

four stacks instead of two stacks, it was proved Eq. (1) are not always met.
For that reson the heat leakages along the heated air paths are doubted, being

studied nov with some modifications on the the experimental apparatus.

( Conclusion )

In applications of the natural air draft enhanced by chimny effect for the
passive decay heat removal systems, it is advisable for avoiding the abnormal
flow phenomenon that

1) The air flov resistance in the inlet side (up-stream )to the heated section
should be as low as possible compared with the exit side (down-stream) of
the stream

2) The heat leakages along the air fiow paths are douted to have big relations

vith the abnormal flow occurence ,and so should be carefully considered.

3.3 Studies on the possibilities of the attractive applications of

the separated heat pipe system for the passive decay heat removal systems

(Experimental purpose)
Experiments on the separated heat pipe system enclosing non condensible gas,

”

conception of which originates from so called “variable conductance heat pipe
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have been carried out with intention of using such system for ihe decay heat
removal of the reactor systems. Basic experiments have been carried out on the
experimental apparatus. The intention of our studies is to investigate the
attractive applications of a separated heat pipe system in place of RCCS for
the passive decay heat removal of such reactors.

The stack system in RCCS in MHTGR( Fig.6 (A))is replaced now by the separated
heat pipe system in this concept as shown in (B). The decay heat in accidents
is received on the cooling panne! and transmitted to the evaporator on the back
of the cooling pannel, evaporating the working liquid and transporting the heat
as in the form of vapor to the condenser in the cooling pond outside the react-
or building. The vapor is then cooled to become liquid and returned back to
the evaporator, thus recirculating in the loop and removing the decay heat
without any active device. The special features of these experiments are to
search for the attractive applications by introduction of the variable conduc-

tance characteristics enclosing non-condensible gas in such systems.

~~Stack ) ! Reactlor
building
{ Scparated ?
1IN\ lleat pipe
systen .
- ‘ 7 G. L COOI\“lg pord
e g bE —— —
0= U VL °. lnsulator : N
=) N e | I 1>,<l
— /: a ' 1 -
e i 1 .= Condenser
' Reactor _[| ,i | .
Resctor &: Cavity t Reactor 1 Cooling pannel
Cooling Pannel Return pipe
}‘ u | Lr- he
(8) The concept of RCCS (B) One concept on applications

Fig.6 Concepts on applications

(Experiments)

There is so called variable conductance heat pipe. This is a heat pipe en-

closing non-condensible gas together with the vworking fluid in ordinary heat

pipes, rendering self-control characteristics in the variable conductance as

shown in Fig. 7.
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The special feature of this study is to try to introduce these functions

into the separated (recirculated)

The apparatus consists of an

and return tube to return the condensed liquid back to the evaporator, as shown

in Fig. 8.

and about im xlm X 2m in size.

ing fiuid and nitrogen gas was enclosed as the non-condensible gas.
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evaporator,

vapor transport tube,

The main parts are made of cupper tubes of about 20mm

in diameter

condenser

¥ater and wmethanole were examined as the work-



The behaviors of the system vere examined for the parametoric changes of the
heat input under the various enclosed gas pressure conditions (including vacuum).
A given pressure of nitrogen gas vas enclosed in the cold state before the run-

ning of each experiment.

The temperature distribution in the condenser tube on the various heat input
vithout enclosing non-condensible gas ( Po=0 MPa) examined for the base of the
comparison is shown in Fig.9. In this case, it is characterized that the system
temperature, i.e., vapor temperature inside the tube is rather lov and the
distribution is flat, and that when the heatinput is increased the temerature
levels are increased corespondingly. It seems that the condensation is done for

the vhole region of the condenser tube.
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Systea temperature Tv ( )

However, if the the non condensible gas is initially enclosed, the situation
is changed drastically as seen in Fig.10, where nitrogen gas vas initially
enclosed by the pressure of 0.014 MPa(about 0.14 ata). The temperature of the
Evaporator side, that is the system temperature, is farely increased while in
the Return tube side the temperature slops down. It seems that in the Return
tube side the most part of the tube is filled with nitrogen gas and the conden-
sation is limitted to the point of the overhanged in the tube, thus limitting
the heat discharge area by condensation to give the system temperature rise.

If the heat input is increased the condensation area is inmcreased by itself,

thus refraining from the temperature rise and clearly showing the self control

Systen temperature Tv('¢)

features.
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Fig. 11 shows the experimental results with the nitrogen gas initially enclos-
ed at 0.2 MPa (2ata). The system temperature grows higher in accordance vith
the increase of non condensible gas pressure enclosed. The data on the system
temperatures in the experiments were arranged in Fig. 12 in the corelation
vith the heat input to the pressures of N> gas initially enclosed.

The comparison of the atained system temperatures with the analyses which vas
solved by characteristic equation taking notice of the the pressure, temperature
and mass of the N> gas enclosd is shown in Fig.13.

One of the results of the same experiments done on methanole as the working

fluid is shown in Fig.14 in which methanole shows the same behaviors but at

somevwhat lower temperature level.
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( Conclusion )

The basic experiments on the separated heat pipe system enclosing non con-
densible gas have been done with intention of searching for the attractive
applications on the passive decay heat removal of the reactors. The results of
the experiments show very clear features of self control characteristics which
suggest the possibilities of the interesting applications for the passive decay
heat removal in reactor system such as modular HTGRs. On both the experiments
and the analysis the mechanism of the system is now clarifid and on that stand
interesting applications are expected, one of which is a possibility to design
a fully passive decay heat removal system which can minimize the heat loss
during the normal operations with maintaining the sufficient heat removal rate

during accidents.
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MANAGEMENT SYSTEM AND POTENTIAL XA9846675
MARKETS FOR A HTR-GT PLANT

G.A K. CROMMELIN
Voorschoten,
Netherlands

Abstract

This article will discuss some aspects which could be helpful to execute a HTR-GT study

successfully:

L

The prefered type of organisation for such a study; in order to achieve a maximum of sup-

port in society and industry, a minimum of through life costing and a maximum of through life
support.

2

The lead time needed for such studies i.e. the design, component testing, prototype testing,

the required efficiency, the type of energy in quantity and quality, financial targets, controlability,
maintainability and reliability.

3.

The potential markets for the nuclear gasturbine driven energy plants in the low power ran-

ge. Analyses of the markets will be explained from the user's point of view on why, when and
how, for what purpose, in which power range, as well as how many units per application would be
required.

Introduction.

From time to time examples are published of products that are carefully designed, tested and

produced with the involvement of scientists, designers and engineers and which turn out to be un-
marketable and become a complete loss. One way to prevent this from happening is to invite po-
tential users, producers and maintainers and inform them about your ideas and thoughts on design,
marketing potential, production matters, financial targets and why you think it is needed. The next
step is a difficult one for scientists, designers and engineers, but listen to these potential users,
producers and maintainers, 1.0.w listen to the market. This well-proven managementsystem is the
only way to prevent disappointment and to create a maximum of support in society, a minimum of
through life costing and a maximum of through life support i.0.w. the market for your product.

In the Netherlands the support for nuclear energy generation is rather slim, so to start a study for a
new nuclear product is a very tense action. We followed this cautious procedure carefully, alt-
hough it is certainly a new and uneasy approach for many of us.

The installation we have in mind.

What did we have in mind? In short a suitable replacement for certain diesel-driven or gas-

turbine-driven applications. An installation consisting of an inherently safe helium cooled pebble-
bed reactor with a thermal power of less than 100 MW, directly coupled to a gasturbine in a clo-
sed cycle system, only using well-proven technologies and management systems. See Appendix 0.
Available for the replacement market around 2010.

Available at a comparable price, based on through life costing and through life support.

Suitable for the markets of :

Combined heat and power applications
Stand-alone heat generation
Stand-alone electricity generation

Ship propulsion
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Driving reasons were not so much the limitation of the amounts of fossil fuels, but the CO2
problem (a major political subject in the Netherlands), the availability of well-proven technologies
and management systems, the integration process of Europe with its free-market aspect and the
ever increasing price of energy production. In addition the time has come to find new challenges
for our youth and to set the next step in the history of energy generation.

For a market analysis it is important to consider:

1.  The kind of user of your installation

2.  The type of installation, i.0.w. Combined Heat and power, stand-alone electricity, stand-alone
heat applications or ship propulsion

3.  The required power range.

1.The kind of user is very important. The main division is:

l.a. The professional user - in other words the utilities. The characteristics of these installations
are customer-built, high level power ranges stand-alone electricity generating plants with an effi-
ciency of 35% or Steamturbine and Gasturbine combination plants (STEG) with an efficiency of
55%.

1.b. The non-professional user - this user needs energy for his industrial process like paper mills,
dairies, breweries amd ship propulsion, in most cases low temperature slightly superheated steam
for processes like drying, brewing and pasteurizing. This kind of process is their speciality and
they hate to be bothered with the when, where and how of their power as long it is reliable, avai-
lable and as cheap as possible. These installations are standardised to a very high degree and are
factory designed, constructed, assembled and tested.

The installation we have in mind is ment for the second kind of user. So we started to talk
to them and to listen to them to fit their usage patterns, procedures, worries, wishes, maintenance
schedules, etc. into our study.

A few points of the users views:

a.  They really want to stay with their core-business.

b.  They like the idea of an organisation which takes care of their energy supply on the basis of
through life costing and through life support.

c.  The installation should be designed on the basis of the American design principle Keep It
Simple and Stupid (KISS).

d. From step one onwards international cooperation should be part of the project.

e.  Users accept testing and trial periods, but the first installation should be a production unit
which is temporanily used as trial and test unit and not the other way around.

f. Well-proven technologies, assembling techniques and components should be used, to
minimize the risks for the user.

g.  The installation must be modest in size and clean. A papermaking industry wants to see
steam clouds from the drying process and not a huge silo containing their energy production
unit.

h.  The through life costing for the new installation must be comparable to the existing plants
for competitive reasons.

1 Financial targets are: a pay-back time of 10 years and an internal return rate of 15%.
Considerable higher targets as the utilities demand. For the Netherlands the costs for CHP
would be less than 5.5 Dutch cents per KWh (3 Dollar cents) and 8 cents per KWH (4.4
Dollar cents) in stand-alone electricity generation applications (at a crude oil price of 16
USD/barrel and an exchange rate of Dutch Guilder/USD - 1.8).
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] The energy generation process must be well controlable, depending on the demand and must
be of constant quality. At the moment many users of CHP have additional firing in the
exhaust boilers to control the quantity and quality of the steam for their industrial process .
For this the nuclear instailation is unsuitable, so a solution has to be found.

k. Prototype testing is very important as proof of safety. Its credibility increases considerably if
the plant is constructed to serve as operational unit after the testing itself has been
completed.

L Although they do not refuse to believe the high availability factors you promise them, they
do not like too high a price and do like to stick to their existing procedures concerning
maintenance, redundancy and flexilibility.

This last paragraph is an important one: an industry using a maximum of 60 MWheat prefers
6 installations of 10 MWheat instead of 2 installations of 30 MWheat or one unit of 60 MWheat.
It produces the required flexibility and redundancy. In practice the investment cost of a fossil fue-
led Combined Heat and Power (CHP) installation is practically independant of the installed power.
(see appendix)
There seems to be no reason why this trend should not be applicable to nuclear installations of
comparable power.

The procedure as described requires extra time, especially when the product, like our HTR-
GT design, is a combination of well-proven technologies. This is logical, a lot of time is needed
before people from different parts of the business community are comfortable with each other's
opinions and capabilities. Only then they are able to get some feeling about the why and how of
the other participants and to extend their support into their industry and their part of society.

The growth of this kind of public opinion has to be supported by publications in newspapers
and magazines, presentations at schools, colleges and universities, by visits to potential users, sup-
pliers and maintainers, your presence at exhibitions and by the supply of regular information to
politicians and leading managers.

As was mentioned before, the support for nuclear technology is slim, the reasons why do not
matter anymore. Stop being afraid of publicity and public relations. Fight back and play bluff po-
ker. The other side is just as clever as you are.

The efficiency of the plant must at least be comparable to that of the existing plants. Not so
much because of the fuel price, but because the potential owners have been fighting for high effi-
ciency as a result of the ever increasing price of fuel and related taxes and it will frighten them to
suddenly leave this path. In addition the young people in the Netherlands are well aware of the
fact that the energy waste will be high on the agenda for environmental reasons after the CO2 pro-
blem has been brought under control.

Maintainability is another aspect on which you maust listen to the customer. He likes an or-
ganisation which takes care of the whole through life support, including cooperation between all
users, new production, training, control, new infrastructure, licency, maintenance, documentation,
and scrapping; in other words the full logistic support. This is only possible if the installation is
made suitable for this design from day one onwards. There exists a management system which is
able to do all this. This will be discussed in part two of this publication.

The Pooling system.

In this paragraph an aspect will be discussed, which is growing in importance; namely that
of the user's ideas on the management of their Co-generation plants. The pooling-system fits with
trends like "back to core business”, "we will take care of you" and through life costing in combi-
nation with through life support and shared costs.
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The pooling system also seems to be a set of tools to make the owner costs of an INCOGEN istal-
lation comparable to those of the existing fossil fuel fired CHP-plants.

The history.

The system was developped at the end of World War II by the Royal Airforce of Great Bri-
tain. The aim was to improve in all aspects the world-wide exploitation of the Rolls Royce Merlin
engines of the Spitfire. Since then it has further been developed and is now used by aircraft com-
panies like KLM and British Airways. The propulsion engines are taken from the wing when nee-
ded for repair, overhaul or modification and are replaced immediately by a spare one to keep the
aircraft available as much as possible. KLM manages a pool of CF-6 General Electric Engines for
KLM itself and a number of other aircraft companies. British Airways does the same for the Rolls
Royce aero gasturbines. Similar systems are in operation by European Airforces, for example for
the Grumman F-16. A very special version is a pooling-system called "Memorandum of Under-
standing for the logistic support of Rolls Royce marinized gasturbines”. It manages (on 01-08-'96)
a pool of 109 Olympus, 97 Tynes and 46 Spey gasturbines in use with the navies of Great Britain,
France, Belgium and the Netherlands. The savings are considerable. For example to keep operati-
onal all ships in the Royal Navy, using Tyne gasturbines for cruising, 22 Tynes should be availa-

“ble and 14 Tynmes for the Royal Netherlands navy. By pooling the two navies 29 engines should

" suffice. A saving of 7 engines. The same saving occurs with all the spares, tooling and the worklo-
ad of the repair and maintenance lines. From the military point of view one of the advantages of
the pooling-system is its flexibility, which has been proven time and again in periods of war and
crisis control; most lately during the Falkland crisis and the war in the Persian Gulf.

