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FOREWORD 

The widespread interest in the development of gas-cooled reactors and 
their application for electricity generation and process heat production has 
highlighted the need to establish an international forum for the exchange of 
information in this area. In 1978 the IAEA established the International Working 
Group on Gas-Cooled Reactors (IWGCR) (see Annex I) in order to promote 
an exchange of information on national programmes and on new developments 
and experience and to stimulate international co-operation on gas-cooled reactor 
development. 

At its last meeting, the IWGCR recommended that the Agency prepare a 
report to disseminate up-to-date technical information to all Agency Member 
States on fast and thermal reactors cooled by C0 2 , helium or N 2 0 4 . 

The present Technical Report, which is the result of that recommendation, 
is based mainly on submissions from Member States, and the Agency would 
like to thank all those individuals and institutions who have contributed to it. 
The Agency would also like to express its gratitude to the members of the 
Drafting Committee (see Annex II), who met several times to review the sub-
missions and the status of the report, and who thus contributed materially to 
its successful completion. In particular, the work of Mr. F.J. Krings*, who 
prepared the first draft of this report, should be mentioned. 

* It is with great regret that the Agency has to announce that Mr. Krings died in 
October 1983. 
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1. INTRODUCTION 

Availability of energy is an important factor for the welfare of mankind 
with far-reaching implications for the preservation of world peace. The critical 
oil and gas shortage anticipated around the turn of the century necessitates that 
the right energy decisions be taken without delay and that the important contri-
bution that nuclear energy can make toward the solution of the world energy 
problem be taken into due consideration. 

Nuclear energy is gaining importance as a major source of electricity in many 
industrialized and in some developing countries. In 1980 11% of the world's 
electricity was produced by nuclear power and by 1985 nuclear power reactors 
are expected to be generating 17%. However, the major part of the world's 
energy is consumed in the form of heat in various branches of industry or for heating 
purposes. The substitution of fossil fuel by nuclear power for heat production 
offers an additional wide application potential for gas-cooled reactors, which 
already have accumulated 680 years of operational experience all over the world. 

The IAEA International Working Group on Gas-Cooled Reactors (IWGGCR) 
(see Annex I), which was established in 1978, recommended to the Agency that a 
report be prepared in order to provide an up-to-date summary of gas-cooled 
reactor technology. The present Technical Report is based mainly on submissions 
of Member Countries of the IWGGCR and consists of four main sections. Beside 
some general information about the gas-cooled reactor line, section 1 contains 
a description of the incentives for the development and deployment of gas-cooled 
reactors in various Agency Member States. These include both'electricity 
generation and process steam and process heat production for various branches 
of industry. 

The historical development of gas-cooled reactors is reviewed in section 2. 
In this section information is provided on how, when and why gas-cooled reactors 
have been developed in various Agency Member States and, in addition, a 
detailed description of the different gas-cooled reactor lines is presented. Section 3 con-
tains information about the technical status of gas-cooled reactors and their applications. 
Gas-cooled reactors that are under design or construction or in operation are Usted 
and shortly described, together with an outlook for future reactor designs. In this sec-
tion the various applications for gas-cooled reactors are described in detail. These include 
both electricity generation and process steam and process heat production. The 
last section (section 4) is entitled "Special features of gas-cooled reactors" and 
contains information about the technical performance, fuel utilization, safety 
characteristics and environmental impact, such as radiation exposure and heat 
rejection. 

1 



2 1. INTRODUCTION 

1.1. GENERAL INFORMATION 

The development of gas-cooled reactors in the late 1950s and in the 1960s 
had the main aim of producing steam of the same conditions (temperature, pressure) 
as was provided by conventional coal and oil or gas-fired power stations. This 
was because with higher steam temperatures and pressures the efficiency of 
nuclear power stations goes up and the amount of waste heat is diminished. 
The natural uranium graphite-moderated gas-cooled reactors in France and the 
United Kingdom, known as the Magnox reactors, provided a very successful 
introduction to nuclear power generation in these countries. However, the 
utilities in the United Kingdom wished to make use of conventional components 
such as turbo-alternators being developed for contemporary coal and oil-fired 
stations, so the advanced gas-cooled reactor (AGR) was developed. The higher 
coolant temperatures necessary for conventional steam conditions preclude the 
use of Magnox-clad (an alloy of magnesium) and metallic uranium fuel, and the 
fuel design therefore moved to stainless steel clad with U0 2 fuel. 

The temperature, power density and fuel burnup limitations of graphite-
moderated reactors using metal-clad fuel led in some countries to the consideration 
of helium-cooled reactors with all-ceramic cores. These high-temperature gas-
cooled reactors (HTGR) are graphite-moderated and the fuel, in the form of 
coated particles, is embedded in a graphite matrix. These particles consist of 
uranium and thorium carbide or oxide kernels of 0.3 to 0.7 mm diameter, 
coated by several pyro-carbon and/or silicon carbide layers which retain the 
fission products. The HTGR meets the requirements of modern power stations 
very well, and the steam conditions are the same as in coal or oil/gas-fired power 
plants. 

Before the first oil crisis in 1973 the potential of the HTGR to supply 
process steam at temperatures higher than 300°C and process heat at very high 
temperatures up to 950°C, or even higher, for the production of secondary 
energies other than electricity, was already foreseen. The combination of coal 
and nuclear energy was seen at that time by the coal industry in several countries 
as a chance to improve its image as a producer of an outdated fuel and to open 
up new markets for coal by transforming it into gas or liquid fuel. Coal gasi-
fication and/or liquefaction using high-temperature process heat were also seen 
as a means of reducing the dependence on gas and oil imports. The use of 
nuclear process heat has the advantage that no fossil energy is needed in the 
conversion process. From the same amount of coal nearly twice the amount 
of substitute natural gas (SNG) can thus be produced as compared with autothermal 
coal gasification. At the same time the environmental pollution by S0 2 , N0X and 
dust can be avoided completely. 

Today all industrialized countries use nearly 70% of the primary energy as 
heat and 30% as electric power. Seventy per cent of this heat is for low-
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temperature application in home heating and 30% is industrial process heat. 
As the heat at present is mainly produced from mineral oil and natural gas, a real 
chance to diminish dependence on these energy sources exists only in the heat 
market. One possibility is the cogeneration of steam and electric power including 
the use of steam at temperatures up to 530°C and 17 MPa for industrial energy 
supply, for example, to the chemical industry or a Lurgi coal gasification plant. 
Another possibility is the production of substitute natural gas or synthesis gas 
(CO+H2) from hard coal or lignite at temperatures between 700 and 900°C. 

The use of a cogeneration plant results in economic benefits and considerable 
gas and oil savings. Furthermore, the inherent safety features of the HTGR, AGR 
and Magnox reactors make it easier to site plants adjacent to industrial areas, 
permitting economical transmission of steam. In addition, the possible substitution 
of nuclear for large quantities of fossil fuel offers a valuable contri-
bution towards the protection of the environment. It should be mentioned, however, 
that in plants with a steam cycle the extraction of the heat as steam involves a 
serious loss in the amount of power obtainable. While this effect is less a problem 
for high-temperature systems such as the HTGR, it has been one factor leading 
to international interest in the gas-turbine version of the HTGR, which employs 
a Brayton cycle with its correspondingly higher heat reject temperature. 

Cogeneration of steam and power by HTGRs has been studied in various 
countries. The proposed use of the heat is different according to the energy 
resources of the specific country. In the Federal Republic of Germany utilization 
of steam from HTGRs is focused on conventional coal gasification, the chemical 
industry and district heating. Switzerland is mainly interested in utilizing 
the heat from HTGRs for district heating and the chemical industry, whereas 
in the United States of America, the large potential market area of synthetic 
fuel, oil by extraction from oil shale and oil sand, and the chemical industry 
could all be users of process steam from HTGR, AGR and Magnox plants. In the 
USSR development work on HTGRs is now focused mainly on combined heat 
and power generation. A cogeneration plant has been designed for power and 
ammonia production. 

With declining supplies and rising prices of crude oil and natural gas, 
interest in direct coal gasification by process heat at temperatures between 700 and 
950°C has grown in several countries. As a result of this continually growing 
shortage of oil and natural gas, which are widely employed in various energy-
intensive industries (metallurgical, chemical, etc.) and for electricity generation, 
domestic purposes and transport, the use of coal in these areas will become 
increasingly important. It will be difficult, however, to use solid fuel in the 
untreated state for a number of important reasons (economic, ecological, regional, 
etc.). Moreover, for many decades various industries have developed on the basis 
of gas and liquid fuel use. The technologies underlying many processes in the 
metallurgical and chemical industries and power production, transport and 
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domestic activities using organic fuels have been based on gas, oil and their 
refinement products. For example, these types of organic fuel account for 
over 70% on the average of the energy consumption in most industrialized 
countries. 