Very recently the United States Department of Justice said it approved a plan by eight nu-
clear utilities, to pool their equipment purchases, to share personnel and other resources in a move
to cut costs. The reason this Department became involved is the Anti-Trust law in the United Sta-
tes.

This Pooling-organisation is called Utillities Services Alliance and manages 7 % and intends
to grow to 35 % of the US nuclear power production.

The aim.

The objective of a Pooling-system is to establish arrangements for the logistic support of
common equipment. The main advantage of a pooling-system is the economy of scale. In other
words to increase the efficiency of the availability, the flexibility, the readiness, the new producti-
on, overhaul and repair capacity with its tooling, dedicated personnel, documentation, spares etc.
for a particular type of engine or equipment. This takes place through the pooling of all available
know-how, experience and investments and will lead to a reduction in exploitation costs and thus
to the cost of ownership by through life support of the technical installations concemed.

How does it work?

A Pooling-system is only applicable when there is a commonality of equipment. It can com-
prise a whole installation like a stand-alone nuclear gasturbine installation employed to generate
electricity or it can be a part of a technical installation, such as similar control equipment on dif-
ferent types of installations. In this article we will only consider the effect of a pooling-system on
a nuclear gasturbine plant like the HTR-GT for the low power range. The owners of such a plant
own, manage and share out the benefits and losses of a pool of spares, tooling, spare equipment,
documentation, training facilities, test equipment en facilities, overhaul and repair shops and simi-
lar investments with subcontractors, know-how to build, maintain and scrap equipment and expe-
rience concerning the exploitation of the equipment.

120



The actual management is done by a dedicated team, which reports periodically to the sha-
reholders, the owners and users of the plant.

The pool takes care of: new production in dedicated workshops, setting to work, remote con-
trol, the planned maintenance in situe and on the overhaul line, the replacement of the fuel, the
handling of the nuclear waste, the analyses of defects and possible development, testing, imple-
mentation and configuration control of modifications, the training of operators, safety personnel,
maintainers, the subcontractors, the planned maintenance, the investment in spares, the rest life of
spares, tooling, overhaul, repair and maintenance equipment, documentation, construction, special
legislation and generally applicable legisiation.

Modular construction.

An important aspect in considering a pooling-system is the aspect of a modular construction.
Modular built means that the total installation can be divided into units that are easy to manage
and which can be replaced with spare units for repair, planned maintenance or overhaul.

So in a nuclear gasturbine installation the non-nuclear part can be and should be divided into
at least the following modules: recuperator, power control, engine health monitoring system, heli-
um cleaning system, heat exchangers, auxilliary equipment and the gasturbine itself. This will lead
to a minimum of stand-down time, one of the biggest problems of the existing nuclear installati-
ons.

The maintenance time can be decreased even further by the joining together of combinations
of modules in a bigger replacement unit. For the shipping applications this seems advantageous,
because of scheduled docking periods.

The modules have to be interchangeable; in other words the installations will have to have a
very high degree of standardization, because otherwise special procedures, tools, spares and so on
would be required. This would increase the cost of ownership which is shared by all partners. So a
stringent configuration control is a necessity.

This is very important. Equipment which is customer designed, built, maintained etc. is very
common in the existing nuclear world (applies to most (nuclear) power plants), but increases the
cost of ownership drastically. So if nuclear energy generation is to be more widely applicable, this
existing way of thinking and working has to be reconsidered.

In the nuclear part of the INCOGEN-installation the replacement of the fuel is the only
maintenance action which can be done in the modular way. It is advisable to place the fuel, during
the usage, in some kind of open "shopping basket"” which will be taken out periodically and placed
in a transport container and replaced by another "shopping basket”. The HTR-fuel is very suitable
for such a timesaving and thus moneysaving treatment.

For the non-nuclear part the number of spare modules depends on the planned maintenance
of the modules themselves and the plant they belong to, the failure rate, the accepted time to re-
place or to repair, etc., as discussed before. The minimum replacement time is most likely dictated
by the nuclear part of the installation which has to cool properly before the helium circuit can be
managed and opened for the maintenance as described.

There is nothing new in wusing containerizing, modular constructions and palletization of
equipment. It is a well-known proven management technique. All gasturbines are modular of con-
struction nowadays, all engineering plants have transport routes to replace and to transport heat
exchangers, electromotors, generators, valves, control systems etc. for testing, maintenance, etc.,
especially when the stop must be as short as possible to fit in with the industrial process. Whether
the unit is called a container, a module or a pallet depends mostly on the size or the professional
language of the OEM and/or the owner.
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Nuclear standards and norms.

Another tool to reduce the through life costing is the reconsideration of the existing nuclear
norms and standards. A lot of courage is needed for an operation like this. A comparable study has
been finished very recently by the Royal Netherlands Navy. The aim was to replace two very im-
portant frigates within the shrinking defense budgets. It took 5 years and they considered very ca-
refully but seriously the existing military norms and standards, international cooperation on R & D
and exploitation, modular building procedures to reduce building time, palleterizing of weapon and
sensor systems, usage of aecro-space technology where possible, using civil (a.0. ferries) experience
and by putting this question on every aspect "what will be the penalty if we do not apply the mili-
tary norm or standard?” The result is shown in the graph in the appendix. The result was a bigger
ship, with less crew, a bigger flexibility for future modifications to weapon and sensor systems,
less R & D costs, no loss of employment, same speed and fuel costs, same through life costing
and same through life support. See Appendix 1.

The market analysis for the Netherlands.

The first step was to study the existing market of fossil-fucled, gasturbine driven plants in
the Netherlands.

A prefered power range was established by analysing the total existing population of gastur-
bine driven power plants for the markets as mentioned before. See appendix page 2-A.
The next step was to take out the gasturbines used by electricity generating companies, de
Gasunie and oil companies. See appendix page 2-B.
Thereafter we had to establish the age of the existing plants.
See appendix page 2-C.
The last step was to establish the shipping market.
See appendix page 2-D.

During each step the philosophies of experienced users were taken into consideration.
The results of this market analysis are:

1.  The 20 MWth installation is dominant as well for Co-generation as for ship propulsion.
The total number for Co-generation is 75 units.

3 There seems to be no market in this power range for stand-alone electricity generation or
heat generation in the Netherlands.

4.  The market for shipping (Dutch and Dutch Antillian flag) i1s 205 units.

5.  The replacement market will start to come into effect in about 2010.

Western Europe.

In Europe Co-generation, and thus nuclear CHP, has real possibilities for export, mainly be-
cause of the positive effect on the production price in an industrial process. This is of special inte-
rest to companies in countries with comparable salaries, because this gives the owner of a Co-ge-
neration plant an advantage over his competitor. After all, separate generation of heat and electn-
city is more expensive. In the open market this effect will be the main driving force behind the
export possibilities of Co-generation. Another positive force will be the lower burden on the envi-
ronment as far as emissions of combustion gas and waste heat are concerned, as well as the higher
total efficiency of the Co-generation installations, although we are of the opinion that this issue
plays a lesser role outside the Netherlands. The promotion efforts have not been very impressive
so far, but the Advisory Committee of the Ministry of Economic Affairs will start coordinating the
promotion efforts in 1997. When the realisation of any export could actually start, is difficult to
estimate. There is, of course, a negative force in this process as well. In many countries the natio-
nal power generating boards have and will try by all means to maintain their monopoly. This mo-
nopoly can only be broken by pressure from governments as part of the open market policy.
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The project bureau "Warmte/Kracht Koppeling” did a study on the export possibilities of
CHP (Combined Heat and Power) in Europe. An extract was published in the magazine "IPG -
International Power Generation", issue september, page 38:

"The following are some recommendations for European and national government actions to
unlock the potential for CHP, and given in descending order of importance:

- Political will is needed to remove barriers and to provide a framework, giving clear oppor-
tunities to those wishing to benefit from the development of high efficiency CHP systems.

- The efforts of the energy industries, in particular the electricity industry, to move from sup-
pliers of energy to providers of energy services, including CHP, should be reinforced.

- Liberalisation in electricity markets can bring major opportunities for the development of
CHP through, for example, access to grid networks and the introduction of greater compe-
tition in power generation.

- Under circumstances where the economical conditions are similar, priority should be given
to CHP investment over a conventional plant.

- The internationalisation of environmental costs in energy prices should be supported as a
mechanism for promoting CHP, while ensuring that industry and other energy users derive
real economic benefits from it.

- Member state governments and the EU as a whole should set ambitious but achievable
targets for CHP for 2005 and 2010.

- Wider efforts should be made to reinforce and develop CHP/DH networks at the urban level.

Such systems can be multi-fuel, offering significant economic flexibility."

The conclusions are mentioned here with the permission of the "Project bureau Warm-
te/Kracht Koppeling".

- Stand-alone electricity or heat production with an installation of 20MWth seems to be a
small market in Western Europe.

The possibilities in the market for shipping are comparable to the Dutch shipping market.
The market worldwide.

The possibilities for the export of a Nuclear Gasturbine Installation of 20 MWth around the
world do not differ widely from the possibilities in Europe, although the requirement for stand-
alone electricity generation is much bigger. Diesel generators in the power range of 5 to 15 MW
are in use on most islands around the world (such as Indonesia, the Phillipines, the Dutch Antillies
and the Seychelles) or in places were the investment in a distribution system is not very cost effec-
tive or not feasable.

The market for the small HTR-GT is not only the replacement market for these diesel engi-
nes but also occurs in areas where the supply of fossil fuel and/or the investment and maintenance
costs are a major factor in the cost of power generation and distribution. In other words, areas
with:

1.  alow population density, difficulty to maintain distribution systems and remote from a fossil
fuel supply.

2.  a high density of population and industry and remote from a fossil fuel supply or from the
sea Or main rivers.

For the development of these markets priority should be given to areas where industry is
very much needed to create employment. In other words energy means employment, which leads
o economic growth.

Which application (stand-alone power generation, heat generation or co-generation) will be
chosen, depends on the climate and/or the industrial process for which the installation is intended.
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As mentioned before the number of diesel engines used for electricity generation in remote
arcas and on islands is enormous. This is another huge potential market which should be develop-
ed.

The market for shipping.

The market for shipping has a very conservative and peculiar character. This has always
been the case and history teaches us that changes in the propulsion of ships have always been
emotional and have taken place in a relatively short time. This last aspect has mainly been caused
by economic (smaller crews or better delivery schedules) or military reasons. So it is most likely
that history will repeat itself in this case. An additional negative force in this market is the reluc-
tancy to accept nuclear driven ships in many harbours.

Conclusions.

Due to trends like "back to core business”, future owners of an energy plant will increasingly
look for means to reduce costs of ownership in combination with guaranteed through life support.

The pooling-system satisfies these aspects to a great extent. For the design the tool of recon-
sidering the existing nuclear norms and standards is absolutely necessary.

It should be pointed out that all the markets mentioned above, can best be opened by buil-
ding a Nuclear Gasturbine Installation. This installation can prove and show time and time again
the inherent safety of the design to anybody. In this installation all the modem philosophies like
modular construction, containerizing where practical, remote control, easy to maintain, pooling-
management system etc., are implemented, leading to an acceptable and understandable price.

The modular construction makes it possible to build and use the described HTR-GT installa-
tions in even the most remote areas.

The HTR-GT fully satisfies the intentions to stop further climatic changes due to the CO?
emissions around the world.
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Appendix 0

Energy Density
Estimated changes in future Energy supply per type users
E. Utilities, see A.
Natural Gas fired
STEG
PWR
+ local HTR-GT
D. High Temperature heat, industry
Oil/ Natural Gas
Coal
Coal gassification
biomass HTR-GT
C. Low temperature heat
beer/paper/dairies
Natural Gas
HTR-GT
for heat and Heatpumps
Transport Air Oil/ synthetic AVCAT
B.
1000 x A Road Oil/ H/ Elec.
Sea Oil
HTR-GT

A. Households PWR + local HTR-GT

Offices Natural Gas
see abv. E

Renewable
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Appendix 1

Decrease of military norms and standards
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Gasturbine population privately owned. Replacement market 40 years later.
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APPROACH ON A GLOBAL HTGR R&D NETWORK XAQ846676

W. VON LENSA
Kemnforschungszentrum Jiilich GmbH,
Jilich, Germany

Abstract

The present situation of nuclear power in general and of the innovative nuclear reactor systems in
* particular requires more comprehensive, coordinated R&D efforts on a broad international level
to respond to today's requirements with respect to public and economic acceptance as well as to
globalization trends and global environmental problems.

HTGR technology development has already reached a high degree of maturity that will be com-
plemented by the operation of the two new test reactors in Japan and China, representing techno-
logical milestones for the demonstration of HTGR safety characteristics and Nuclear Process Heat
generation capabilities.

It is proposed by the IAEA ‘International Working Group on Gas-Cooled Reactors’ to establish a
‘Global HTGR R&D Network’ on basic HTGR technology for the stable, long-term advancement
of the specific HTGR features and as a basis for the future market introduction of this innovative
reactor system.

The background and the motivation for this approach are illustrated, as well as first proposals on
the main objectives, the structure and the further procedures for the implementation of such a
multinational working sharing R&D network. Modern telecooperation methods are foreseen as an
interactive tool for effective communication and collaboration on a global scale.

Introduction

Several industrial, national and international approaches to the market introduction of High-
Temperature Gas-Cooled Reactors (HTGRs) have been undertaken in the past and are still going
on in different parts of the world with various time horizons and market sector targets. Up to
now, none of these stand-alone attempts have led to a commercial follow-up project, although the
maturity of the HTGR technology has reached a considerable level and in spite of the important
know-how that could be gained from operation of the test reactors (Peach Bottom, DRAGON,
AVR) as well as from the demonstration reactors (Fort Saint Vrain, THTR) complemented by
comprehensive operation experience from other Gas-Cooled Reactors (GCRs).

This situation seems to be symptomatic of new nuclear reactor lines in particular as no innovative
nuclear reactor system at all has overcome the threshold to commercial application in the last few
decades anywhere on the globe. In the meantime it appears that also the introduced reactors have
to face stagnation, moratoriums and problems of economic and public acceptance in most indus-
trialized countries, a far cry from the promising expectations of 'pioneering times'.

Radical changes have been experienced in the structure of the nuclear industries in recent years,
too. Former competing suppliers for the different national and international markets for nuclear
power plants have merged into international consortiums as 'global players’. And even the situa-
tion of the utilities is going to change drastically mainly due to privatization and competition in the
enlarged and interconnected electricity distribution networks.
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Extremely low prices for fossil energy carriers combined with remarkable enhancements in the
efficiencies of fossil-fired power plants generate additional economic pressure on existing and new
nuclear power plants Together with time ranges being continuously extended for the reserves of
fossil energies, the ‘classical' pro-nuclear argumentation based on anticipated price escalations and
shortages of fossil energy carriers are being increasingly eroded in spite of growing awareness of
their environmental impacts and their influence on climate change

The case for nuclear power has to be redefined within this 'changed world' in a realistic way, gen-
erally and also separately for the different nuclear technologies An active response to the current
situation and expected evolution is necessary and more appropriate than - passively - waiting for
unfavourable developments in the energy market with, e.g , price jumps, shortages and the need
for drastic environmental regulations restricting the use of fossil energy carriers

Most of the important boundary conditions for the future of nuclear power are of a global nature
or at least valid for many areas and countries in the world, because they are embedded in a more
general 'globalization’ of problems as well as of economic relations and dependencies The latter
will be fostered by global information and (interdisciplinary) collaboration networks setting new
historical milestones and chances for mankind

Against this more general background, today's obstacles and problems for nuclear power have to
be understood as challenges for further research and development (R&D) using all the potentials
of modern technology and the sound basis from R&D programmes and operational / manufactur-
ing experience which is globally available for regaining economic and public acceptance

Globalization / internationalization of pre-competitive medium-/long-term R&D efforts, e g for
innovative nuclear reactor systems may also be an adequate response to the shrinking industrial
involvement beyond short-term commercial projects and to the cuts in the national nuclear pro-
grammes in many countries Besides that, such an approach will broaden the potential market
from the very beginning and stabilize the technology base for later use

The 'rules of the game' for real globalization of R&D in a work-sharing and complementary man-
ner have not yet been established in general But it should be possible to create new collaboration
structures on a fair and collegial base not only for distributing the efforts and development risks
across several 'shoulders', but also offering adequate benefits from the collaboration for all par-
ticipants according to their contributions

The pooling of know-how and scientific / industrial capabilities on a broader international level
has become easier than ever before by the effective use of recent telecooperation methods. It
seems to be essential to make extensive use of these new communication techniques in an interac-
tive way to achieve 'living structures' that have the ability to grow into a pragmatic collaboration
tool

Lessons from the Past

Especially in HTGR history there has been a confusing multiplicity of different technical concepts,
projects and applications. This underlines, on the one hand, the impressive potential and flexibility
of this technology, but, on the other hand, valuable human and financial resources have been
wasted on this internal struggle for the best technical solution and thus also created a burden for
the reputation of HTGR technology
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Passionate discussions on the differences and anticipated benefits of favoured technical or con-
ceptional characteristics often concealed the overriding common elements, the common aims and
the common responsibility for the success of the development efforts.

It would be better for the future, first to reveal the common technical sources and the coherences
of the different approaches as a common, interconnecting technology base. Future projects can
make use of this and add the incremental, specific R&D and design work needed for a definite
concept.

Sometimes HTGR projects have been propagated as alternatives to the existing nuclear reactor
types causing a lot of polarization and rejection within the nuclear community. It is more appro-
priate to define HTGRs as complementary to the existing Nuclear Power Plants (NPPs) and their
evolutionary or more innovative derivatives with which HTGRs might establish future symbioses.

It should not be forgotten that the general safety philosophy of the HTGRs - rejected for a long
time by many proponents of active safety systems - has partially found its renaissance in many
advanced NPP designs. And this is a very important contribution to the future of nuclear power
representing a real success for HTGR development up to now. The former conflict between pas-
sive and active safety systems has dissolved into a pragmatic coexistence of both safety ap-
proaches.

Focusing R&D only on the requirements of a specific project often turned out to be a qualification
of 'frozen' technologies impeding the development of innovative solutions due to fixed and ambi-
tiously short timescales. Instead of this attitude there should be a balanced mix of on-going inno-
vations and of short-term qualifications of practicable solutions to maintain enough flexibility to
react with innovative technologies to more stringent requirements concerning safety and economy
as well as to actual chances for the market introduction. This view takes into account the fact that
a nuclear reactor represents a combination of different technology elements/disciplines each hav-
ing its own individual development potential following timescales that need not always fit the time
limits of specific projects although they might open up promising options for continuous innova-
tion of the technology.

Bad experience was made in the total focusing of R&D and commercial efforts only on one proj-
ect thereby coupling the fate of the whole technology to the success of a stand-alone project. The
establishment in parallel of a more generic technology base programme with a long-term ornenta-
tion covering the essentials of the HTGR innovation potentials would help not only to conserve
valuable know-how but also to supply necessary improvements for keeping pace with other tech-
nologies. Such a technology base programme for HTGRs could have the same justification as e.g.
R&D on fusion reactors, both offering safe, clean and reliable energy for different purposes as a
long-term option. But this approach needs a broader collaboration beyond purely national or
commercial programmes including all the partners within the HTGR community.

The aspects of 'spin-off' and cross-fertilization might in future be even more important than in the
past, either to transfer HTGR technologies to other conventional and nuclear applications or to
profit from other developments outside the HTGR field. Why not use, for example, coated parti-
cle technology for other reactor types as well or for the final disposal of problematic waste, taking
all the benefits from an applied technique afterwards or in parallel for the HTGR? This would
provide an industrial background instead of an exotic atmosphere!

Possibly the most important lesson from the past is how to cope successfully with the problem of

first-of-a-kind (FOIK) cost. Neither in the frame of national programmes nor in purely commercial
attempts or in combinations of both, even with some bi- or international extensions, was it possi-

133



ble to proceed beyond the operation of test and demonstration reactors. The latter even being
such a financial burden for their utilities that both demonstration reactors (FSV, THTR) were shut
down before a long-term technology demonstration could be established for a commercial follow-
up project. And this fate could not be excluded even for the smaller test reactors due to still very
significant annual subsidies.

Broader structures are needed to divert the FOIK and the cost of pre-running R&D. Broader
scopes for the markets and economic incentives are needed to generate enough motivation for
commercial involvement. More stability is needed to provide more confidence for investors and
public funds. Convincing R&D results are needed for the innovative systems complementing the
use of proven technology. Technological perspectives are needed to assure steady response to
more stringent safety and economic requirements in the future and to avoid technological dead-
locks.

The Case for the HTGR

In the course of time, the main motivation arguments for HTGR development have shown some
significant changes depending on the prevailing technical /political priorities, opinions, problems,
economic assessments and perspectives of energy supply or availability of resources either fossil
or nuclear.

Due to the flexibility of HTGR technology it was always possible to modify the HTGR concepts
corresponding to the shifts in the overall requirements, but this was often out of phase, reaching
the aim at the very moment when 1t disappeared, just as in the fable of the tortoise and the hare.

Today's requirements may be mainly governed by the aspects of

- public acceptance / coping with severe accidents

- economics

- waste handling

- environmental protection / climate change, but

- no anticipated energy resource availability problem for the time being.

The response to these aspects may be the key to the future of nuclear power and give additional
drive, especially for the further development of HTGR technology.

The largest market for nuclear power is to be seen in those areas of the world that refused to build
NPPs in the last few decades either due to acceptability problems or due to high investments and
lack of competitiveness with cheap fossil-fired plants. So, regaining public acceptance, while re-
taining the economic goals, is an essentially commercial task opening a huge window outside the
saturated markets where nuclear power has already gained significant shares in energy generation.

The most convincing way to cope with severe accident scenarios might be to avoid them by
physical laws rather than to mitigate the consequences. It also should not be forgotten that the
application of Nuclear Process Heat (NPH) in an industrial environment might only be acceptable
from an industrial point of view if neither the high commercial investments nor the production
lines are endangered by accidents of the nuclear energy supply source. Industries and insurances
might even ask for more stringent safety requirements than licensing authorities controiling com-
pliance with legal standards to avoid catastrophic releases of radiotoxicity and relocations, also in
case of hypothetical accidents.
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Broadening the field of application for power plants by including heat utilization is in accordance
with the actual trend towards Combined Heat and Power (CHP) plants in the conventional energy
supply area and is - by good reasons - very fashionable amongst environmentalists CHP may
significantly enlarge the market for NPPs as well as their contribution to reduced noxious impacts
on the environment combined with improved economics. A specific 'claim' for HTGRs can be
assumed especially for high temperature ranges, gas turbine and process heat applications

Enhancing the thermal effectiveness and using CHP processes not only reduces power generation
cost but also the relative waste production per unut of energy used This provides another argu-
ment in favour of the HTGR, which might be a good candidate for burning of long-lived ra-
diotoxic wastes and fissile materials, too

The concept of coated particles opens new options for an extremely high burn-up of such wastes
avoiding further reprocessing in between The encapsulation of the fuel kernel enables the burned
fuel or wastes to be directly disposed, because this already represents an excellent barrier for final
disposal beside its importance for the safety characteristics of the plant itself Thus, the technol-
ogy of coated particles could represent a future alternative or complement to vitrification as well
as to the burning of MOX fuel in the present configuration, possibly having economic advantages
over multiple reprocessing and conditioning strategies

The market approach of standardizing modular reactors to power sizes that represent even a
down-scaling compared to THTR and FSV keeps the technology within the frame of experience
But this experience must be kept viable for commercial confidence in the new concepts!

Standardized modules also open up the potential of a quick learning curve and lower cost by the
use of proven conventional equipment and by series production that has not really been intro-
duced in the nuclear field up to now on a broader scale comparable to the competing conventional
power plants It is not only important to focus on 'revolutionary' technical concepts but also on
realizing new structures following general industrial trends

- A broadening of the market,

- a consensual set of user/licensing requirements,

- a fair and cost-effective sharing of the manufacturing efforts and

- a broader collaboration in the R&D field

on an international or global basis could represent important preconditions for the introduction of
the HTGR as an innovative nuclear reactor system

Aspects of nuclear safety, environmental protection, long-term safety of waste disposal and af-
fordable, reliable energy supply are really global aspects and challenges The HTGR has the ability
to respond to these requirements and it is an urgent task to find an appropriate and effective col-
laborative strategy

The Need for a Global HTGR R&D Network (GHTRN)

In actual fact, there is a broad HTGR and GCR know-how basis available in different countries in
the world comparable or even superior to other innovative or evolutionary reactor developments,
if it is be merged in a synergistic way on a global level Not only one new HTGR test reactor will

start operation within the next few years but also a second, both together offering an exceptional

R&D platform for the demonstration of HTGR characteristics under today's requirements of pub-
lic acceptance and market conditions.
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Despite the small power sizes, these two reactors will provide a nearly full-scale demonstration of
the passive safety philosophy of future HTGRs and for the first time high-temperature process
heat will really be coupled out of a nuclear plant and will be combined with heat utilization sys-
tems representing new milestones in the on-going history of nuclear technology!

But only the symbiosis of existing and coming know-how represents a convincing basis for future
commercial applications of this technology. Reduced financial/political support for nuclear devel-
opment programmes enforces a tighter and more effective collaboration of the reduced crews who
are still 'on board' globally sharing their know-how;, infrastructures and facilities to achieve a
common aim.

First discussions - on a brainstorming basis - have been recently held as an outcome of the 13th
IAEA International Working Group on Gas-Cooled Reactors IWGGCR) and this discussion will
be continued to define a consensual approach to the general rules, purpose, scope, structures,
contents and collaborative tools.

The first recommendations were to limit the scope to pre-competitive, joint R&D and project -
independent basic technology aspects under the working title '‘Global HTGR R&D Network
(GHTRN)' under the auspices of the IAEA for the peaceful uses of nuclear energy. Present and
future commercial projects can make use of the accumulated know-how and infrastructure within
the GHTRN under conditions still to be defined, but supportive of the market introduction of
HTGR technology.

It seemed to be appropriate to orientate the approach to the general structures and contracts of
the 'International Thermonuclear Experimental Reactor (ITER)' Programme as it has a broad in-
ternational partnership and also claims a long-term potential as an ‘environmentally acceptable
and economically competitive source of energy to be developed for the benefit of all humankind’.

On this basis, drafts for the General Charter of the GHTRN have already been formulated and the
purpose and overall programatic objectives defined:

- to establish a coherent global R&D approach on a work-sharing basis to make best use of exist-
ing know-how, manpower, test facilities, test reactors, test object manufacturing capabilities etc.

- to provide a global information exchange, documentation and communication network on
HTGR-related R&D

- to jointly review technological progress and to propose priorities as well as new R&D activites
on a common basis

- to acquire funding for joint R&D programmes by national / international governmental bodies
and private industries

- to serve as a stable, long-term R&D basis, independent of, and complementary to short-term
HTGR projects and

- to generally promote the specific features and applications of HTGR technology worldwide
The IAEA is asked to play a strong role also in supporting the process of forming the GHTRN

and to offer advice and provide infrastructures for different activities. Figure 1 illustrates prelimi-
nary ideas on interactions between the IAEA and GHTRN.
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First steps under the scope of the GHTRN could be, for example:

to establish a worldwide overview of existing and on-going HTGR-related R&D and to
define common elements and work-sharing structures

- to perform joint test programmes and code validations using the existing test facilities and
especially the test reactors (HTTR and HTR 10) to complement operating experience with
HTGRs

- to establish a systematic documentation of existing and future know-how also introducing
modern information techniques for ease of communication

- to create an information stock exchange as a pragmatic start-up and a know-how pool on
general HTGR technologies as well as proposals for communication with future commer-
cial projects

It seems to be essential to apply recent telecooperation and archiving methods from the very be-
ginning as these innovative tools are the driving force for globalization trends in general and ca-
pable of handling more complex collaboration structures. They also enable an interactive growing
process instead of a ‘classical’ centralized approach no one can afford any more. The HTGR
should also be present on the Internet to provide up-to-date information on progress to the
HTGR community as well as to decision makers in politics and industries for generating additional
support and trust in the further development, benefits and chances of HTGR technology.

But the most important message of a ‘Global HTGR R&D Network’ on the common base tech-
nology would be a signal to the world that the HTGR community is united in support of the fu-
ture of this reactor type.

The report represents the author's personal opinion and need not necessarily coincide with the
official governmental / institutional view in all aspects.
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Abstract

This paper describes the approach adopted by the South African Nuclear
Regulatory Authority , the Council for Nuclear Safety (CNS) in licensing nuclear
installations in South Africa.

An introduction to the current South African legislation and the CNS philosophy
pertaining to the licensing of nuclear installations is discussed.

A typical process for granting a nuclear licence is then presented.

The risk assessment process, which is used to verify compliance with the
fundamental safety standards and to establish licensing requirements for a specific
nuclear installation, is discussed.

Based on the outcome of this assessment process, conditions of licence are set
down. The generic content of a nuclear licence and mechanisms to ensure ongoing
compliance with the risk criteria are presented.