All this makes it necessary to develop processes for converting coal into 
high-quality fuels that are more convenient to use. These processes are of 
particular interest to countries with extensive coal reserves, and they are described 
in section 3.2. 

1.2. INCENTIVES FOR THE APPLICATION OF GAS-COOLED REACTORS 

1.2.1. General ou tline 

If the estimation of the world energy supply given at the World Energy 
Conference 1980 in Munich [1] and at the Conference on Experience Gained 
in the Nuclear Energy Field [2] are summarized, the following statements 
may be made for the year 2020: 

The production of conventional oil will flatten out. Oil exploration has 
been intensified during the last few years, but the results are, on a global 
scale, not highly significant. In order to retain a chance of ensuring a 
supply sufficient to meet its requirements, the world will therefore have 
to turn to new oil resources such as heavy crude oil (Venezuela, North 
America), the tar sands of Canada and the bituminous shales of the USA 
and USSR. The reserves are considerable. 

The extraction methods for heavy crude oil are already known and it would 
be economically interesting to inject steam from gas-cooled reactors in the oil 
field. The process requires steam pressures in the range of 12—16 MPa and 
temperatures above 300°C. For oil recovery from tar sands and bituminous 
shales the extraction process requires the displacement of immense volumes 
of materials which have to be heated up by process steam in order to fluidize, 
transport and then recover the oil contained in them. The required steam 
conditions are between 4 MPa/250°C and 11 MPa/540°C, which can be met 
together with the electrical power requirements by HTGR steam-cycle plants, 
by AGRs and to a substantial extent by the Magnox/UNGG reactors (see 
section 3.2.3). 

The total amount of gas supply remains constant between the years 2000 
and 2020, but the percentage of the total energy consumption decreases 
from 22% in 2000 to only 14% in 2020. 

Although gas offers attractive prospects, it has its own specific features 
and, in particular, its transport over long distances is difficult. At the present 
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time 70% of its production comes from two countries (USA and USSR) and 
international trade represents only 11% (2% for intercontinental trade) of the 
world commercialized output. Liquefaction processes have been developed 
and the necessary installations for this purpose exist. However, potential 
producer countries hesitate when faced with the necessary investments, particularly 
when they are oil producers and already have a tendency to slow down on the 
export of petroleum products. 

The coal reserves of the world are much more plentiful than the reserves 
of oil and gas. Coal could experience a doubling of its production by the 
end of the century. Today most of the coal is consumed as coke for 
steel and power production. If coal is to replace a considerable amount of 
oil and gas in the future, it will be necessary to convert it to a form 
that is easy to transport, stock, handle and can be utilized without emission 
problems. The method for this is to produce gaseous and liquid products. 
The following technical possibilities exist (see section 3.2): 

conventional coal gasification and coal liquefaction; 

nuclear coal gasification and coal liquefaction. 

In conventional coal gasification and liquefaction steam conditions of 
roughly 410°C/10 MPa are needed, which in a large industrial complex could 
favourably be provided by HTGR, AGR or Magnox plants. The processes are 
used today on an industrial scale in certain countries with cheap coal for political 
reasons. The processes are still very costly and only a marginal contribution can 
be expected over the next twenty years. A greater use of these processes will 
have to be made in order to meet the needs of the 21st century. Therefore, it 
would be necessary to develop new processes with better economics and out-
puts right now. 

Allothermal processes, where high-temperature process heat from an HTGR 
is directly coupled in coal gasification processes (hydro-gasification of coal, 
steam gasification of coal, see section 3.2.4), require helium temperatures between 
850 and 950°C. They are being developed in several countries. Strong efforts 
have to be made in this field at present if a significant contribution to the 
energy market is to be made after the year 2000. The autothermal and allothermal 
coal gasification processes deliver mixtures of H2, CO, CH4 and C02 • An 
important product of coal gasification will be synthesis gas (CO + H2), 
which can be used as a raw material in the chemical industry 
(section 3.2.4.2). The most important applications seem to be the production 
of ammonia, methanol synthesis, the direct reduction of iron ore, coal hydro-
génation and Fischer-Tropsch synthesis. In this context thermochemical long-
distance energy transport by gases should be mentioned. Here an endothermic 
chemical reaction at the location of the HTGR and the reverse exothermal 
chemical reaction at the heat consumer are combined (see section 3.2.4.1.3). 
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A new application of high-temperature process heat, where research work 
has begun in recent years, is the hydrogen splitting of water and high-
temperature electrolysis, where temperatures up to 900°C or even higher are 
needed (see section 3.2.4.3). 

1.2.2. National incentives for the cogeneration application and process 
heat application 

1.2.2.1. National incentives in the USA [3] 

A major factor in the historical industrial growth and economic well-
being of the United States has been the abundant supply of low-cost and 
readily available oil and gas resources. As indicated in the figure below, these 
two fuels supply over 70% of the country's current energy needs. During the 
last decade, however, the USA has experienced significantly increased oil and 
gas prices and great uncertainty with respect to the future supply of these fuels. 

For the future, coal and nuclear energy are projected as the two major 
growth fuels (Fig. 1). Coal is versatile and can be used for generating electricity, 
process heat, and as a feedstock for synfuel (liquid and gas) production. Additionally, 
the export market for coal is rapidly expanding. Thus, the demand for coal is 
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multifacetted and the ultimate risk of overreliance on it and the attendant 
environmental impact associated with its greater use are of concern. To date 
nuclear energy's contribution to energy supply has been confined to electricity 
generation wherein the light water reactor (LWR) system currently contributes 
about 4% of the total US energy supply. However, during the past few years 
a myriad of uncertainties have pervaded the LWR industry. The result has been the 
cancellation and deferral of an increasing number of LWR plants with no imme-
diate prospects for new orders. 

In the light of these uncertainties with coal and present nuclear systems, 
national consideration of alternative energy systems is warranted. Recognizing 
the magnitude of effort involved, any alternative energy system should have the 
following attributes: 

— energy efficient with the potential for a long economic lifetime; 
— adaptable to multiple applications with low incremental costs to evolve 

from one application to another; 
— inherent safety and low environmental impact characteristics. 

Energy growth in all sectors has been severely curtailed in the last 
few years due to a combination of high energy costs, a slow economy, 
financing difficulties and regulatory problems, with significant deferrals and 
cancellations in the electricity-generating industry. The inability of industry to 
build new capacity in the near term implies a strong future demand for 
replacement and new power plants when these difficulties are removed. 

The total US energy consumption in 1981 was 74.4 quads/a1. A cross-
section of various projections suggests a modest energy consumption growth 
to about 90 quads/a in 2000 with a more vigorous growth to about 135 quads/a 
in 2020 (Fig. 2). 

The fraction of input-energy consumed for electricity generation, relative 
to total energy consumption, has steadily increased over the last 60 years and 
this trend is expected to continue in the next 40 years. Hence, the trend indi-
cates that the electricity input-energy as a fraction of total energy will 
increase from its level of 32% in 1980 to about 40% in 2000 and almost 50% 
in 2020. 

While the relative fraction of non-electric energy consumption is expected 
to decrease, the absolute level is projected to increase. Moreover, the level 
of heat-energy consumption in the industrial sector is projected to increase at 
a particularly vigorous rate. In 1981 approximately 80% of the heat energy 
consumed by the industrial sector depended on the use of oil and natural gas 
as fuel sources (Fig. 3). The high cost of these fuels will undoubtedly force a 
major conversion to less expensive fuel resources for use in these applications. 

1 One quad = 1.06 X 1018J. 
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FIG.2. Typical projections of US total energy consumption in 2000 and 2020, compared with 

consumption in 1980. Shaded areas indicate input energies to electricity generation and 

industrial heat energy. 
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FIG.3. Projected growth of heat-energy demand by the industrial sector in the USA with fuel 

resource demands shown for 1980. (Data based primarily on USDOE EIA reviews.) 
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A 63 kg/s PROCESS STEAM, 3.2 km RADIUS 
• 504 kg/s PROCESS STEAM, 16 km RADIUS 

FIG.4. Potential sites for steam grids for industry in the USA. 

It is interesting to note that the waste-heat energy is a valuable resource 
which should be used more effectively. An obvious conclusion is that 
cogeneration offers an opportunity for US industry to utilize energy resources 
more efficiently and more economically. Clearly, though, such a trend would 
require technologies particularly adaptable to cogeneration. 