The regulatory process discussed in this paper, based on such a fundamental
approach, may be adapted to any type of nuclear installation taking into account
plant specific designs and characteristics.

1.0 CNS licensing philosophy

In terms of current national legislation, the Nuclear Energy Act No 131 of 1993,
nuclear installations must be licensed by the national nuclear regulatory authority,
the South African Council for Nuclear Safety (CNS). The legislation is broad
empowering legislation, requiring licences to be subject to any conditions deemed
necessary to ensure that the associated risk of nuclear damage remains consistent
with the criteria laid down by the CNS.

In the early 1970’'s when the Koeberg project was in the planning stage, the
forerunner to the Council for Nuclear Safety established fundamental safety
standards [1] for the purpose of licensing Koeberg. The standards laid down were
risk based and the licensing approach adopted was to require that:

¢ the design basis of the plant should respect prevailing intemational norms
and practices and,
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e that a quantitative risk assessment should demonstrate compliance with
the CNS safety criteria.

As an example the design basis for the Koeberg nuclear power plant, was derived
from the international norms and practices applicable to a standard 900Mwe
Pressurised Light Water Reactor e.g US 10 CFR50 complemented by additional
French rules prevailing at the time.

The risks to the operators and members of the public posed by the installation,
related to a range of identified initiating events and accident scenarios, were
required to be assessed by way of a probabilistic risk assessment and to respect
the laid down criteria. The criteria were expressed in terms of individual risk and
population risk with a bias against more severe accidents. The assessment was
also required to demonstrate on a deterministic basis that public and occupational
exposures arising from normal operations would be compliant with a dose limitation
system employing dose limits of 250 puSv and 50 mSv respectively and a
requirement to maintain doses as low as reasonably achievable. In addition to the
requirement to demonstrate compliance with the laid down safety criteria, the
operators are also obliged to establish and maintain a comprehensive emergency
plan.

A similar approach has been used in the licensing of the facilities of the Atomic
Energy Corporation.

The current applicable CNS nuclear safety criteria are documented in the CNS
Licensing Document LD-1091 , which forms an integral part of the nuclear licence
requirements. A summary of the current CNS nuclear safety criteria is presented in
Table 1.

2.0 Typical CNS licensing process
The typical licensing process adopted by the CNS is indicated in Fig.1.

The first step triggering the licensing process is a formal application by a potential
licensee, to the CNS, in accordance with the Nuclear Energy act.

Following the formal application by a potential licensee, a series of discussions
take place between all the relevant parties and the CNS to identify the range and
type of information necessary to ascertain the licensability of the activity. These
discussions typically take place at the conceptual/design phase to identify the
design, construction and operational requirements in order to satisfy the CNS safety
criteria.

During this initial phase the potential licensee will be required to provide details in
support of the proposed nuclear activity to be undertaken. Likewise the CNS will
provide some appropriate licensing guidelines as indicated by A and B on Fig. 1.
This will inter alia include the following:

1. the fundamental safety criteria
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Figure 2 Risk Assessment Method

2. the identification of the type and range of information required to assess
the risk to operators and members of the public under both accident
conditions and normal operations. Fig. 2 illustrates the method used to
assess the risk.

Following the submission by the applicant of a proposed licensing programme,
which identifies the various licensing stages, an intent document in the form of a
Preliminary Safety Assessment Report (PSAR) will be submitted to the CNS. This
will, inter alia, include a quantitative probabilistic study.

The review of the PSAR and other supporting information will be used to ascertain
whether the activity is licensable. Typically this will mark the end of the conceptual
phase and the start of the remaining licensing stages leading to eventual
operation.

For complex projects such as the licensing of the Koeberg Nuclear Power Plant, the
licensing process used by the CNS is a multi stage process. Typical primary
licensing stages are:

Nuclear installation siting

Design of the installation

Construction and commissioning

. Radioactive material/ nuclear fuel on site
. Start up/criticality (where applicable)
Power raising (where applicable)

Plants operations

Decommissioning

PNDOA LN
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Each stage of the process is supported by a safety assessment, including a
quantitative risk assessment to demonstrate to the satisfaction of the CNS that the
relevant CNS safety criteria are met.

3.0 Safety assessment philosophy

As indicated above a safety assessment is required for the approval of each stage
of the agreed licensing programme. A typical safety assessment is based on three
major elements which are closely interdependent:

1. Scientific and engineering principles

2. Radiological protection principles

3. A quantitative risk assessment
The type of information required at the various stages of the safety assessment
covers a wide range of topics which inter alia include the following :

Site criteria details

Seismic properties, weather statistics, demographic predictions
Design drawings, specifications and supporting calculations
Manufacturing/construction programmes and procedures

Quality assurance and control programmes

Commissioning plan

Operating and maintenance procedure including accident management
Testing regime

Organisational structures including staffing and training
Radiological protection programme including waste management
Emergency planning programme

Physical security

3.1 Scientific and engineering principles

The licensing requirements, related to the engineering principles, are that the
design basis and operating rules of the plant respect prevailing international norms
and practices.

The basis for the engineering assessment is to respect the principle of defence-in-
depth. Defence-in-depth is a concept which applies at all stages in the life of the
facility from design to decommissioning/dismantling. This principle consists of
recognising technical, human or organisational failures and to guard against them
by successive lines of defence.

There are several categories of lines of defence which can typically be divided as
follow:

¢ Prevention of failure

¢ Monitoring or detection to anticipate/detect failure
¢ Means of action or mitigation to mitigate consequences of failure
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Likewise there are several lines of defence which are normally provided for each
category. Some typical examples are given below:

¢ Built in multiple barriers to limit the release of radioactive material into the
environment

Adequate safety margins in the design basis

Selection of adequate protection and safeguards systems

Diversity and redundancy of equipment

Choice of adequate materials and equipment

Adequate manufacturing requirements

Adequate rules for monitoring and detection

Adequate operating principles

Adequate organisational structures etc..

¢ &6 & ¢ o o o o

The relevant applicable measures, ensuring defence in depth, are defined and
implemented respecting acceptable rules, codes and standards based on
international experience.

The number and properties of the barriers or lines of defence is commensurate with
the risk posed by the installation and also with the uncertainties associated with the
determination of the risk.

3.2 Radiological protection principles

The safety assessment associated with any facility or practice is required to
address four areas of risk which pertain to both the operator and members of the
public under conditions of both nermal operation and accidents. The principles of
radiation protection should be considered to be related to that part of the
assessment which addresses normal operation. The two main principles of
radiation protection apply here having assumed that the practice has been justified.

® All exposures must remain below the annual dose limit
B All exposures must be kept As Low As is Reasonably Achievable
(ALARA)

Notice should be taken of the reference to dose rather than risk in the assessment
for normal operation where dose is regarded as a surrogate for risk. Furthermore,
the circumstances under which this dose must be determined, must be limiting so
that operational flexibility is allowed and that it would be unlikely that the relevant
limits would be transgressed. In this way, the assumptions of the safety assessment
for normal operation are deterministic as distinct from the probabilistic approach
adopted for the assessment of risk due to accidents.

3.2.1 Dose Limitation To The Operator
In respect of dose limitation to the operator, it must be demonstrated that the
annual individual dose limit for the operator of 50 mSv y will not be exceeded. No

assessment can really predict what the annual exposure to any given operator will
be due to the uncertainty in how much time will be spent in each area and the

144



attendant uncertainty in doserate at any given time. Therefore, the assessment
must demonstrate that a certain strategy of radiation protection provisions is in
place which encompasses both design and operation.

In terms of design, the facility is required to be segregated into zones of defined
ambient doserate, airborne and surface contamination on the basis of the location
of radioactive equipment, and limiting leakrates and source terms. Shielding and
ventilation assessments are conducted to identify the classification required for any
given zone. Areas where the radiological hazard is subject to change are provided
with installed radiation monitoring to warn operators, and additional design features
for contamination control are implemented mainly on the basis of the need for
maintenance and In Service Inspection.

The strategy of provisions which must be implemented operationally is known as
the operational radiation protection programme. This programme, must, in essence,
be able to achieve certain fundamentals;

B The recognition and quantification of all potential and actual hazards
during normal operation

@ The prospective implementation of control measures to ensure
compliance with the dose limitation system

B The recognition and quantification of radiological hazards associated with
abnormal situations and the implementation of appropriate radiological
controls

The strategy of provisions which satisfies these principles will therefore identify and
review the magnitude of operator exposures on a continuous basis such as to
ensure compliance with the annual dose limit.

3.2.2 Dose Limitation To Members Of The Public

The limitation of dose to members of the public requires that the highest exposed
member of the public would not incur an annual dose in excess of 250 uSv y"'. The
two stage process of design assessment and operational control is implemented to
ensure compliance with the dose limit to members of the public.

In terms of the design stage, the annual liquid and gaseous effluent discharges are
predicted based upon the process of radioactive effluent and waste treatment
intended to be followed. From such an assessment, which traces the migration of
radioactivity from its point of origin, to point at which it will be discharged, all
radionuclides and their associated discharge quantities can be identified using
limiting assumptions which are chosen judiciously in order not to compromise
operational flexibility. Dose conversion factors for all identified radionuclides
discharged into both transport pathways can then be calculated by use of liquid and
atmospheric dispersion codes, and the use of site-specific input data. The impact of
the discharges can then be assessed at the design stage and compared to the
annual dose limit to determine whether they are acceptable or whether modification
of the waste treatment systems or processes is required.
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Once consolidated into an agreed figure for all radionuclides of concern, the control
of annual discharges of radionuclides themselves provide a surrogate for the
control of dose. The operational programme which is implemented in this regard is
known as the effluent management programme and is closely linked with the design
assessment. Radiological effluent which originates from systems which are
potentially highly contaminated are discharged in batches only after radionuclide-
specific analysis. Where the potential is lower, discharges are allowed on a
continuous basis and sampled, for confirmation, as a composite. In this way, dose
to members of the public is also assessed and reviewed on a continuous basis
such as to ensure compliance with the annual dose limit.

3.3 Quantitative risk assessment principles

The acceptability of the design basis and general operating rules is evaluated by
mean of a quantitative risk assessment, performed by the licensee, to verify that
the proposed installation complies with the fundamental safety criteria of the CNS.

The philosophy adopted by the CNS is that a risk assessment is necessary to
maintain a clear perspective on the fundamental objectives of nuclear regulation,
namely to protect the public and plant personnel from the risk of nuclear accidents,
and a means of assessing the extent to which these objectives are being achieved.

TABLE 1. Fundamental safety standards of the CNS

ACCIDENTS NORMAL
OPERATION
ASSESSMENT TYPE PROBABILISTIC DETERMINISTIC
POPULATION
AVERAGE: 10® fatalities/person/ Controlled by limitation of
annum (per site) individual risk
INDIVIDUAL: 5 x 10® fatalities/annum | 250 uSv/annum
PLANT PERSONNEL
AVERAGE: 107 fatalities/annum Risk controlled by the
operational radiation
protection programme
INDIVIDUAL: 5 x 10° fatalities/annum

146



For this reason the licensee of a nuclear installation is required to perform and
maintain a quantitative risk assessment, approved by the CNS, to demonstrate
compliance with the fundamental risk criteria laid down by the CNS. These include
the probabilistic criteria given in table 1, and a bias against larger accidents
applicable to risk to the public. These criteria are applicable to the licensed site,
including all activities on the site and interactions between them.

Regulatory control on the development, updating and application of the PRA is
exercised by means of the licensing document LD-1091 to ensure that the PRA is
maintained valid, reflects the current status of the plant, includes local and
international experience feedback, and is used for decision-making on safety
related matters including plant safety improvements, risk management, limitations
on urban development and emergency planning.

In addition to the use of risk criteria, safety indicators at different levels (such as
core damage frequency, containment failure probability etc) are used for decision
making in support of the principles of defence-in-depth and ALARA.

As regards risk to the public, the principle stages of a risk assessment for a nuclear
power plant are illustrated in figure 3.

As the risk assessment is formally approved by the CNS and is effectively
controlled by the nuclear licence, it serves as a valuable framework for focused
technical discussions with the licensee on safety related matters.

Historically, numerous requirements have been imposed on licensees based on the
findings of the various plant-specific risk assessments. These include hardware
modifications, procedural and management improvements. In addition, specific
licence conditions have been established or relaxed on the basis of a risk
assessment. The risk approach to nuclear regulations in South Africa is presented
in more detail in [2].

4.0 The Nuclear Licence

Based on the outcome of the safety assessment, a nuclear licence is granted.
Conditions of licence are generated to ensure compliance with the laid down safety
criteria.

According to the multi stage process, described in fig.1, a variation of a specific site
licence will be issued at each stage following the review of the specific stage safety
assessment. Conditions of licence are then amended accordingly.

A typical licence for a fully operational nuclear power plant will include the following
conditions:

e a valid plant description and configuration to be maintained together with a
modification control procedure;

¢ the maintenance of a valid and updated risk assessment;
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o establishment and compliance with operating technical specifications;

¢ normal operations, incident and accident procedures;

e an in-service inspection programme;

e a maintenance programme;

e an operational radiation protection programme;

¢ a waste management programme;

e an emergency plan;

* a routine and occurrence reporting programme;

¢ a quality management programme;

e reports, approvals

Changes to the issued and approved licence, or addition to an existing installation,
must be requested by the licensee, for the approval of the CNS. This request must

be supported by a safety assessment including a risk assessment, which is based
on the principles detailed above.

4.1 Compliance with risk criteria
Once the licence is issued it is necessary to ensure that the conditions of licence
are complied with. Although it is the responsibility of the licensee to ensure that this

is accomplished, the CNS generates an independent compliance inspection
programme which covers most of the licence conditions.

4.1.1 Licensees responsibilities
In conformance with the conditions of licence, a monitoring programme is
implemented by the licensee, and regularly assessed by the CNS, to verify
compliance with the risk criteria on an-on going basis. The major elements of this
programme are described below:
+ Plant Operational Feedback

¢ In Service Inspection Programme (1SIP)

¢ Maintenance and Testing Programme

¢ Occurrence/Incident Reporting and Analysis including trending
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+ Hardware and Procedural Modifications
¢ Emergency Planning Exercises
¢ Quality Assurance Audits

+ International Experience Feedback Analysis

4.1.2 CNS surveillance and compliance inspection programme:

Complementary to the licensee’s monitoring programme, a comprehensive
independent surveillance and compliance inspection programme is developed by
the CNS to verify compliance with the licence requirements and to identify any
potential safety concerns. Most licence conditions are subjected to the inspection
programme, which is implemented by the CNS staff. Some of the major topics
covered by this programme are :

¢ occurrences/incident assessment and trending

¢ monitoring of selected safety related systems e.g ventilation, fuel handling
equipment, electrical power supplies, effluent discharge control systems
etc

¢ compliance with the installation operating technical specifications

o operational radiological protection e.g occupational and public exposures,

environmental monitoring

emergency plans

maintenance and ISI activities

physical security

quality assurance audits

staff training

reactor plant operator examination and licensing

Complementary to this on going safety review, the CNS also requested the
Koeberg nuclear power station to carry out a periodic safety review. The rationale,
objectives and methodology of this periodic safety review are presented in detail in

[3]).

5.0 Conclusion

This overall licensing process has been successfully applied to the licensing of
complex projects such as the Koeberg nuclear power station, and also to other
nuclear installations in South Africa e.g the Atomic Energy Corporation (AEC).

The CNS view is that this approach, which maintains a clear logical link between

the fundamental safety criteria and the plant specific design and characteristics,
may be applied consistently to reactor designs other than light water reactors.

150



REFERENCES

[1] SIMPSON, D.M,, et al., Population Dose Evaluation and Standards for man and
his Environment (Proc. Symposium Vienna, 1974) |IAEA-SM-184/31

(2] HILL, T.F , Risk Approach to Nuclear Regulations in South Africa presented at
the “Executive Meeting on Risk Based Regulations and Inspections”, Stockholm,
Sweden , 12-14 August 1996.

[3] CLAPISSON, G.A,, et al.,, Activities of the South African Regulatory Authority in
the Safety Review of Nuclear Power Plants presented at the International
Symposium on Reviewing the Safety of Existing Nuclear Power Plant (Vienna
1996) IAEA-SM-342/68

NEXT PAGE(S)
left BLANK

151



DEVELOPMENT OF THE PEBBLE BED MODULAR
REACTOR PLANT IN SOUTH AFRICA

NEXT PAGE(S)
left BLANK



MRV A

XA9846678
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Integrators of System Technology Ltd,
Waterkloof, South Africa

Abstract

The reactor study is well underway seen from a broad spectrum of disciplines and technology.
The objective power output with a high efficiency direct cycle power conversion unit remains
promising after compiling the first critical analysis of the core and the power conversion unit.
The stability and controlability of the system are demonstrated by the engineering simulator.

The main system and components are basically specified for costing purposes. A first plant
layout has been completed demonstrating the positions of main components, personel
movement, instailation methods for large components etc.

A cryptic report style presentation includes study opjectives, indicating quiding documents, giving
an overwiew of design and analyses work done as well as a few sketches and diagram are

included in this paper. Most of these sketches and diagrams are small replicas of large drawings
and are therefore not readable but can be used as references.

1. OBJECTIVE OF STUDY (CONCEPTUAL DESIGN)

The following technical and economical questions have to be answered before any
recommendations can be made.

Technical Feasibility:

¢ Can we achieve a sufficiently high reactor power output within the required safety criteria?
« s the Brayton Cycle with three separate shafts stable? (See attached .diagram (1))

¢ Can we fullfill the clients operational requirements (operating profiles)?

e« Can we prove high system efficiency claimed for HTGRS worldwide?

e Is this reactor as safe as internationally claimed (Is it inherent-, passive- and catastrophy
free/safe, is it licensible)?

e Is the technology basis, internationally seen, to such a standard that basic research and
development is not required and that a first-off full scale plant can be constructed directly as
reference plant?

¢ Is modularization possible?
Economic Feasibility:

e Can we achieve the capital cost objectives for first-off, pre-production and production units?
¢ s operational cost within the owners requirement specification?

¢ Is the owners investment protected by the said safety characteristics?
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2, WORK PLANNING

The execution of work to meet the study objectives is basically captured in three
diagrams, i.e.

The Acquisition Plan indicating: (See attached Figure 2)
0 The global plan (long term planning)
¢ The prototype plant design and construction plan.

0 The detailed conceptual design (1996 study) activities including milestones,
milestone documentation and design reviews. (See attached Figure 3)
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. The Information and Data Flow Process Plan indicafing:
(See attached Figure 4)

0 Flow of specialist data through the Systems Engineering and configuration
management to the Final Report.

0 The use of communication methods e.q. paper copies, E-Mail, and Internet
files.

¢ Day-to-day database and system design data (System Manuals).
¢ Licensing and international design reviews, etc.
o Work Breakdown Structure indicating:

¢ The Architect Engineering responsibilities.
0 Other work packages and responsible parties.

3. THE WORKING TEAM

Presently a wide range of engineering disciplines are invoived (excluding major
manufacturing companies contribution):

LOCAL OVERSEAS CONSULTANTS
Discipline
Full time | Part time
e Management, Promotion and 1 2 2
Marketing
e Reactor Physics includes core
design, shielding etc. 1 5
e Mechanical Systems & components
4 3 4
s Electrical and Control
2 2
o Fuel
3 2
o Simulation
2
o Special Materials Studies
2 2 2
¢ Reactor Building
3
o Safety and Licensing
1 2
s Documentation/Data Control
1 1
TOTAL 12 20 15

A total of 47 technical and management, plus 3 administrative people involved, of which all
technical people have vast nuclear experience.
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4, PLANT IMPORTANT FEATURES AND SPECIFICATION; AN ABSTRACT FROM
OVERALL DESIGN BASIS (See attached Figure 5)

CHARACTERISTIC (OBJECTIVE) STATUS/REMARKS
o 220 MWry Achieved
¢ Pebble Bed Core Accepted

Fuelling scheme
0 on-line recycle
0 on line or off-lineOTTO-P,
burnable poisons

use

o Recycle scheme accepted as reference
OTTO-P has good potential

e Modular design to suite most sites

A compromised design approach is followed.
eg. depth below ground level, seismic spectra
etc.

o Net power range 0 to 100%

Full range load following possible (specified
power step and ramping under discussion)

« Spent fuel remains inside reactor building.

« Sufficient space for 20 full power years.
Passive, natural air cooling to be analysed
still.

o Passive residual heat removal.

Possible by natural air circulation.

Possible by water/air system.
Reactor vessel maximum temperature, and
alllowable temperature gradients through
the wall under consideration.

e No active safety related systems required.
(Therefore a new definition for Reactor
Protection System).

Believing the strong negative temperature
coefficient of reactivity and believe the core
neutronic design codes, e.g. the temperature of
the fuel can never exceed the maximum safe
allowable temperature under most extreme
postulated accidents.

e Core outlet temperature - 900°C.

Limit by turbo-machinery maximum allowable
temperatures ( specific technology limitation).

e Core inlet temperature =~ 560°C for

optimized cycle efficiency.

This temperature exceeds allowable
temperature for RPV materials (creep). The
reactor coolant flow path design allows for this
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high temperature return gas.

Reactor vessel low

temperature. (120°C)

operates  at

introduce recuperator bypass for cooling
purposes. This results in poor efficiency at low
inventory operation.

System maximum pressure = 70 bar

Followed world trends.
optimization is not done.

Cost vs. pressure

Minimum absolute pressure variation in the
Alternator compartment.

Achieved by orientation of power turbine to
ensure minimum abs. pressure at shaft
Labyrinth seal. This principle may change
because of other considerations.

All magnetic bearings.

He cooled

No oil.

Low maintenance

Behaviour under environmental conditions
to be investigated.

Water ingress into reactor impossible.

s Cooling water pressure always lower than
primary loop helium pressure under
operational conditions.

e Total water inventory can be collected in the
heat exchanger pressure housings.

Easy access to first turbine and generator.

Housed in pressure containing housings (bells)
which can be removed fairly easy. Couplings
to pipes under investigation, e.g. for ease of
removal.

Design approach based on “many-off” and
continuous production.

Short construction time.

Equipment grouped as modules, mounted on
ski's and factory tested.

Civil construction after instaliation of equipment
should be avoided.

Installation and maintenance equipment to
be shared between units.

Capital cost for these equipment shared
between units.

Reactor building to be a low pressure
confinement

e A proper containment
required.

building is not
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barrier.

s Break disks with large flow filters provided
(Provide for blowdown accident)

¢ Building act as energy absorber for
aeroplane crash. Penetration of
larger/faster aeroplane components
possible. The reactor pit is the ultimate

e A gaseous waste system not required

This topic is under discussion.

5. MAIN GUIDANCE DOCUMENTS

Apart from the Work breakdown structures, Hardware breakdown structures, time schedules etc.,
the following technical documents were compiled:

TOPIC PURPOSE STATUS
Technical Description. Consolidation of 1995 Outdated.
discussions.
Quality Assurance Plan for the | Acquisition, information and | Active.
PBMR-SA. data flow plans for the
conceptual design study.
Overall plant Specification | Quick reference of the plant | Active.
and Interface Control | characteristics and change
Document. control thereoff.
Index of Techno-Economic Done
Feasibility Study Report.
Volume 1 - Commercial
Volume 2 - Technical
Description
Design bases for most of the | Input for conceptual design of | Done
systems and main | systems and components.
components.
6. PLANT OVERALL PROCESS AND LAYOUT.

o Overall process diagram has been developed.

(See attached Figure 6)

¢ The systems have been functionally grouped for example

a) Active Heat Removal includes all active heat removal functions.

b) Main Power System includes all primary components needed for prime power
production (this includes the aiternator).

¢) Helium Inventory Control System includes helium make-up, primary loop cleanup and

inventory control etc.).
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» The plant is designed in order to make extension possible (addition of a new modules) without
hampering the operation of the other units

e Space in the building is not yet optimized. Allocation of physical space for functional systems
is to a large extend done.

7. SPECIAL STUDIES AND ANALYSIS

The following special studies have been done or approach completion.
(See attached Figure 7)

o Installation of the reactor vessel. .
+ Reactor layout (See attached Figure 8)

e« PCU layout.
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Connecting of PCU to reactor.

Different helium inventory control system proposals.

PCU system and component performances.

Reactor core performance.

Pressure and temperature equalization following a reactor trip.

Electrical house power demand study.

Passive heat removal analyses (including the chimneyy).

Reactor vessel thermal stress sensitivity (sensitivity study)

Reactor building and main power system seismic behaviour.
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Koeberg Site

Switch Yard(s) and Coupling to Grid

Adding of new Modele

KOEBERG SITE LAYOUT CONCEPT

\
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Fuel supply and manufacturing options study.

Alternator layout, supporting, coupling and operational modes. (Requirement study).
(See attached Figure 9)

KOEBERG site layout (See attached Figure 10)

BRIEF OVERVIEW OF SOME OF THE INDIVIDUAL SYSTEMS

Systems covered by other presentations during this TCM:

The Reactor (core design)

The Power Conversion Unit (PCU)
Helium Inventory and control system
Passive heat removal.

Some comments on Systems of interest:

- Active heat removal system.

* The sea as ultimate heat sink
* Cooling tower for shutdown, startup and maintenance.

- The shutdown heat removal

* basically keeps the reactor vessel cool when Brayton Cycle not
functioning

* Flow will be through the graphite reflector.

* Core will remain hot during operation of this system.
The fuel and defueling systems

* An on-line operable system.

* This system is 100% redundant

* 2 zone core loading capability.
Electrical system (See attached Figure 11)

* A 132 kV main bus with step down transformators to 11 KV, 3,3 KV and
400V busses and switchgear.

* Electric demand is split into startup, shutdown and run categories.

* A 600 kVA diesel-generator will serve as startup and stand-by electric
supply source if grid is not available.

Automation System Architecture (See attached Figure 12)
Minimum scope safety-related Reactor Protection System to ensure that the initial
conditions preceding a possible accident are safe (e.g. reactor temperature and integral
energy - which has to be removed as decay heat).
The rest of the system is normal industrial automation equipment. Use is made of:

* programmable logic controllers

* computer-based man-machine interface devices with an absolute minimum of
discrete control buttons / indications)
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9.

¢ Networking between controllers
« redundancy of processors and networks as and where appropriate

Each reactor module has an independent automation system, situated in the plant area.
Operator stations for all modules are in one common control centre. Provision is made for
one plant supervisory station (but no technical support centre, no remote shutdown
facility).

Plant common automation equipment (with a degree of redundancy as and where
appropriate) may be:

+ plant monitoring systems (environmental, seismic, ...)
¢ plant data server

COMPONENT SPECIFICATION AND COSTING

The following main components costing is at present under discussion. (tender inquiries out)

10.

The reactor vessel.

The graphite.

The fuel.

The alternator.

The turbo machinery and heat exchangers

The building

The electrical equipment include the main transformers.
The active heat removal pumps and heat exchangers.
The ventilation system.

THE ENGINEERING SIMULATOR.
Acceptable level of stability of the Brayton Cycle is demonstrated.
Operating at different levels of power showing correlation with other methods of predictions.

The behaviour of the turbo machinery is demonstrated during step and ramping of power
and helium inventory changes.

The simulator ailready plays an important role in identification and simplification of a control
system.

(Detail of the simulator is presented in a separate paper).

11.

CONCLUSION
The simplicity of the proposed reactor still prevails.
The inherent safety is captured in the fuel and plant configuration.
A new licensing framework is possible.
The direct cycle is a non-omissible option for future power generation.

The technology base internationally available makes it possible to design and build a fullscale
prototype plant directly without extended research and development required.
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e We foresee no technical and financial reason why the public cannot accept this power plant
as an electric power production unit.

+ Variations of the proposed concept are possible to suit potential clients requirements.

s ltis one of the world’s most fascinating new developments.

o Our study is basically on time as scheduled, and will be finished with great enthusiasm.
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LICENSING OF THE PROPOSED PBMR-SA XA9846679

G.A. CLAPISSON, N.R. HENDERSON, T.F. HILL,
N.H. KEENAN, P.E. METCALF, A. MYSENKOV
Council for Nuclear Safety,

Hennopsmeer, South Africa

Abstract

This paper describes the preliminary criteria, which are intended to be used by the South African
regulatory authority (CNS), for licensing of the ESKOM proposed - South African high
temperature gas-cooled Pebble Bed Modular Reactor (PBMR-SA).

The CNS intends to apply the existing CNS licensing approach together with some international
design criteria used for advanced reactors as well as international experience gained from the
safety evaluation of the MHTGR, THTR, etc. A major requirement to this type of reactor is that
it should comply with the current CNS risk criteria and provide, as 2 minimum, the same degree
of protection to the operator, public and environment that is required for the current generation
of nuclear reactors.

I. INTRODUCTION

The South African high temperature gas-cooled Pebble Bed Modular Reactor (PBMR-
SA) proposed by Eskom[1] is now at a preliminary design stage. In this paper the
CNS approach to the establishment of a licensing basis for this reactor design is
discussed against the background of the regulatory approach applied in South Africa
and fundamental safety standards laid down by the CNS[2] as well as an international
approach developed for the MHTGR[3] and other advanced reactors[4].