In the USA there is a large potential market for new energy options 
capable of serving the needs of industry. Increased energy demands projected 
for the year 2020 must be met both for growth in existing industrial processes 
and for large new processes, such as the production of synthetic fuel (synfuel). 

Existing process plants primarily use oil and natural gas fuels. A study 
by General Energy Associates (GEA) [4] indicated that 77% (500 GW/a) 
of the process energy requirements are at temperatures of 540°C or less and that 
approximately 46% of the process energy is in the form of steam. Another study 
by the Dow Chemical Company [5] focused on process steam and electric energy 
requirements of specific plants in selected geographic areas in the USA. The study 
identified 119 locations with a combined industrial steam requirement of at least 
504 kg/s located within a 16 km radius circle and 19 locations with a combined 
industrial steam requirement of at least 504 kg/s located within a 3.2 km radius 
circle. These potential sites are shown in Fig.4. 
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GA Technologies Inc. (GA)2 recently performed a study estimating the 
potential process steam market based on the Dow data and assuming a central-
ized heat source. Using a growth rate of 1.8%/a based on a forecast by the 
Energy Information Administration [6], the study showed that by the year 
2000 a total of 52 sites could use steam equivalent to the output of a 1170 MW(th) 
cogeneration plant, 10 sites could use 2 X 1170 MW(th) (or a 2240 MW(th) 
plant), and 11 sites could use 3 X 1170 MW(th) (or a 3360 MW(th) plant). 
These numbers are upper limits because site-specific factors would reduce the 
usable number. 

To obtain the efficiency benefits of cogeneration, the energy in the steam 
must be used in series, with electrical generation being basically a topping cycle 
or using steam bled direct from the outlet of the high-pressure steam generator. 
For this reason, temperature-limited reactor systems such as the LWR are 
practically constrained to the cogeneration of very low quality steam (typically 
175°C, 1 MPa). Market studies indicate that approximately half the industrial 
steam market requires steam temperatures in excess of 175°C. Accordingly, 
the HTGR-SC/C provides greater electric generation capability while serving 
the larger fraction of the industrial steam market. At temperatures in excess of 
approximately 260°C the capabilities of the HTGR, AGR and Magnox become out-
standing among thermal reactor systems. This aspect is a key inducement 
to the electric utility seeking to add generation capacity and capitalize on 
the economic benefits of cogeneration. 

The variable cogeneration system allows flexibility in the use of steam 
for either industrial processes or for electrical generation. Relative joint-product 
cost characteristics for the equilibrium HTGR-SC/C system are illustrated in 
Fig. 5. Lines 1, 2 and 3 correspond to plant operation in the all-electric mode, 
at 50% of the maximum cogeneration potential, and at 100% of the maximum 
cogeneration potential, respectively. 

Note that each line corresponds to the possible allocations of cost between 
electricity and steam for a given plant under the specified operating conditions. 
The cost of single-product competing technologies is indicated for both 
electricity and steam. 

For illustrative purposes, the dashed lines represent the lowest cost alternatives 
for all electricity generation (all electric HTGR) and for all industrial process 
steam (125 MW(th) atmospheric fluidized bed boiler). The relative costs for the 
current prevalent systems (coal-fired electricity generation and natural gas 
steam production) are also indicated. Allocating costs from the diagonal 
cogeneration lines within the dashed line rectangle indicates that there are 
economic benefits for the cogeneration plant in comparison with both of the 
lowest cost single-use systems. As indicated in the figure, the evaluated economic 

2 Formerly General Atomic Company. 
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HTGR-SC/C OPERATING CONDITIONS 

(1) ALL ELECTRIC MODE 

(2) 50% OF MAXIMUM COGENERATION 
POTENTIAL 

(3) MAXIMUM COGENERATION POTENTIAL 

ALL ELECTRIC HTGR 

NATURAL 
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1 
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RELATIVE PRICE OF STEAM OELIVERED TO USER 

FIG. 5. HTGR-SC/C relative product costs. AFB = 125 MW(th) atmospheric fluidized bed 
boiler. 

incentives for the HTGR-SC/C system are most significant, particularly when com-
pared with the current gas and coal options. 

1.2.2.2. National incentives in the USSR 

The solution of the current problem of the substitution of atomic energy 
for oil and gas consumption requires the development and introduction of 
designs for atomic energy utilization not only in the electrical energy industry 
but also in other fields of oil and gas consumption, such as heat generation for 
industrial and district purposes, metallurgy, chemistry and transport. The intro-
duction of atomic energy into these fields is the most important problem to be 
solved [7]. Investigations on high-temperature helium-cooled reactors have 
shown that these reactors might be used for this purpose. When the temperature 
potential of 900-1000°C has been reached for these reactors [8] it will be possible 
to use atomic energy efficiently in the main power-intensive technological 
processes currently consuming a large fraction of oil and natural gas [9]. 

The analyses of the extension of HTGR utilization in p o w e r - t e c h n o l o g i c a l 
production, carried out in the USSR and elsewhere, showed that on the basis of 
an HTGR with an outlet helium temperature of 900—1000°C nuclear power-
technological plants (NPTP) for the production of hydrogen, ammonia, 
synthesis gas, methanol, etc., can be set up as also to supply heat and power to 
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(Nuclear Power Plant) load NPP steam supply 

FIG.6. Conditional economic efficiency for various nuclear applications in the USSR. 

the petrochemical industry and to ferrous metallurgy plants with a total heat capa-
city of dozens of gigawatts thermal [9]. Prospects for the erection of nuclear 
long-distance heat supply plants (NLHP) [10] and HTGR-based nuclear load-
following plants with energy earner regeneration (section 3.2.13) also 
essentially increase the total possible scale of HTGR application. An attainable 
value of substituted gas and fuel oil equal to 100—500 million tons of coal 
equivalent (tee) per year can be obtained when the total nuclear power-tech-
nological plant capacity reaches 50-250 GW(th). If the problems of large-scale 
hydrogen production by means of HTGRs and the introduction of efficient 
technologies of hydrogen utilization in transport, ferrous metallurgy, power 
production, etc. can be successfully solved, the potential volume of oil and gas 
substituted in the national energy balance with the help of HTGRs may amount 
to 60% of all the gas-liquid fuel consumed in the national economy. 

The results of calculations show that even if a rather conservative approach 
is used, the relative economic effect from nuclear power-technological plants 
with the HTGRs would be twice as high as that obtained from base-load nuclear 
power plants (NPP). The load-following NPPs with HTGRs and chemothermal 
accumulators are also characterized by such a high effect. Economically, the 
most advantageous are the options of HTGR application in oil recovery, oil 
refining and oil chemistry. The conditional economic efficiency for various 
forms of nuclear utilization can be seen from Fig. 6. 
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The following factors affecting the choice of the nuclear power-technolo-
gical plant (NPTP) scheme and power should be pointed out: 

( 1 ) Total level and structure of thermal energy consumption of the entire 
technological production process considered or of an industrial region 
with various technological processes; 

(2) Techno-economical expedience of combined generation of heat energy at 
various temperatures and electrical energy from the NPTP under consi-
deration; 

(3) Ensuring a high reliability and economical efficiency of the energy-techno-
logical production; 

(4) Ensuring a high safety of NPTP and decontamination of the technological 
product; 

(5) System, technological and ecological limitations. 

It is evident that for each particular field of energy-technological application 
of HTGR the above factors can appear differently and, in principle, require 
different technological designs. 

Unit scales of the technological heat consumption of individual production 
sectors considered as promising trends of the energy-technological applications of 
HTGRs for the purpose of reducing oil and natural gas consumption lie within a rather 
wide range of 1—50 GW(th) (Table I). The lower power level is characteristic 
of individual modern process units, for example, for ammonia or sponge iron 
production, while the upper power level is characteristic of the promising 
large-scale production of hydrogen from water for centralized long-distance heat-
and-energy supply. 

It is natural that the general tendency towards the concentration of process 
plant capacities will result in further increases in unit levels of heat consumption 
of technological processes. For example, in the ammonia industry integrated 
factories for ammonia and ammonia fertilizers are being built (Togliatti ammonia 
factory), producing 2.7 million tons of ammonia per year, with the capacity 
to be increased in the future by a factor of 2 to 3. 

1.2.2.3. National incentives in the Federal Republic of Germany (FRG) 

By far the largest market for nuclear coal gasification is the heat market. 
At present about 65 million tee of natural gas per year are consumed in the 
Federal Republic of Germany. More than 60% of this amount is taken up by the 
heat market. For the nineties a market volume of approximately 95 million tee 
is expected. 