The approach followed by the CNS as regards reactor regulation is that the licensee
must present a safety case for the plant which must include a credible design basis
respecting international norms and practices, and that the safety case includes a
quantitative risk assessment demonstrating compliance with the fundamental safety
criteria laid down by the CNS [5], which include:

e The CNS risk criteria for risk to the public and plant personnel due to accident
conditions and normal operating events

e Defence-in-depth

e The ALARA principle

In view of the fact that the PBMR-SA is to a large extent a unique design, the design
rules and design basis have to be largely developed by the South African licensee in

consultation with the CNS.  This must be performed in accordance with the
fundamental safety standards of the CNS and prevailing norms and standards.
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Il. EXPECTED DESIGN FEATURES

International experience indicates that high temperature gas-cooled modular reactors
have unique safety characteristics [6]. The most important being:
¢ slow response to core heat-up events, because of the large heat capacity and lower
power density of the core;
e the very high temperature that the fuel can sustain before the initiation of fission-
product release;
passive reactor shutdown with a modest temperature rise;
passive decay heat removal features;
high-integrity coated fuel particles, which function as the initial fission-product
barrier and primary reactor containment system;
e minimum requirements for operator actions and the low sensitivity of the design
to operator error.
All these contribute to the long time intervals necessary for the implementation of
corrective actions.
Therefore, the PBMR-SA design has the potential to eventually demonstrate a number
of favourable characteristics, in particular:

o the potential for only minor core damage and fission-product release over a wide
range of severe challenges to the plant;

e the objective of reduced dependence on human actions and reduced vulnerability to
human error;

e a long response time of the reactor under accident conditions, which provides
sufficient time for evaluation and corrective actions;

e the capability to demonstrate by test, the significant safety features and safe
performance of the plant over a wide range of events;

e the potential for the development and successful performance of high quality fuel
and passive safety characteristics.

As a result of these expected safety features, the following important differences

between the existing LWR and the PBMR-SA design could be expected in the

PBMR-SA design:

e ashift in emphasis from mitigation features to highly reliable protection features;

e reduced number of systems, components, and structures needed to be classified as
safety related;

¢ Possible relaxation in the number of lines of defence or barriers.

ill. DEVELOPMENT OF A LICENSING BASIS

The basic requirements introduced in chapter I will have to be applied to the PBMR
concept design to derive plant-specific safety requirements for the purposes of
establishing an appropriate licensing basis. The basic objective is to underpin the risk
requirements with “deterministic” safety principles. This must be performed by the
licensee in consultation with the CNS in the following stages:
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1. Identification of accident and operational events.

All scenarios which could result in exposure of the public or plant personnel to risk
during normal operation of the plant or as a result of an accident, either due to direct
exposure or release of radioactive material from the facility must be identified. In this
regard all sources of radioactive material, release mechanisms, release pathways,
components, systems, plant processes, activities and events which could impact
significantly on risk must be identified. The significance of such events will
ultimately be determined by comparison with the safety criteria of the CNS.

2. Establishment of a classification scheme for accidents and
operational events

It is proposed that a classification scheme for accident and operational events should
be developed to facilitate the development of deterministic design rules. This scheme
would effectively serve as a surrogate for the CNS risk criteria, but would facilitate
the development of design rules by adherence to a number of principles outlined
below.

Criteria for public and operator exposure should be developed for each event category
along with appropriate frequency ranges with the following objectives:

e Adequate safety margins against the CNS criteria for public and operator risk must
be assured, taking into consideration that the risk to the public from the presence
of the PBMR must be added to that of any other existing facilities at the site (e.g.
the Koeberg PWR reactors at the Koeberg site).

e Although the proposed design should provide, as a minimum, the same degree of
protection for the public and environment as required of the current generation of
nuclear reactors, an enhanced level of safety is expected.

e The classification scheme must be made as stable as possible (i.e. not subject to
the variabilities typical of quantitative risk assessments) by giving adequate
attention to prevailing uncertainties. In view of the limited experience feedback
from reactors of this type, consideration of uncertainties are expected to play a
mayor role in establishing the licensing basis for the PBMR.

e The consequence analyses must be based on conservative assumptions (at least for
event categories I and II) with due consideration to uncertainties as discussed
above.

e In view of the advanced nature of the proposed design as a potential source of
energy for the next 40-50 years, it is expected that the safety level for these
reactors must be shown to be better than the current generation of LWRS,
particularly as regards accident prevention. The emphasis on accident prevention
as opposed to accident mitigation could provide a basis for decisions regarding
less defence-in-depth requirements than for the current generation of LWR'’s.
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The classification scheme for a set of event categories proposed by ESKOM (1] and
used for MHTGR[3] with some modifications may be considered at this stage. The
list of events is given in tables 1-4.

Event Category I. Events in category I (EC-I) (table 1) are equivalent to the current
anticipated operational occurrence (AOO) class of events considered for LWRS. The
frequency range for these events goes from a number per year down to approximately
107 per reactor-year, which corresponds to the frequency of events that may be
expected to occur several times during the life of the plant.

Events with frequencies exceeding 107 per annum may not lead to any significant
dose to the public or plant personnel. This would encompass events in categories 1
and 2 for LWRS, category 1(for LWRS) referring to normal operating events (i.e.
frequency > 1), while category 2(for LWRS) refers to transient conditions which are
expected to occur during the operating life of the plant (frequency between 1 and
102).

Table 1. Event Category 1

Number Event
EC-I-1 Main-loop transient with forced core cooling
EC-I-2 Loss of main and shutdown cooling loops
EC-I-3 Control-rod-group withdrawal with control rod trip
EC-1-4 Small heat-exchanger leak
EC-I-5 Small primary-coolant leak

Table 2. Event Category II

Number Event
EC-II-1 Loss of heat transport system (HTS) and shutdown cooling
system (SCS) cooling
EC-1I-2 HTS transient without control rod trip
EC-II-3 Control-rod withdrawal without HTS cooling
EC-II4 Control-rod withdrawal without HTS and SCS cooling
EC-II-5 Earthquake
EC-1I-6 Moisture inleakage
EC-II-7 Moisture inleakage without SCS cooling
EC-II-8 Moisture inleakage with moisture-monitor failure
EC-II-9 Moisture inleakage with heat-exchanger dump failure

EC-1I-10 Primary-coolant leak
EC-1I-11 Primary-coolant leak without HTS and SCS cooling
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Event Category II. Events in category II (EC-II) (table 2) are equivalent to the

current Design Basis Accident (DBA) categories 3 and 4 for LWRS and would be

selected in 2 manner consistent with that for selection of an LWR DBA envelope.

Specifically, events in EC-II would:

= Be identified, using in-depth engineering assessment and judgement,
complemented by PRA methods, to include internal events in the frequency range
of 107 to 10” per year, with the aim of ensuring that any event expected to occur
over the lifetime of a population of reactors is included.

= Include external events relevant to the reactor site.

= Be subject to single-failure criteria and other traditional conservatism, depending
on the assessed accident consequences, with no credit for non-safety-grade
equipment, etc.

Events in this category would require conservative analysis, as is currently done for

LWRS.

Table 3. Event Category III

Number Event
EC-1II-1 Moisture inleakage with delayed heat-exchanger isolation and without
forced cooling
EC-III-2  Moisture inleakage with delayed isolation
EC-III-3 Primary-coolant leak with neither forced cooling nor helium
purification system pumpdown
EC-III-4 Inadvertent withdrawal of all control rods, without reactor trip for 36
hours:
(1) reactor system pressurised, with forced cooling available
(2) reactor system pressurised, with reactor cavity cooling system
(RCCS) cooling only
(3) reactor system depressurised, with RCCS cooling only
EC-III-5 Station blackout for 36 hours:
(1) reactor system pressurised
(2) reactor system depressurised
EC-III-6 Loss of forced cooling plus RCCS cooling for 36 hours:
(1) reactor system pressurised, RCCS 25 percent unblocked after 36
hours
(2) reactor system depressurised, RCCS 25 percent unblocked after 36
hours
EC-III-7 Rupture of justifiable number of heat exchanger tubes with failure to
isolate or dump heat exchanger:
(1) reactor system depressurised, with forced-circulation cooling
maintained :
(2) reactor system depressurnised, without forced-circulation cooling
EC-III-8 Rapid depressurisation. Double-ended guillotine break of crossduct
with failure to trip (assume RCCS failed for 36 hours and 25 percent
unblocked thereafter). Partial control-rod insertion after 36 hours.
EC-III-9 Severe external events consistent with those imposed on light-water
reactors.
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Event Category III. Events in category III (EC-III) would correspond to those severe

events beyond the traditional DBA envelope that should be used by the designer in

establishing the design bases. The events in this category would be identified using

engineering assessment and judgement in conjunction with probabilistic techniques

and expert opinion.

Specifically, events in EC-III would:

= Include internal events in the frequency range from 10* to 107 per year, including
external events not covered in EC-II, consistent with the approach taken for future
LWRS.

The events proposed by ESKOM for emergency planning, together with additional
bounding events to account for plant-specific uncertainties (as for the MHTGR) as
listed in Table 3 are to be considered in this category.

In selecting the events to be included in EC-III, the design would be specifically
reviewed to identify those events with the potential of a large release, core melt (or
equivalent), or reactivity excursion to ensure that adequate prevention or protection is
provided before these events could be excluded from this category. EC-III events
could be analysed on a best-estimate basis.

Event category IV. Events in category IV (EC-IV) (table 4) would be used in
assessing the extent for offsite emergency planning necessary and evaluation of the
inherent extended safety features of the PBMR-SA. These events would be analysed
in terms of risk and the events proposed by ESKOM for Beyond Design Basis Events
as well as vessel failure and graphite burning events are to be considered in the EC-
IV category at this stage.

Table 4. Event Category IV

Number Event

EC-IV-1  Reactivity events including spurious reactivity insertion and indefinite
failure to trip when required:
(1) pressurised conduction cooldown wfthout reactor trip;
(2) control rod withdrawal (all rods);
(3) hypothetical control rod ejection;
(4) large moisture ingress.

EC-IV-2  depressurised conduction cooldown with immediate and indefinite loss
of the HTS, SCS. and RCCS.

EC-IV-3  large moisture ingress events with and without heat-exchanger
isolation:
(1) large moisture ingress with isolation
(2) moisture ingress without isolation.

EC-IV-4  rapid vessel depressurisation due to catastrophic interconnecting
manifold failure.

EC-IV-5  catastrophic failure of core support.

EC-IV-6  hypothetical vessel failure

EC-IV-7  hypothetical vessel failure with graphite totally burnt out
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Event Frequencies

Large uncertainties may exist in PRA results, especially in the lower frequency
ranges. Therefore, in selecting and analysing the events, consideration must be given
to the treatment of uncertainties. Accordingly, where the event categories include in
their definition a frequency value, this frequency value is intended to be a guideline
only and is not to be considered a rigid limit for which compliance must be rigorously
demonstrated.

If it is demonstrated that the PBMR-SA design posses the safety features anticipated
above [6] and a negligible risk of the significant fission products release can be
justified, the classification scheme for a set of event categories could be changed to
only three categories, in particular:

Events in category I - anticipated operational occurrence;
Events in category II - accidents with no release of fission products;
Events in category III - accidents with release of fission products.

3. Establishment of basic safety rules for design and operations

Basic safety rules for the design and operation of the plant should be established with
the objective of meeting the requirements arising from the classification of accident
and normal operating conditions described in previous section. These rules should
form a link between the requirements arising from the above risk-based classification
and the detailed plant design basis. These rules should form the basis for licensing
and deal with issues such as:

0 Requirements on the need for and integrity of the various barriers, e.g. fuel,
reactor vessel and containment structure based on the event categories defined
above, covering inter alia:

o Mitigation of internal events (coolant leaks/core damage accidents)
e Protection against external events (fire, flooding, air crash)

¢ Requirements on protection systems, i.e.:
e Need for and classification of diverse engineered safeguard systems
o Levels of redundancy of the above systems
e Availability requirements

¢ Design requirements relating to radiological protection (e.g. waste treatment,
shielding, ventilation, installed radiation monitoring)

¢ Plant siting requirements.

It can be expected that the licensing requirements for the first unit will include an
extended more comprehensive commissioning and testing programme, requiring
possible additional hardware, to verify and validate the design safety parameters.

As the first unit will most probably be situated on the Koeberg site, the interaction
with KNPS will therefore need to be addressed.
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4. Establishment of a detailed design basis and general operating rules

Once the basic safety rules have been established in step 3, the detailed design basis
must be established to ensure compliance with these rules as well as the CNS safety
criteria.

The design basis will have to be demonstrated to be credible and developed respecting
acceptable international norms and practices.

Protection features identified thus far which must be accounted for in the design basis
must include the following specific concerns:

e Protection of metal components from continued exposure at elevated temperatures
and from hot helium during postulated transients

e Prevention of uncontrolled access of air or moisture to hot graphite and fuel
particles.

In parallel with the development of the design basis, operating rules need to be
established including inter alia:

Operating technical specifications
In-service inspection programme
Maintenance and testing programmes
Radiation protection programme
Waste management programme
Occurrence reporting programme
Quality management programme
Emergency plan.

IV. CONCLUSION

The final determination of whether the plant is licensable is contingent on the
following:

1) Satisfactory completion of the preliminary design review;

2) Satisfactory resolution of all safety issues, identified during the review process
and possible additional safety issues that may be raised at later stages during the
review process;

3) Satisfactory completion of the final design review by a competent independent
reviewer;

4) Conformance with applicable CNS rules, LDs and LGs current at the time of any
future licensing action;

5) Satisfactory completion of the final design and licensing review by the CNS;

6) Satisfactory completion of research and development activities, including
successful design, construction, testing, and operation of the first unit before
design certification.
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Acceptability of the PBMR-SA design by the CNS will be determined on the
evaluation of both deterministic safety and PRA analysis.

The positions and conclusions on all matters discussed in this paper are preliminary
and are subject to change.
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PBMR PHASE 1 STUDY: SEISMIC AND STRUCTURAL DESIGN
CONSIDERATIONS — AN OVERVIEW OF PRINCIPLES
LT

D.J :W. WIUM XA9846680
Africon,
Pretoria, South Africa

Abstract

This paper briefly reviews the principles involved in the planning and design of the
proposed facility to cater for seismic and structural loads. The conceptual layout is
discussed, as well as the different load characteristics and scenarios. An outline is given of
a model used to estimate the seismic loads, whereafter the different analytical models are
discussed.

1. Background

This paper briefly reviews the structural and seismic design of the proposed facility. The
structure serves the main role in supporting the sensitive equipment, protecting it from the
external environment, internal and external missiles, and providing some rudimentary
protection against the sudden uncontrolled release of radio-active material. The building
will need to be designed to provide the necessary protection, but also be adaptable to
different environments and circumstances. The current prototype is being planned for the
Koeberg site in the Western Cape (close to Cape Town), but the ultimate goal is to be able
to place such facilities at virtually any location in the world. In designing this prototype,
the objective has therefore been set to ensure that it can be ‘transported’ to a wide range of
sites: of particular interest is the seismic input parameters.

The paper reviews the forces and conditions to which the building will be subjected. The
principles involved in planning the layout of the building are reviewed. Next the
fundamental issues involved in estimating the seismic input parameters are reviewed, as
well as the principles to be used in performing the seismic analyses.

2. Design considerations
The concrete structure that will house the proposed system is being planned to fulfil a

multiple range of functions. The different input requirements are outlined below.

2.1 Structural Requirements

2.1.1  Strength

The structure will be expected to fulfil the normal operating loads, as well as a number of
critical (accident) conditions. Normal loads to be considered would include the following;:

e the support of heavy equipment
e slight under or over pressures during operational conditions

185



2.1.2

2.2

186

e construction loads (e.g. installation of the process equipment, etc)
¢ normal heat loads during operational conditions

During accident conditions, it is anticipated that the following conditions would have to be
catered for:

e protecting the process equipment from missiles, both internally generated (e.g.
turbine blades, broken pipes, etc) and external missiles (e.g. aircraft)

o the protection against slight over-pressures during a potential accident, and

¢ provide sufficient strength against seismic loads during earthquakes.

Stiffness

The sensitive nature of the equipment calls for a relatively stiff supporting structure to
prevent relative movements between support points of the equipment. A key design
parameter in planning the layout of the building has therefore been to ensure that the
building does not exhibit excessive relative displacements during dynamic loads, and that
piping and equipment are not subjected to large differential movements of its supports.
Research has shown that such relative displacements could seriously jeopardise the
structural integrity of the process equipment. Furthermore, resonance between the
different modes of the equipment and the building structure should be prevented, as this
could seriously jeopardise the safety of these critical equipment.

However, the supporting soil of the site could furthermore impact on the dynamic loads
experienced by the building. Experience and extensive research have shown that
substantial amplification of the seismic motions can be expected in the case where the
facility is situated on soft soil deposits. Care should therefore be taken to ensure that such
amplification does not occur. Special care would be required where such situations do
occur: it is usually advisable to prevent resonance between building and the supporting
soils.

Integrity

The second key objective of the building will be to ensure sufficient protection of the
process equipment from the natural external environment. This entails the protections
against the external corrosive sea air, as well as the potential damaging effect of the ground
water.

The prior matter will be addressed easily through high quality concrete construction.
Similarly, the structure will be designed to withstand at least the minimum over pressure
that could be expected during the initial phases of a possible blow-down of the system:
special pressure release gates will be provided to release any potential over-pressure as
soon as possible. It is therefore not anticipated that the structure will tested for leak
tightness, and not special effort will be put into creating an absolutely leak-tight
environment.

The prototype plant will be situated on the Koeberg site, where the sand cover over the
underlying rock is approximately 20m thick. The water table is also quite high, being right



next to the sea. It can therefore be expected that substantial water proofing will have to be
provided. A cavity wall system is currently being investigated for this purpose.

2.3 Structural Layout

The primary structure is planned to consist of a number of heavy concrete walls and floor
required to support the process equipment (see Figure 1). The large latter force will be
resisted by the internal floors, while a vertical load carrying system is being devised to
provide for the support of the vessel, the heavy overhead crane, the numerous large
pressurised gas containers, and the roof itself. Special care will be given to finding a
solution which takes into account the dynamic response of the roof during seismic events.

Figure 1: Conceptual Layout of Building

A key role to be played by the structure is the protection against external missiles. It will
be designed to withstand the following two cases:

e Cessna 172 (which would not be allowed to penetrate the external wall), and
¢ Phantom F1, (which would not be allowed to penetrate the protective boundary
surrounding the process equipment.

This protective boundary is illustrated in Figure 2.

Figure 2: Protective Boundary Above Process
Equipment
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Seismic Design

Seismic Input Parameters

Properties of earthquake

Effects of Earthquakes

Earthquakes represent some of nature’s most catastrophic events which could wreak havoc
in any community. Fortunately, the South African region is known for its seismic stability,
and only a relatively small number of earthquakes occur. However, earthquakes do induce
significant forces in buildings and other structures, and extensive damage could occur in
buildings if the necessary precautions are not taken. It is therefore necessary to take
cognisance of these effects during the design stage.

An earthquake is manifested by a sudden, random, rapid movement of the ground which
could have a duration of between 2 to 20 seconds. A typical recording of the ground
motion in the three directions are uncorrelated. The maximum horizontal acceleration
measured during an event can reach 1 or 2g (where g is the gravitational acceleration of
9.81 m/s?) but in most cases it is less than 0.5g. In frequency terms, the dominant
frequency of the motion generally lies in the range of 2 to 20 Hz (i.e., the ground vibrates
at frequencies of between 2 and 20 Hz).

Classification of Earthquakes

Various scales are used to measure the degree of intensity of an earthquake. The two more
commonly used scales are the Richer magnitude scale, and the Modified Mercalli Intensity
scale. The Richter scale is used most commonly where sufficient instrumentation is
available to measure the motion of the earth. This scale is an open-ended scale, and larger
events can reach 8.5 on this scale. The largest event recorded to date in Southern African
is the main shock of 29 September 1969 at Ceres, which registered 6.3 on the Richter
scale. The Modified Mercalli Intensity scale is generally used in cases where no
instrumentation recorded the event, and where local evidence needs to be used to estimate
the severity of the event. The earthquake at Ceres was assigned an MMI value of 9, being
the largest recorded in this region.

Earthquakes are induced by a range of different mechanisms in the upper layers of the
earth crust. The major cause of earthquakes is the sudden release of energy when two
adjacent sections of the crust move with respect to each other. Such movement typically
occurs at the interplate boundaries of the earth. This results in a concentration of
earthquake epicentres along the American coastal belts, in the Philippines, and in some
parts of the Mediterranean. Other causes include volcanism, and other effects which could
cause stress concentrations in the rock layers, such as an increase in load on the earth crust
due to the construction of dam, or the seasonal accumulation of water in some swamp
areas. However, these situations generally result in relatively small seismic events.
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Ceres (1969)

Koeberg «

Effect of Distance

The epicentres of larger natural earthquakes are located at depths of between 25 and 40 km
below the surface. From there the energy is transferred as P (compressional), S (shear) and
Raleigh waves through the earth to areas further away. The intensity of the observed
ground motion (and therefore the MMI observed at a particular position) attenuates with
distance from the epicentre. Although not strictly correct, this attenuation of intensity can
be represented by a logarithmic function expressed as:

logl=log I,+alogR+c¢c

where [ is the intensity at the epicentre,
I is the intensity at distance R, and
a and c are constants.

Therefore, sites further afield from seismically active zones are affected less significantly
than those close by.

Seismicity in Southern Africa

Earthquakes have been recorded in the Southern African region since as early as 1620, but
a scientific record of events has only been kept for the past 20 or 30 years (Fernandez 1970
- 1986). Largely due to a lack of data, seismologists have not been able to construct a clear
model of seismic activity in this country, and quite large error bounds are therefore by
necessity included in any codified guidelines. It can be expected that this may also be the
case in a number of other countries where these plants may in future be situated. A brief
outline of the methodologies used here is given to illustrate that the lack of seismic
information should not preclude the development of some model of seismic behaviour of
the region.
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Figure 3: Points of Interest and Seismically Active Areas
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From the available data it is clear that there seems to be higher concentration of
earthquakes in the Cape Town - Ceres area, where some of the larger events took place
(see Figure 3). A number of larger earthquakes have also occurred in the Zululand area, as
well as in Lesotho and in Koffiefontein. A larger number of earthquakes (albeit small)
occur in the northern region of Botswana, and in the vicinity of new large dams, such as
the Kariba dam. This data was used to develop the seismic hazard map used in the design
codes. Alternatively a probabilistic approach could be used to develop design spectra
(Wium and Opperman, 1986).

A large concentration of earthquakes are also found in the major active gold mining areas
of Transvaal and the Orange Free State. The epicentres of these events are typically
located at depths of between 2 and 3 km, and they generally have quite short duration.
Due to their very shallow epicentres, they tend to attenuate very rapidly, resulting in only
limited impact on constructed facilities.

Seismic Design Parameters

This section briefly summarises the methods used to develop the seismic risk model. The
methodology used in this work is based on the work of Cornell (1968), and on later
extensions implemented by Anderson and Trifunac (1978) and Lee and Trifunac (1985).
Two numerical models were developed to represent the unique properties of the Southern
African region. The various aspects involved in this procedure are briefly discussed
below.

Seismicity

The occurrence of earthquakes in a given region can be represented by a model of the
seismicity which describes the location of seismic events in the region, the frequency of
these events, and their magnitude or intensity at the epicentre. Typically, the region can be
divided into a number of different seismic zones or features with which earthquakes can be
associated. The most obvious features are faults and point sources, but in many cases,
earthquakes cannot be associated with any particular feature, and a region therefore has to
be treated as an area of distributed seismic activity. It is assumed that throughout each of
these zones, there is an equal probability of an earthquake of a specific intensity or
magnitude occurring anywhere in such a zone.

This model is expressed in terms of the Modified Mercalli Intensity (MMI) at the
epicentre. Although a model of magnitudes would be more apt, little or incomplete
magnitude data exists on earthquakes in Southern Africa prior to the 1970’s.
Seismologists therefore have to rely on records of MMI values.

The Seismological Data Bank (consisting of a comprehensive list of all recorded
earthquakes in Southern Africa from 1620 up to 1983) was obtained from the Geological
Survey of the Department of Mineral and Energy Affairs (Fernandez, 1985). All events
after 1900 were selectively grouped into seven seismic zones, and only those events
subsequent to the turn of the century were retained. Fore- and after-shocks were
judiciously excluded from the list or earthquake.
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However, a close inspection of the cumulative energy of the earthquakes shows that the
available data on the seismic history of Southern Africa is not complete. Had this been the
case, the average trend of the cumulative energy would have been constant for the full
period from 1900. This certainly is not the case. Instead, in many regions this data is only
complete from the early to late nineteen fifties. This data can hardly be used to correctly
estimate the seismicity in a region.

On the other hand, it would seem as though the record of seismic events is not complete
for the smaller events that occurred prior to the fifties, and that the list becomes
progressively more complete in the smaller events as the time goes on. For instance, it
seems that in some areas all large events (those with an intensity greater than or equal to 8)
may be complete from as early as 1652, being the period for which written records are
available. These events are so large that they would have been recorded by the public had
they occurred. On the other hand, smaller events (with intensities between 5 and 7) may
be complete from approximately 1900, while smaller events only seem to be complete
from 1950 or even later.

It was therefore decided that all available data be used to compile a more representative
model of the seismicity of each region. This can be done by establishing the average rate
of events of a particular intensity during that period for which the events of that intensity is
complete, and by extrapolating these events over a longer period. It is suggested that the
longest available period be used as the basis for calculating the seismicity: in this case, it
would be for the period from 1652 to 1983, being the period during which the Southern
Cape has been populated on a continuous basis. The number of events that occurred
during a shorter period should therefore be extrapolated to cover this full period.

All that remains to be done is to select that period for which the data of each intensity is
complete. It was therefore decided that this can be regarded as that period during which
the moving average of the annual number of events remain constant, or approximately so.
These through I were used to estimate the applicable periods of complete data for each
seismic region. Three alternative methods were used to establish the list of earthquakes.

Attenuation

The seismicity model discussed above expresses the probability distribution of events at
the epicentre. However, the effect of such an earthquake rapidly diminishes with distance.
This phenomenon is represented by an attenuation model. Various expressions have been
suggested to represent the attenuation of earthquake waves due to the distance between the
epicentre and the site (Howell, B.F. (Jr.) and Schultz, T.R., 1975). Isoseismal maps can be
used to derive a suitable expression for Southern Africa. Typically, the intensity at a site
(I) is expressed as a function of the intensity at the epicentre, the epicentral distance (R)
and the focal depth (h).

Engineering manifestations of earthquakes

In the design of a structure, it is necessary to predict its response by using engineering
input parameters, such as the peak ground acceleration, or the response spectrum for the
design earthquake. MMI values cannot be used for this purpose.
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No strong motion records are available of any significant natural earthquakes in Southern
Africa. Functionals expressing the peak acceleration, response and Fourier amplitude
spectra as functions of the site intensity have been proposed, and are based on a large
number of world-wide earthquakes (Anderson and Trifunac, 1979; Comell, Banon and
Shakal, 1975; Trifunac and Brady, 1975). These correlations represent the relationship
between two site parameters (e.g. MMI and peak acceleration), and are not significantly
influenced by the geological characteristics of the region. This data can therefore be
transferred from one seismic area to the next, and can be used to develop seismic input
parameters for sites in Southern Africa.

Final model

The above expressions and functionals were obtained from observed data, and inherently
exhibit a certain degree of scatter. Therefore, they need to be treated as probability
distributions. Using this data, it is possible to derive a probabilistic model of the response
at a given site by considering the seismicity of all seismic sources in the vicinity, by
attenuating the effect to the site, by converting the MMI value to the response variable of
interest, and then by integrating these functions for all seismic sources to obtain, for
example, the response spectrum values at a range of frequencies. The response spectra
obtained from these models can easily be used to generate the design time histories by
using other methods for generating artificial earthquakes that are compatible with the
design response spectra (Gasparini and Vanmarcke, 1976).

It is beyond the scope of this paper to further discuss the details, but the methods are more
fully explained in the work of Comnell (1968), and Anderson and Trifuncac. Models for
the seismicity and attenuating effects have been developed for the Southern African region,
and are discussed in the following sections.