The successful introduction of large-scale nuclear coal gasification depends 
mainly on the economic competitiveness of this technology with autothermal 
gasification processes. Although the higher conversion efficiency and, therefore, 



TABLE I. UNIT SCALES OF THE TECHNOLOGICAL HEAT CONSUMPTION OF PRODUCTION SECTORS (USSR) 

. , , , C o n s u m p t i o n of hea t energy induc ing (MW(th ) ) C o n s u m p t i o n of electr ical 
C o n s u m e r of the hea t Character is t ic scale 

. . . , , . energy t a k e n as the rma l 
and electr ical energy (per yea r ) , . , . . 

l ow- t empera tu re m e d i u m - and high- t o t a l p o w e r of energy source 
h e a t 2 t e m p e r a t u r e h e a t (MW(th ) ) 
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40 
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1 0 0 0 - 5 0 0 0 " 

7 0 0 0 - 1 4 0 0 0 
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6 0 0 0 - 12 000 

15 0 0 0 - 2 5 0 0 0 b 

1000-10 000e 
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100 

10 0 0 0 - 1 2 000 

4 0 0 0 - 8 0 0 0 

1 7 5 0 — 7 0 0 0 b 
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2 5 0 0 - 2 5 0 0 0 

25 0 0 0 - 5 0 0 0 0 

40 
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z 
H 
70 
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Z 

' L o w - t e m p e r a t u r e s t eam ( 0 . 8 - 1 . 0 MPa) and h o t wa te r . 
b Wi th a l lowance fo r t echnologica l loads o n l y . 
c S y n t h e t i c na tu ra l gas (heat of c o m b u s t i o n 3 0 - 4 0 MJ /kg) . 
d Es t ima tes m a d e fo r the the rmoe lec t rochemica l w a t e r d e c o m p o s i t i o n cycle ( su lphur ic acid t ype ) . 
e Proceeding f r o m the prospect ive demand fo r s team and h o t wa te r according to t h e VNIPI energogram d a t a , t ak ing in to account the d e m a n d for h igh - t empera tu re 

hea t . 
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FIG. 7. SN G cost of hard coal gasification in the Federal Republic of Germany. 

the better use of the FRG's coal production, is an: important factor, nuclear 
coal gasification will be a meaningful alternative only if nuclear process steam 
and process heat are cheaper than the heat supplied by combustion of approxi-
mately one third of the coal in autothermal gasification processes. 

First calculations showed that the energy costs of the 900 MW(e) HTR 
demonstration plant, which include the first of its kind costs, are not competitive. 
For the second or third HTR plant the energy costs can reach the LWR costs. 
Furthermore, because of the higher quality of HTR process steam, there may 
be certain economic advantages for the HTR. 

As a result, coal gasification with nuclear process steam is expected to lead 
to product costs that are about 20% lower than SNG costs for autothermal 
gasification (Fig. 7). Further improvement may be reached by using nuclear 
process heat based on direct coupling of nuclear heat in gasification processes as 
is followed by the nuclear process heat project. Various studies on market 
potentials give the following results [11]: 

Extensive investigation of industrial process heat consumption revealed 
that numerous small plants produce temperatures <200°C. In the class 
of boiler sizes >50 MW essentially steam temperatures <200°C are produced. 
For larger plants the steam temperature is normally >400°C. Though 
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relatively small in number, large facilities (> 50 MW) use over half of the 
total energy consumed in the process heat energy sector. Normally, energy 
availability requirements are high. 

The potential assessments show: 

economic potential (>50 MW): 46 500 MW, of which 
5% >200°C 

market potential (>150 MW): 10 500MW 

Only plants that operate for more than 4500 h/a were taken into account. 

The figures for maximum load for district heat supply are based on 
investigations of selected municipal areas in which competitiveness with 
natural gas was achieved. For nuclear heat supply only larger district heating 
grids and basic load operation can be taken into account resulting in significantly 
lower figures for the market potential: 

economic potential (without size limits): 50 000 MW 
market potential: 3 600 MW 

Assuming that in the Federal Republic steel production is shifted to 
the production of high-quality steel, the share of direct reduction of ores will 
probably increase. For the estimation of demand it is assumed that in 2000 the 
structure of steel production will be as follows: 

Steel production 
(X 106 t/a) 

Conventional blast furnaces 36 
Blast furnace using reducing gas 6 
Direct ore reduction 4 
Steel production based on scrap 9 

55 

From this there results a demand for about 10 X 109m3/a synthesis gas. 

The estimated figures for the economic potential for non-energetic synthesis 
gas application are reduced because residues are utilized in different ways specific 
to the production processes: 

economic potential 
(chemical/steel industry) 50-70% of 21X 109 m3/a 

market potential 

(non-energetic) 8 X 109m3/a 

This corresponds to a reactor capacity of about 5400 MW(th). 
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In future synthesis gas could also be used in the traffic sector (through methanol) 
and in the heating market. For a gasoline consumption for transport of 
22 X 106 t/a in 2000 a 15% admixture of methanol (fuel M15) would require 
8.5 X 109 m3/a synthesis gas. If, for instance, 12 X 106t of high-octane 
gasoline were replaced by methanol, there would result a potential for synthesis 
gas of 42.5 X 109m3/a. For a total replacement be methanol this would result 
in 77 X 109m3/a. 

On the heat market an addition of synthesis gas to natural gas, or the supply 
of some areas with synthesis gas instead of natural gas, would be possible. Here 
there is a potential of 25—60 X 109m3/a synthesis gas. In this case it must be 
emphasized that the supply infrastructure must be changed. 

For the energetic utilization, and considering only 15% admixture of 
methanol to gasoline, the economic potential as a first approximation is equivalent 
to the market potential: 

economic (market) potential 27 X 109m3/a 

This corresponds to a reactor capacity of about 18 000 MW(th). The size of the 
power plants in the non-energetic sector is generally limited by the size and 
structure of the manufacturing companies and the consumer. By including 
the amount for energetic supply, larger plants would be possible. 

In a market assessment study for the chemical heat pipe system an 
appropriate boiler size was about 140 MW. Up to the year 2000 a certain 
increase in the size of new boilers is inferred. If process steam and district heat 
supply were covered by chemical heat pipe systems, a total market potential of 
14 000 MW would result. 

In the year 2000 a gas demand of about 70-90 X 109m3/a has been 
assessed for the Federal Republic of Germany. For a domestic production of 
natural gas about 10-20 X 109m3/a and the supposition that gas for electricity 
production will not be covered by SNG, the remaining quantity represents: 

economic potential of SNG of about 50 X 109m3/a 

From the point of view of the companies, one would be interested in a 
diversification of gas sources. The market potential is therefore to be seen 
in the order of magnitude of normal contracts for gas supply. Here it is estimated 
as: 

market potential for SNG 15-25 X 109m3/a 

On the basis of the PNP technology, this corresponds to about 12 000 — 
21 000 MW(th) and a coal demand of 18-32 X 106 t/a (hard coal). As this 
gas will be fed into a network of pipe-lines covering a large area, there is no 
limitation on the size of plants caused by the consumer side. 



18 1. INTRODUCTION 

At present there is nearly no energy market for synthesis gas. This 
gas is usually used in mixtures of different CO/H2 ratios as a pre-product 
in various industrial processes. The utilization of synthesis gas for 
CO-hydrogenation, hydrogénation and reduction of iron ore leads to 
products that are used in the chemical industry, energy sector and the steel 
industry. 

In the following, the non-energetic synthesis gas demand in the chemical 
industry and the steel industry is estimated and further possible energetic 
utilization for synthesis gas is indicated: 

Chemical industry 

For an assumed production of primary chemicals in the year 2000 of about 

2.7 X 106 t/a ammonia 
1.3 X 106 t/a methanol 
1.6 X 106 t/a oxoproduction 

the demand for synthesis gas in the chemical industry is about 11 X 109m3/a. 

Steel industry 

Utilization possibilities for synthesis gas exist in iron-ore reduction and in 
blast furnaces. 

Based on the given figures there results the following demand on the market 
potential level in the year 2000: 

Because of possible overlaps, the total potential may be about 38 000 MW(th). 