Seismic Design Principles

It was pointed out above that the dynamic interaction between the structure and the
supporting soil needs to be taken into account. A complex model is being developed for
this purpose: in this particular site, it can be expected that the dynamic interaction between
the horizontally layered sand and the structure could be quite substantial. Care will be
taken to ensure that a resonant situation is not created. At other sites, special care will be
needed to prevent such interaction. Where possible, a more rigid site should be selected,
as that would obviate the use of special soil improvement techniques (e.g. piling, large
foundation mats, etc)

Should the site characteristics require it, it may be necessary adapt the structural layout in
one of the following ways:

¢ modify the structural layout to change its dynamic behaviour

e consider alternative support positions for equipment (which should at all costs
not be done)

e use more flexible support elements

This may require some additional attention when designing the plant for a subsequent
project.
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3.5.1

Design Philosophy

The general philosophy being followed in this project is to provide a design that would
withstand a certain level of seismic excitation for at least 0.5g: the current design level is
0.3g, but it is anticipated that the target will be achieved without serious design
repercussions. This will allow the design to be used on a wide range of sites throughout
the world, without having to be requalified.

Seismic Analyses

A dynamic analysis model of the system and the structure will be compiled, which will
represent the dynamic properties of the various components. However, in order to
optimise the structural layout, and to provide meaningful input to the designers of the
process equipment, a phased approach is being followed in modelling the systems. In the
development, four levels of models are will be developed. These are the following:

¢ 2 Planning models (100 - 200 elements), one consisting of individual models for
the building and process equipment, and one consisting of a combined model for
both systems

¢ Design model (500 - 3000 elements)

¢ Licensing model (3000 - 10 000 elements)

The different types of analyses to be performed are outlined below.

Response Spectrum Analysis

A decoupled 3-D dynamic analysis of the primary loop will be performed. In this analysis,
a floor response spectrum will be generated for the operating level of the concrete structure
using the dynamic properties of the concrete structure. In this decoupled analysis of the
concrete structure, the primary loop will be modelled as lumped masses to reflect the
interaction effect between the primary loop and the internal concrete structure.

In the second analysis, the complete piping system, and the concrete structure will be
considered. The primary loop will be once again connected to the internal structure as
discussed above. The basemat will be represented by a six degree of freedom model which
will allow complete freedom to rotate and displace, but which assumed that the basemat
itself will be rigid, thereby representing the soil-structure interaction

A computer program (SSICAL) has been developed in-house for the purpose of calculating
the dynamic soil-structure interaction. It is based on the Substructure Theorem, and
encompasses a model synthesis in the frequency domain. This technique recognises the
fact that the natural frequencies and model shapes of a structure with a fixed base are
easily obtainable, while the soil is characterised by frequency-dependent stiffness
functions.

An equivalent (frequency dependent) dynamic stiffness matrix can be compiled which
represents the dynamic properties of the structures and the soil. For this, it is necessary to
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calculate the mode shapes of the structure on fixed base (i.e., ignoring all soil-structure
interaction). The study will consist of the following steps:

e develop models for the structures, and calculate the modes and frequencies on a
rigid base;

e generate the time histories, and calculate the Fourier transfers of each;

e calculate the dynamic stiffness of the combined model, and then calculate the
response at each frequency;

e calculate the inverse Fourier transfers for each record to obtain time histories for
the displacement and rotation of the base; and

e evaluate the response of the structures and pipes, using the time histories and
prescribed displacements.

Combined Model

Since the concrete structure supports the primary loop, and as the primary loop will be
quite heavy compared with the internal concrete structure itself, the primary loop model
will be incorporated in the internal concrete structure model to form a combined model so
that the interaction of these two substructures could be accounted for.

The coupling of the primary loop and the concrete structure will be achieved by means of
sub-structuring and the use of generalised constraints equations for constraining the
supports of the primary loop to their respective support locations in the internal structure.
In this analysis, the primary loop will be considered as the higher level substructure and
the internal concrete structure as the lower. The support locations were selected nodes in
the internal structure, and were constrained to the six degrees-of-freedom of the beam
element modelled in the centre of the structure. Since the structure will be supported on a
rigid base, no interaction could occur between the internal and containment structures. The
latter structures were therefore excluded from this analysis.

Licensing Model

This model will consist of a very detailed set of components in which the different key
elements will be assessed. Detailed stress calculation will be performed, as will the
accelerations be calculated for sensitive equipment.

Summary

This paper briefly reviews the scope of work being undertaken to address the seismic
analysis and structural design of the proposed new facility. It is pointed out that methods
are available for compiling seismic histories for the facility, even in the absence of
comprehensive seismic histories.

The importance of the seismic and structural inputs have been highlighted, and the
importance is stressed regarding the role of the structure in providing appropriate support,
stiffness and protection to the equipment. It is clear that these issues will be of significant
importance during the licensing applications, and appropriate attention needs to be given to
the matters.



HELIUM STORAGE AND CONTROL SYSTEM FOR THE PBMR
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Abstract

The power conversion unit will convert the heat energy in the reactor core to electrical
power. The direct-closed cycle recuperated Brayton Cycle employed for this concept
consists of a primary helium cycle with helium powered turbo compressors and a power
turbine. The helium is actively cooled with water before the compression stages. A
recuperator is used to preheat the helium before entering the core. The start of the direct
cycle is initiated by a mass flow from the helium inventory and control system via a jet
pump. When the PBMR is connected to the grid, changes in power demand can be
followed by changing the helium flow and pressure inside the primary loop. Small rapid
adjustments can be performed without changing the helium inventory of the primary loop.
The stator blade settings on the turbines and compressors are adjustable and it is possible to
bypass reactor and turbine. This temporarily reduces the efficiency at which the power
conversion unit is operating. Larger or long term adjustments require storage or addition of
helium in order to maintain a sufficient level of efficiency in the power conversion unit.
The helium will be temporarily stored in high pressure tanks. After a rise in power demand
it will be injected back into the system. Some possibilities how to store the helium are
presented in this paper. The change of helium inventory will cause transients in the primary
helium loop in order to acquire the desired power level. At this stage, it seems that the
change of helium inventory does not strongly effect the stability of the power conversion
unit.

1. Introduction.

The primary cycle used for the heat-transfer process is shown in figure 1. It is the Rankine
cycle, but when used with a single-phase, gaseous working fluid instead of a condensing
working fluid, it is termed the Brayton cycle. It is called the direct Brayton cycle if the
working fluid does not transfer its heat to a secondary (steam)cycle, but instead is used to
power the turbine of the generator system directly. Two helium powered turbo compressors
are used to maintain the required pressure in the system. In order to improve efficiency a
counterflow heat exchanger, known as a regenerator or recuperator, is introduced which
transfers heat from the gas flow into the first compressor towards the gas flow into the
reactor. A further increase in efficiency is obtained by active cooling of the gas with water
before each of the two compressors with a pre- and intercooler. A more detailed analysis of
the power conversion unit is given by Liebenberg [1]. The initial filling of the primary
cycle is performed by injecting clean helium from high pressure supply bottles into the
system through a jet pump. This will start the circulation of the helium in the primary cycle
and will cause the turbines of the compressors to start rotating and to build up the required
pressure ratio. When the system is filled up to the point at which the pressure becomes
sufficient to sustain the operation of the power turbine of the generator system, the plant is
said to be operating at base load. In order to meet an increasing demand in power output,
helium is further injected from the storage tank system until the required or nominal power
level is reached. The variations in demanded power level between base load and nominal
operation can be followed by changing the helium flow in the primary cycle. Rapid control
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1 reactor unit 7 precooler

2 high pressure turbo/compressor 8 intercooler

3 low pressure turbo/compressor 9 helium inventory outlet point

4 power turbine 10 helium inventory inlet point (jet pump)
5 generator 11 bypass valve

6 recuperator

FIG. 1. The primary cycle of the power conversion unit.

in a small range up and down (= £10%) is provided by adjustable stator blade settings on
the turbines of generator and compressors. A reactor and turbine bypass system provides a
large control range downward in power level (up to 100% load rejection instantaneous).
Opening the bypass valve reduces the helium mass flow through the reactor core and
subsequently less heat is transferred to the power conversion unit. The mass flow through
the compressors is not effected by opening the bypass valve. In order to keep a constant
pressure ratio over the compressors their turbines must extract the same power from a
reduced mass flow. This is achieved by adjusting the stator blade settings on the
compressor turbines. As a result the generator turbine can extract less power from the mass
flow, and the efficiency of the power conversion unit decreases. In order to reduce the
compression work the mass flow through the compressors is reduced by removing helium
from the primary cycle. At the same time the mass flow through the reactor core is kept
constant (that is the required power level), so the bypass valve gradually will close as the
helium inventory decreases. When the bypass valve is closed, the removal of helium should
stop and the efficiency close to nominal operation will be restored. The helium will
temporarily be stored in pressure tanks. The removal or injection of helium from or to the
primary cycle is a slow process (tens of minutes) compared to the nearly instantaneous
blade settings on the power turbine or the operation of the bypass valve. As such, it will
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only be used for longer term adjustments. In the following section the application of
inventory compressors (powered by helium turbine or electrically) will be considered in
order to reduce storage tank size and number, and a simple model will be discussed for the
calculations. In section 3 four different configurations will be presented, section 4 will
discuss the time behavior, and in section 5 a preliminary conclusion will be drawn as to
which design is most appropriate.

2. Modeling the helium inventory system.

It is possible to design a storage system without extra inventory compressors. The system
compressors will perform the work required to store the helium in pressure tanks. At the
high pressure point in the primary cycle, i.e., after the second compressor, helium will
flow out of the system into the storage tanks due to the pressure difference between system
and tank. The helium will flow back into the system at the lowest pressure point in the
primary cycle (before the first compressor) due to the pressure difference between tank and
system. For such a storage system the following relations can be derived:

f=dg ’ (1)

where f is the factor by which the pressure of the helium in the system increases after
outflow of helium from a storage tank, and d-g the factor by which the pressure of the
helium in the system decreases when helium flows out of the system into the storage tank.
In order to prevent waiting for the pressures in tank and system to settle down to an
equilibrium (the last part takes the longest time) and in order to prevent minor oscillations
in mass flow direction that probably will occur around equilibrium, the mass flow from
system to tank will be stopped when the ratio of tank pressure divided by system pressure
equals g. The value of g will be close to 1, for instance 0.97. For the pressure ratio after
injection back into the system a similar factor g’ is defined, the ratio of system pressure
divided by tank pressure. This factor g’ is only important for the volume of the storage
tank. If K is the pressure ratio maintained by the system compressors, and d (f) the factor
by which the pressure in the storage tanks (the system) increases, then can be written:

K,=f-d @

The number of stages n (= number of pressure tanks or pressure zones) required to
increase the system pressure from a pressure at base load p, to a final pressure at nominal
power ps (p, and p; measured in same pressure point) is given by:

e
D

From equations (1), (2) and (3) follows n according to K, g, and p, , which are design
parameters for the system. When n is determined, f can be chosen from equation (3). This
factor influences the storage tank size according to the helium mass in the system before
(my ;) and after (m ,) injection from the storage tank:

DPs, - _ M)
—=fT=— = Am =m,—m, =m,(f-1) @)
Ps,z m.s,2
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with p,, and p;, the pressures related to m,, and m,, . A similar relation holds for the
storage tank:

p, , m, Py, 1
L= fog=—t="" = Ap, =Py~ Py =Py (—— 1) )
pv,Z mv,Z pv,Z f : g

with p, ; (py ) the helium density in the tank before (after) injection into the system. With
Am_ = Ap, -V, follows for the volume of 1 tank:

v, = g .gv.(l—l/f) _m. ,(1-1{f)
P f-g-D) p., (f-8-D

©

The model can describe an isothermal or an adiabatic process, the difference will be
expressed in the densities p, ; and p, , .

It can be shown that the volumes of all n tanks will be equal by substituting p, ;= f
zps'l (with p,, the density in the primary loop at injection point before injection) in
equation (6) and by defining V' = my,/p,, , with V' the effective system volume that
can be calculated from the average system pressure and temperature at given inventory
mass:

vV, =V g'.gf_l'/_fl
(f-g-D
If inventory turbo compressors are added to this system (figure 2) with a combined

pressure ratio of K; (depending on mass flow) then K has to be substituted by K K, in the
previous equations and the storage tank size becomes V /K .

)

3. Configurations of storage system.

Although it is an advantage to control the helium inventory without using extra inventory
compressors for storage, it requires very large tank sizes. For the PBMR-SA four tanks,
each at different pressure and around 200 m’, are required to store the helium when
reducing power output down to base load. This operation is reasonably fast: within 15
minutes all tanks are filled. Emptying the tanks might take longer due to a temperature
drop in the tank because of the adiabatic expansion of the helium into the system. The
pressure will drop with the temperature and the tank can not be emptied to the extent
needed. Injecting warm helium from the primary cycle into the tank, or actively heating of
the tank might be a solution. Introducing extra inventory compressors to fill the tanks
reduces the number of pressure tanks and their size, and influences the speed at which the
storage system operates. Figure 2 shows these options. Turbo compressors will hardly
effect the speed, being capable of handling large volume flows, but are limited to a certain
pressure ratio they can achieve. Positive displacement (reciprocating) compressors are able
to pressurize the tanks up to larger pressure differences, but will slow down the storage
process.

In order to combine the advantage of not using extra inventory compressors in the
storage system and reducing the tank size, a compromise can be found in installing two
tanks: one tank is the original highest pressure tank operated without additional
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1 helium inlet flow from high pressure point in primary cycle
2 optional (turbo)compressor

3 storage tanks at different pressures

4 helium outlet flow to low pressure point in primary cycle

FIG. 2. The inventory storage tank system with four pressure tanks. Number and size
of tanks can be reduced by applying (turbo)compressors.
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N = a valve @
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1 helium inlet flow from high pressure point in primary cycle
2 positive displacement compressor

3 storage tank at high pressure

4 intermediate or control tank at lower pressure

5 helium outlet flow to low pressure point in primary cycle

FIG. 3. The inventory storage tank system with one high pressure tank and one
intermediate or control tank.
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1 helium inlet flow from high pressure point in primary cycle
2 positive displacement compressor

3 storage tank at high pressure (same as in figure 2)

4 storage tank at lower pressure

5 helium outlet flow to low pressure point in primary cycle

FIG. 4. The inventory storage tank system with a positive displacement compressor which
compresses directly from the system.

compressors, and the other tank is used as an intermediate or control tank from which the
helium is compressed to the high pressure tank. This configuration is shown in figure 3. A
slightly different configuration is presented in figure 4, using again the highest pressure
tank without additional compressors, but now the rest of the helium is compressed into the
second tank with a positive displacement compressor.

If both the tanks are 200 m’, the PBMR-SA is capable of load following without
inventory compressors in the range of 100%-45% for both configurations. For further
reduction in case of the control tank the inlet valve would close and the control tank would
be emptied. If after some time a further power reduction is requested, the inlet valve of the
control tank will be opened and even in the range below 45% a fast inventory reduction is
realized. However, there are several drawbacks to this system. Firstly, if there is no
further reduction in inventory required af