1.2.2.4. National incentives in France 

Numerous surveys have been launched in various sectors of industry in an 
effort to gain better and more specific information about consumption, power 
levels and temperature ranges of various types of production equipment used by 
plants [12-14]. On the basis of these documents and the data on energy 

Substitute natural gas (SNG) 
Synthesis gas 

non-energetic 
energetic 

Heat 
process steam 
district heating (without electricity 
generation) 

12 000 MW 

5 500 MW 
18 000 MW 

10 000 MW 

3 600 MW 
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consumption in 1979, Table II covering the following branches of industry was 
drawn up: 

— iron and steel 
— electrometallurgy and non-ferrous metal (Al, ferro-alloys, Pb, Zn, etc.) 

production 
— glass 
— agricultural and feed industries (dairying, canning, sugar production, 

distilling, etc.) 
— cement and other building materials (tiles, bricks, ceramic products, etc.) 
— paper and cardboard-making (pulp, newsprint, etc.) 
— chemical industries (organic and inorganic chemistry, chemistry-related 

activities, rubber) 
— engineering and electrical industries, first-stage metal processing (auto-

mobile making, shipbuilding, aircraft construction) 
— miscellaneous (textile, clothing, mining, building, etc.). 

Tables III—V give a more detailed listing of the energy consumption in France. 

The energy consumption in industry (not including iron and steel) in 
1979 is listed in Table VI, together with a forecast for 1990 under the 
assumption of a 2.5% growth of the gross domestic product (GDP) and a volun-
tarist energy economic policy. 

It will be noted that, for a total annual heat consumption of 623 TW-h 
in 1979, the high-temperature gas-cooled reactor, which is capable of producing 
electric energy and heat simultaneously (cogeneration), would have been able to 
supply 246 TW-h, i.e. 39.5% of the total (counting hot water, steam and heat 
at temperatures below 800°C and therefore available to the high-temperature 
reactor already developed). 

In 1979 the total heat market potentially available to HTGRs in France 
was of the order of 246 TW-h(th). A 1000 MW(th) reactor operating with a 
70% load factor can produce 6132 TW -h (th) per annum. Therefore, if only 
25% of the potential market were economically available to HTGRs, there would 
be room in France for approximately ten reactors of this type. 

It must be emphasized, however, that the medium-term political decisions 
taken by the French government concerning the 'return to coal' and the 'penetration 
of electricity' run counter, at least up to the end of the century, to an extensive 
penetration of the process heat market by HTGRs. 

1.2.2.5. National incentives in Japan [75] 

As shown in Fig. 8, more than half of the energy demand was consumed in 
the industrial sector and a very high share of it was concentrated in a few energy-
intensive industries, such as iron and steel, chemical, non-ferrous metals, etc. 
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TABLE II. CONSUMPTION OF ENERGY IN (1979) in TW h (FRANCE) 

Final temperature 
Industrial branch 

< 3 0 0 ° C 300—599°C 600—799°C > 1 0 0 0 ° C TOTAL 

Metallurgy and electrometallurgy 0.27 3.34 3.61 

Glass 0.42 0.21 0.63 

Agricultural and food industries 14.75 12.72 0.32 27.79 

Cement and other building materials 1.10 1.32 2.42 

Paper and cardboard • 3.56 13.75 0.17 0.03 17.51 

Chemical products and rubber 6.43 44.93 3.16 4.92 59.44 

Engineering industries and first-stage 
processing of metals 

15.73 8.31 0.06 0.11 24.21 

Miscellaneous 12.82 39.09 0.72 0.02 52.65 

TOTAL 55.08 123.67 4.11 5.40 188.26 

% 29.2 65.7 2.2 2.9 100.0 

Iron and steel 0.56 0.70 — 1.34 2.60 

TOTAL, all branches of industry 55.64 124.37 4.11 6.74 190.86 

% 29.1 65.2 2.2 3.5 100.0 



TABLE III. CONSUMPTION OF EQUIPMENT USING INTERMEDIATE FLUIDS (1979) in TW h (FRANCE) 

— F i n a l temperature 
Industrial branch —____ 

< 1 0 0 ° C 101—300°C 301—500°C > 500°C TOTAL 

Metallurgy and electrometallurgy - 0.45 1.36 1.80 3.61 

Glass 0.04 0.38 0.21 0.63 

Agricultural and food industries 0.22 13.13 14.44 27.79 

Cement and other building materials 0.15 2.17 0.1 2.42 

Paper and cardboard 0.02 2.71 13.47 1.31 17.51 

Chemical products and rubber 0.41 19.43 32.45 7.15 59.44 

Engineering industries and first-stage 
processing of metals 

2.83 18.25 3.13 24.21 

Miscellaneous 0.74 26.26 23.06 2.59 52.65 

TOTAL 4.41 82.78 88.22 12.85 188.26 

% 2.3 44.0 46.9 6.8 100.0 

Iron and steel - 2.05 0.55 - 2.6 

TOTAL, all branches of industry 4.41 84.83 88.77 12.85 190.86 

% 2.3 44.4 46.5 6.8 100.0 
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TABLE IV. CONSUMPTION OF FUEL OUTSIDE BOILER (1979) in TW-h (FRANCE) 

' Final temperature 
Industrial bran en""" 

< 4 5 0 ° C 451—600°C 601—800°C 801 —1000°C > 1000°C TOTAL 

Metallurgy and electrometallurgy 0.17 0.21 1.21 0.71 6.60 8.90 

Glass 0.42 1.08 0.08 0.20 13.29 15.07 

Agricultural and food industries 2.80 0.08 1.16 3.65 1.81 9.50 

Cement and other building materials 3.80 0.17 0.08 3.65 41.00 48.70 

Paper and cardboard 0.15 - - 0.27 - 0.42 

Chemical products and rubber 14.05 1.68 1.91 20.42 8.81 46.87 

Engineering industries and first-stage 6.17 0.72 2.42 7.69 8.96 25.96 
processing of metals 

Miscellaneous 13.33 0.14 0.59 0.16 7.23 21.45 

TOTAL 40.89 4.08 7.45 36.75 87.70 176.87 

% 23.1 2.3 4.2 20.8 49.6 100.00 

Iron and steel 0.80 0.25 1.25 4.10 248.50 254.90 

TOTAL, all branches of industry 41.69 4.33 8.70 40.85 336.20 431.77 

% 9.7 1.0 2.0 9.5 77.8 100 



TABLE V. CONSUMPTION OF ENERGY BY ELECTRICAL EQUIPMENT FOR HEAT PURPOSES IN TW - h(e) 
(FRANCE) 

Metallurgy and electrometallurgy 

Glass 

Agricultural and food industries 

Cement and other building materials 

Paper and cardboard 

Chemical products and rubber 

Engineering industries and first-stage 
processing of metals 

Miscellaneous 

TOTAL 3.85 0.65 0.67 5.62 13.68 24.47 

% 15.7 2.7 2.7 23.0 55.9 100.0 

Iron and steel 0.01 - - 0.03 3.09 3.13 

TOTAL, all branches of industry 3.86 0.65 0.67 5.65 16.77 27.60 

% 14.0 2.3 2.4 20.5 60.8 100 
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TABLE VI. ENERGY CONSUMPTION IN INDUSTRY (NOT INCLUDING IRON AND STEEL) - 1979 AND 1990 
(in 103 GW-h(th)) (FRANCE) 

S.M.F.3 O.P.b Gas 
New forms 
of energy Total fuels 

Electricity 

Consumption Production TOTAL 

1979 1990 1979 1990 1979 1990 1979 1990 1979 1990 1979 1990 1979 1990 1979 1990 

Metallurgy and electro-
metallurgy 

3.50 5.80 4.05 1.15 5.25 8.15 12.80 15.10 31.40 36.05 44.20 51.15 

Glass 9.30 5.80 6.40 10.45 15.70 16.25 4 .10 7.00 19.80 23.25 
Agricultural and food 
industries 1.75 9.30 33.15 10.45 4.65 10.45 1.15 3.50 40.70 33.70 17.45 27.90 - 1 . 7 5 - 1 . 1 5 56.40 60.45 NN z 
Cement and other building 
materials 

1.75 29.10 34.30 2.30 15.10 10.45 2.30 51.15 44.15 12.80 15.10 63.95 59.25 
H 
7> 
O 

Paper and cardboard 0.60 7.00 16.85 2.30 3.50 7.00 1.15 2.30 22.10 18.60 15.70 18.60 - 5 . 2 5 - 4 . 6 5 32.55 32.55 
O c o 

Chemical products and 
rubber 

5.80 23.25 50.00 19.75 55.25 79.05 1.15 2.30 112.20 124.35 57.55 72.10 - 8 . 7 0 - 3 . 5 0 161.05 192.95 
H 
O z 

Engineering industries and 
first-stage processing of 3.50 7.00 28.50 8.15 18.60 25.60 1.15 50.60 41.90 43 .60 73.25 - 0 . 6 0 93.60 115.15 
metals 

Miscellaneous 4.65 11.60 63.95 45.35 9.30 23.25 4.65 11.60 82.55 91.80 38.40 44.20 - 2 . 3 0 - 1 . 1 5 118.65 134.85 

TOTAL 21.55 93.05 240.10 95.25 118.05 174.40 8.10 23.15 387.80 385.85 221.00 294.20 - 1 8 . 6 0 - 1 0 . 4 5 590.20 669.60 

% 3.65 13.9 4.07 14.2 20.0 26.05 1.4 3.45 65.75 57.6 37.4 43.95 -3.15 -1.55 100 100 

Assumed growth in GDP between 1980 and 1990: 2.5% per annum. 
a S.M.F.: Solid mineral fuels. 
b O.P.: Oil products. 
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FIG.8. Final energy demand plotted against process temperature distribution in year 1975 
in Japan. 

In contrast to this, the energy consumption in both the public and transport 
sectors remained rather low. 

To indicate how important heat management is becoming in Japans's future 
energy system, one example of final energy demand resolved into its process 
temperature is shown in Fig. 9. Here, such fuel uses as lighting, motor power, 
transport fuel and non-energy uses are excluded from the demand. About 40% 
of the energy is consumed in the temperature directly as high-temperature heat. 
This fact suggests that if high-temperature heat could be used cascade-wise, the 
overall utilization of energy could be rapidly improved. To seek the possibility 
of the above in detail, we shall inspect the present energy system. 

The iron and steel-making industry consumes about 47% of its total energy 
in blast furnaces as direct heat for iron-ore reduction. Its central working tem-
perature is around 1 2 0 0 - 1 3 00°C and a very large amount of off-gas is released 
at the same time, but this is used again in blast furnaces and in other processes. 
In the cement industry 80% of the supply fuel is used for calcination in rotary 
kilns. In the chemical and/or paper-pulp industries the rational use of steam 
becomes a very crucial problem so that industrial cogeneration has already been 
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FIG.9. Trend of final energy demand in Japan. 

extensively promoted for many years, and the recycle of off-gases and/or waste 
fluids is an essential problem. In the residential and commercial sector large 
amounts of oil and gas products have been used for space heating, water heating 
and cooking as the direct use of low-grade heat. Some of the propulsion energy 
consumed in transportation could also be considered as intermediate heat. All of 
the above-mentioned processes are related more or less to heat work, and a lot 
of this energy is supplied by fossil fuel and is used rather wastefully at present. 
As seen from the above, heat management is undoubtedly a crucial problem in 
Japan's energy system. 

The primary energy supply structure could only be changed extensively 
in the future energy system if Japan could successfully employ nuclear energy 
technology and harness renewable energy. A possible path for the realization of 
this is shown conceptually in Fig. 10. Fossil fuel will continue to play its role 
for a while, but cogeneration might necessarily be promoted vigorously when fossil 
fuel is utilized for electric power generation. Both solar and geothermal 
energies will expand their energy shares as the suppliers of low-grade heat 
and electricity. Nuclear energy, which already contributes about 2% to primary 
energy as electric power generation, maintains a great supply potential for process 
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FIG. 10. Energy supply and demand to year 2020 in Japan. 

heat which will be used for industries as well as for the public and transport sectors. 
In industries the direct application of high-temperature process heat could be 
envisaged for primary metal production or gas production, such as substitute 
natural gas, hydrogen and reducing gas, and it could also provide high-temperature 
steam which would be used in many industrial processes. In the public sector 
low-temperature steam and water could be supplied to serve as district heating from 
nuclear power plants. In the transport sector, especially for marine and airplane 
applications, nuclear energy could also make a contribution as propulsion power 
and/or through hydrogen use. 





2. HISTORICAL DEVELOPMENT OF 
GAS-COOLED REACTORS 
UP TO THE PRESENT 

2.1. INTRODUCTION 

Early in 1944 a small group of scientists in the United States of America 
held frequent informal meetings to discuss the application of nuclear energy 
to peacetime uses, particularly the generation of power. Later that year 
Farrington Daniels joined them and his idea of a high-temperature pile using 
beryllium oxide as the moderator and internal structure was concluded to be 
the most feasible solution that had been considered up to that time. This 
led to conceptual design work in 1946 and 1947 at the Clinton Laboratories 
(now Oak Ridge National Laboratory) of a helium-cooled reactor which 
would have a maximum gas temperature of 760°C. This would generate steam 
in a boiler which would be used to produce power via a conventional steam 
turbine [16]. 

The essential objective of the programme was to demonstrate the application 
of atomic energy to peaceful purposes as soon as possible. This, therefore, 
entailed the design of a nuclear power plant that would have a high probability 
of success even though it would have to be based on the limited knowledge 
available at the time and could not depend on any extensive research and 
development of a long-range nature. Unfortunately, the programme was 
dropped in favour of a higher priority reactor not designed for power. 

A summary of early helium-cooled, high-temperature reactor designs, 
including direct-cycle plants in which the heated gas was used directly in gas 
turbines, was prepared by J.R. Johnson in 1957 [17]. 

In the 1950s and early 1960s a number of open-cycle air-cooled and 
hydrogen-cooled reactors were built for aircraft and aerospace applications 
under the aircraft nuclear propulsion programmes [18]. However, all of these 
programmes were abandoned, the aircraft nuclear propulsion programme 
because of the success of non-nuclear systems in meeting increasingly more 
stringent requirements and the aerospace applications because of the treaty 
limiting atmospheric testing of nuclear fission. 

As a result of collaboration between the United States, United Kingdom 
and Canada from 1941 to 1945, the possibility of developing nuclear power 
for peaceful purposes became more feasible, and in October 1945 the United 
Kingdom Government announced the setting up of a research and development 
establishment to cover all aspects of atomic energy. 

In the early days of the construction of commercial-scale atomic piles, 
originally for the production of plutonium from natural uranium, the 

29 
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possibilities for moderator materials were practically limited to a choice between 
heavy water and graphite, while the choice of a heat transfer/transport medium 
was limited to light water or gas. In the United Kingdom wartime gas-turbine 
experience gave confidence that large gas blowers could be successfully designed, 
so that a gas/graphite system was to some extent a natural choice, while in 
the United States of America, as a result of their rather different background, 
water/graphite was chosen. 

This choice by the United Kingdom of gas/graphite was reinforced in 
succeeding years when it was confirmed that such a system had inherent 
stability and an inherently slow response to transients, making it especially 
suitable for a country with a high population density [19]. 

In 1951—53 a study was carried out in the United Kingdom [20] into the 
Magnox concept (using magnesium alloy fuel cans) for commercial power 
generation, as a logical development to the military plutonium production reactors. 

Because of the absence of adequate uranium enrichment plants at that 
time, the commercial reactors were inevitably based on natural uranium, and as 
heavy water was unavailable the only practicable choice of moderator was 
graphite [21 ]. A thorough survey of all probable cooling gases was made and 
carbon dioxide was chosen [20] because it had the virtue of being abundant, 
cheap, and easy to handle. These historical constraints and other national 
requirements led to the Magnox concept. In a similar way the choice of the 
light water reactor (LWR) by the United States of America resulted from their 
early start with a nuclear submarine programme, and the availability of 
enrichment plants such as Oak Ridge. 

A similar path was followed by France. When at the end of World War II 
France decided to build up a nuclear potential, it did not have any heavy-water 
resources or enrichment plants but did have sufficient quantities of uranium 
ore and its graphite technology had been developed for the needs of the 
electrochemical and electro metallurgical industries. Quite naturally, therefore, 
it turned to a type of reactor that used natural uranium moderated by graphite. 
Like the United Kingdom, France also adopted C 0 2 as the coolant for power 
reactors. The construction of the first two reactors at Calder Hall in the north-
west of England started in 1953, but before the first reactor was made critical 
in 1956 work had started on a further two reactors and all four were at power 
in 1959. Construction at Chapelcross in the south-west of Scotland began 
in 1955; the first reactor was at power in early 1959 and all four were in 
operation by early 1960. These first eight Magnox reactors were thus designed, 
constructed and commissioned within nine years. 

Although the Magnox reactors provided a successful introduction to 
nuclear power generation in the United Kingdom, advances were sought to 
reduce capital costs by the adoption of higher core power density and by an 
increased steam cycle efficiency by use of higher gas outlet temperature. The 
requirements were met by the Advanced Gas-Cooled Reactor (AGR). 
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During the mid-1950s the Congress of the United States observed the 
expanding British programme on gas-cooled reactors and urged the United 
States Atomic Energy Commission to look into this type of coolant. The result 
was the Experimental Gas-Cooled Reactor (EGCR), a 22 MW(e) plant that 
was similar in concept to the British Advanced Gas-Cooled Reactor but used 
helium rather than carbon dioxide as the coolant. The EGCR programme was 
terminated in 1966, after most of the construction had been completed, on 
the basis that it was not competitive with LWRs. 

The temperature, power density, and fuel burnup limitations of graphite-
moderated reactors using metal-clad fuel led in the mid-fifties in the United 
States, the United Kingdom and the Federal Republic of Germany (FRG) to 
consideration of helium-cooled reactors with all-ceramic cores. The use of 
helium coolant eliminates the problem of corrosion and possible mass transfer 
of carbon that is encountered in reactors cooled by carbon dioxide, particularly 
at high temperatures. Helium is a gas, as is C0 2 , under all conceivable reactor 
conditions, and the lack of voids or two-phase flow provides a significant 
safety advantage. 

The nuclear energy climate in the mid-fifties was very favourable both for 
international co-operation, and for investigating new reactor systems, so the 
OECD High Temperature Reactor Project, informally called the Dragon 
project, was launched in 1959. 

In 1954 after an amendment to the US Atomic Energy Act permitted 
civilian access to nuclear information a number of US utilities and related 
industry formed a study group to select a user-preferred nuclear power concept. 
After four years of evaluating many candidates, the HTGR was chosen. Thus 
began an active involvement of US utilities in HTGR development. 

Simultaneously, interest in the HTR took root in the Federal Republic of 
Germany and in the United States, leading to the design of the 15 MW(e) 
AVR at Jülich (FRG) and the 40 MW(e) HTR at Peach Bottom (USA). 

During construction and start-up of these reactors design and development 
was done on large HTGRs. In the United States, a construction permit fór 
a 330 MW(e) nuclear power station at Fort St. Vrain was issued in 1968 and 
in the Federal Republic of Germany construction of a 300 MW(e) power 
station, the THTR-300, began in 1972. 

During the period from 1971 to 1973 United States utility companies 
placed orders with GA for ten HTGRs: four 770 MW(e) and six 1160 MW(e) 
units. The designs were based on the Fort St. Vrain reactor except for the 
following: the PCRV was changed to a multicavity type to improve seismic 
characteristics and to allow for easier replacement of steam generators. This 
initial commercial success fell victim to the wholesale cancellations and 
deferrals of nuclear contracts that followed the oil crisis. 

In 1978 the utility supporters of the HTGR formed a non-profit 
corporation, Gas-Cooled Reactor Associates, to represent their interests in 
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developing the HTGR for the production of electricity and other industrial 
and commercial applications. This group now acts as co-ordinators of the 
United States programme. In 1980 the various participants agreed to focus 
the national programme principally on a 2240 MW(th) plant for electricity or 
cogeneration. Development of advanced systems would also proceed as a 
follow-on technology effort. 

In the early seventies Gulf General Atomic saw a chance of marketing the 
HTGR system in the Federal Republic of Germany. But finally this approach 
was not successful. Therefore in 1976 work was reactivated in the FRG on 
different concepts of commercial-size HTRs with spherical fuel elements. 
Several design studies for HTR power plants with steam turbines, combined 
plants for electricity generation and steam production, plants with a gas 
turbine integrated in the primary system (HHT), process heat plants for coal 
gasification (PNP-500 and PNP-3000) and small modular units for various 
purposes were performed. These design studies were supported by a large 
R&D programme in the areas of reactor physics, thermohydraulics, component 
development, reactor safety, materials qualification etc. Special efforts were 
made to establish the fuel-fabrication technology and to close the HTR fuel 
cycle. Parallel to the reactor development the process technology for coal 
gasification and for the long-distance nuclear energy transport (NFE) was 
established. 

Switzerland co-operated in the FRG HTR programme and was interested 
in the HHT project, where a high-temperature reactor is directly coupled with 
a high-power helium turbine. Besides production of electric power, interest 
was focused on district heating because in an HHT power plant a large amount 
of the heating power can be utilized without any loss of efficiency in the 
production of electricity. 

In the USSR the development of gas-cooled reactors is focused mainly on 
combined heat and power generation. Studies for process heat applications 
of HTRs for production of hydrogen, ammonia, etc. and for long-distance 
nuclear energy transport have been done in addition to evaluation of the 
technical and economic characteristics of a direct gas turbine cycle plant for 
cogeneration of electricity and of hot water (150— 170°C) for heating purposes. 

Japan began work on gas-cooled reactors with the construction of a 
Magnox-type reactor, which has been operational since 1966. In 1973 the 
research and development of direct steel-making using high-temperature 
reducing gas started as one of the National Research and Development 
Programs. A long-term plan settled in 1978 by the Japan Atomic Energy 
Commission pointed out the importance of the direct application of nuclear 
process heat and the necessity of the development of a multipurpose Very 
High Temperature Reactor (VHTR). As the first step the construction of an 
experimental VHTR of 50 MW(th) was proposed. Start of construction of 
the experimental VHTR is planned for 1986. 
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In the early 60s work was initiated at the Karlsruhe Nuclear Center on 
fast breeder reactors and consideration was given to the use of helium as a 
coolant, as well as liquid metal. These studies of alternative coolants led to 
interest in other European countries and, in 1968, to an initiative by 
Euratom and the OECD Nuclear Energy Agency to set up a specialist study 
group to evaluate the merits of Gas-Cooled Fast Reactors (GCFR). The final report 
of the group confirmed the potential attractiveness of the GCFR concept and 
proposed the continuation of development and design study effort in the field. 

Seven governments (Austria, Belgium, the Federal Republic of Germany, 
the Netherlands, Sweden, Switzerland and the United Kingdom) agreed to 
collaborate on their R&D programmes for GCFRs under an NEA co-ordination 
arrangement which began formally in 1972. France, Japan, the Commission 
of the European Communities and the USA sought also to take part at various 
later dates. 

Starting in the early 1960s the possibility of using high-pressure helium as 
a coolant in a fast breeder reactor was studied by GA [22]. This led to interest 
by and financial support f rom both the US Atomic Energy Commission and 
the utility industry. In 1976 the utility supporters formalized their organization, 
which had existed since 1968, in a non-profit corporation, Helium Breeder 
Associates, the purpose of which was to support and guide the development 
of the GCFR [23], During the late 1960s and early 1970s GA co-operated 
extensively, through formal agreements, with Kraftwerk Union, Kernforschungs-
anlage Jülich and Kernforschungszentrum Karlsruhe in the FRG and the Swiss 
Federal Institute for Reactor Research on GCFR design and development work. 

The European Association for the Gas-cooled Breeder Reactor (GBRA) was 
formed in 1969 by a group of industrial companies and research organizations, 
joined later by certain utilities as associates. Since 1972 the GBRA effort has 
been devoted primarily to a 1200 MW(e) commercial GCFR reference design 
and the assessment of all feasibility, performance, safety, economics and R&D 
questions relating to this design. 

In the USSR design and R&D work was also performed on GCFR at 
Kurchatov Institute and the Scientific Institute of Power Engineering in Moscow 
on helium-cooled reactors and also at the Institute of Nuclear Energy of the 
Byelorussian Academy of Science in Minsk on N204-cooled reactors. 

2.2. GAS-COOLED THERMAL REACTORS 

2.2.1. Development of gas-cooled reactors in France 

The reactor line, named Magnox in the UK, came to be called the natural-
uranium graphite-moderated gas-cooled reactor (uranium naturel et graphite 
à gaz = UNGG) in France and continued to be developed until 1969. The first 
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FIG.11. Vertical cross-section of St-Laurent A1 Reactor. 
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reactors — the G l , cooled by air at atmospheric pressure, then the G2 and G3 
cooled by C 0 2 under pressure — were designed as dual-purpose units 
producing plutonium and electricity. 

Thereafter, six power reactors were built in France (three at Chinon, two 
at St. Laurent-des-Eaux and one at Bugey) and one in Spain near Tarragona 
(Vandellos). Table VII gives the main characteristics of these power stations. 
Figure 11 shows a vertical cross-section of the St. Laurent Al Reactor. Since 
the construction of a reactor extends over three to six years, it was not possible 
to wait until operating experience with one was acquired before starting the 
next, so that during this phase of development of a specific reactor type each 
reactor had the feature of a pro to type to a greater or lesser degree. 

Under the f i f th French five-year plan ( 1 9 6 6 - 1 9 7 0 ) two 750 MW(e) UNGG 
reactors were scheduled for construction at the Fessenheim site. These were 
intended to be an extrapolation in terms of power of the St. Laurent reactors, 
whose general design was to be retained. Since in 1968 the price of crude oil 
was very low, the work was stopped in order to give fur ther thought to the 
choice of the reactor line to be developed. In 1969 the choice was narrowed 
down to light water reactors (PWR and BWR) and finally it was the pressurized 
water version alone that was adopted. 

The reasons given at that t ime for abandoning the UNGG line in favour 
of the PWR were based on the feasibility criteria for extrapolation to a power 
of the order of 1000 MW(e), but they were also based to a large extent on 
economic criteria. However, no decisive comparison could be made since the 
INCA 1000 MW(e) reactor, which was the next logical step in the development 
of UNGG, never saw the light of day. 

The number of reactor-years of operation of the UNGG line is now 
sufficient (119 reactor-years) and the period over which this experience has 
been gained is long enough (more than 20 years) to give a valid opinion on the 
subject: the availability of this type of reactor is satisfactory, and it is very 
favourable f rom the standpoint of radiation protection. 

UNGG reactors stand up very well to comparison with other reactors 
f rom the technical and health standpoints. The financial comparison is rather 
difficult because they have not been extrapolated to the commercial use 
required by the French national utility. 

2.2.2. Development of gas-cooled reactors in the Federal Republic of Germany 

2.2.2.1. AVR 

In the Federal Republic of Germany the construction of a test reactor 
with a rating of 15 MW(e) was started in 1961 with the order for the AVR 
(Arbeitsgemeinschaft Versuchsreaktor). This reactor (AVR) at Jülich reached 
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TABLE VII. UNGG POWER STATIONS IN FRANCE 

Station Date 
commis-
sioned 

Coolant 
pressure 
(MPa) 

Reactor 
vessela 

Fuel-elementb 

U-Mo% Oj/Oa mm 

Design 
power 
(MW(e) net) 

Cumulative 
load 
factorc 

(%) 

G2/G3 1958-1959 1.5 PCRV (horiz.) - 0/31 40 70 
Chino n Al 1963 2.5 Steel (c) 0.5 14/35 70 40 
Chinon A2 1964 2.65 Steel (s) 1.0 18/40 200 66 
Chinon A3 1966 2.65 PCRV 1.1 23/43 480 40 

St. Laurent Al 1969 2.65 PCRV 1.1 23/43 480 55 

St. Laurent A2 1971 2.85 PCRV Sicral Fl 23/43 515 71 

Vandellos (Spain) 1972 2.85 PCRV Sicral Fl 23/43 480 76 

Bugey 1972 4 PCRV Sicral F1 77/95 540 65 

« 
ES 
H 
O 
7> NN O > 
r 
o M < 
m r o u £ w 
Z H 

a (c) = cylindrical; (s) = spherical. 
b Length 600 mm, except for G2/G3 (282 mm). 
c Load factor (%) = net energy produced during time t/rated power X t. 
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FIG.12. Vertical section AVR reactor. 

its full power of 15 MW(e) in May 1967 [24]. The heat source of the AVR 
is a graphite-moderated and helium-cooled reactor core consisting of a pebble 
bed of approximately 100 000 fuel elements, which can be charged and discharged 
continuously during operat ion of the plant (Fig. 12). In the spherical fuel 
elements the fuel is contained in the fo rm of coated particles. Their kernels of 
uranium and thor ium carbide or oxide with 300 to 700 /um diameter are 
coated by several pyrocarbon layers which retain the fission products . The 
coated particles are embedded in a graphite matrix, which is surrounded by 
an outer graphite shell of 5 m m thickness free of particles [25]. 

The main AVR design data are listed in Table VIII and a vertical section 
of the reactor is given in Fig. 12. 
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TABLE VIII. AVR AND THTR DESIGN DATA 

Nuclear power plant 

Overall plant 

Electric power net output (MW) 
Recooling mode 

Reactor core 

Thermal power (MW) 
Mean power density (MW/m3) 
Height/diameter (m) 
Number of fuel elements 
Helium pressure (MPa) 
Absorber rods in-core/reflector 

Steam generator 

Number 
Helium inlet temperature (°C) 
Superheated steam temperature (°C) 

Reactor pressure vessel 

Outer diameter (m) 
External height (m) 

AVR THTR 

13 
wet 

300 
dry 

46 
2 . 6 
2.47/3 
98 000 
1.09 
- / 4 

750 
6 
6/5.6 
675 000 
3.9 
42/36 

1 
950 
505 

6 
750 
550/535 

Steel 

5.8 
24.9 

Prestressed 
concrete 
24.8 
25.5 

2.2.2.2. Thorium high-temperature reactor (THTR-300) 

After the successful commissioning and operation of the AVR in the 
Federal Republic of Germany, construction of a pebble bed proto type reactor — 
the THTR-300 - began in 1972 [26, 27], The size of the plant was selected 
as 300 MW(e), this being representative for larger commercial plants. It was 
ordered by the Hochtemperatur-Kernkraftwerk GmbH, a group of utilities (HKG). 
The contractor for the turnkey nuclear power plant is the consortium THTR, 
which is composed of Brown, Boveri & Cie (BBC, responsible for the balance of 
plant), Hochtemperatur-Reaktorbau GmbH (HRB, responsible for the nuclear 
steam supply system) and Nukem (responsible for the fuel elements). The 
Federal Government and the State of North-Rhine Westphalia make a con-
siderable contr ibution to the financing of this project. 

The heat source of the nuclear power plant is a pebble bed reactor with 
a thermal power of 750 MW. The main design data are summarized in Table VIII, 
an overall sectional view of the plant is shown in Fig. 13. 
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FIG.13. 300 MW(e) THTR nuclear power plant Uentrop. 

Completion of the plant was originally expected in 1977 but major design 
changes, mainly caused by added safety requirements following new regulations 
in the LWR area, were experienced during the construction so that start of 
operation is now expected in 1984. 

Among others, the following changes became necessary in the course 
of construction: 

— Design against aircraft crash (Starfighter) and against external pressure 
waves (gas explosion) was required in 1972; 

— In addition to a certain horizontal component of earthquakes, in 1976 
the consideration of a vertical component was also required, giving rise 
to much redesign and numerous calculations; 

— In 1975 it became compulsory to assume spontaneous tube rupture, 
consequently a great number of protective devices against tube lashing 
and development of a rupture detection system became necessary; 
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— The single-failure criterion, including the case in which one system is 
under repair, is strictly applied to THTR-300. This led to fundamental 
changes of the decay heat removal system. In addition to this, it had 
to be shown that THTR-300 can remain 3 hours without any heat 
removal at all and that subsequently the heat can be removed without 
subjecting the components to unacceptable stress; 

— In 1979 the licensing authorities asked for the same quality assurance for 
the secondary circuit of THTR as for the primary circuit of light 
water reactors. 

With the plant already in an advanced state of construction it was very difficult 
to make the appropriate changes and/or to prove the capability of the design 
to cope with these added requirements. 

In retrospect it can be said that the construction work on the THTR has 
recently made considerable progress. All buildings have been completed. 
All the main components of the primary system have been installed. The 
components and facilities required for the pressure test of the prestressed 
concrete reactor vessel have been subjected to the final acceptance tests. The 
pressure and leak test of the PCRV were successfully performed in 
September 1982. Components and systems functional tests will continue 
in 1983 and 1984. The assembly of the secondary system is partly carried 
out in parallel with the first zero-energy tests. This is possible with regard to 
the assembly sequence and has been agreed upon by the experts and the 
licensing authorities. The zero-energy tests were carried out from September 
to November 1983. The power plant is scheduled for handover to the owner 
in October 1985. 

The nuclear operating licence originally applied for in one step, has been 
broken up into two steps: 

( 1 ) Zero-energy tests 
(2) Power operation tests. 

The zero-energy tests (first partial operating licence) include the loading of 
the core up to first criticaiity in air atmosphere, complete loading of the core 
in air atmosphere, drying of the primary circuit and cold test run of the primary 
circuit components in nitrogen atmosphere as well as reactor physics tests for 
verifying the core design and the shut-down safety of the reactor in air and 
nitrogen atmosphere. 

The power tests (second partial operating licence) include the hot functional 
test of the primary circuit in helium atmosphere up to 260° C as well as all 
tests and inspections required for verification of the safe operating behaviour 
of the overall plant at full power. The application documents on the zero-energy 
tests have been filed and the licence is expected to be granted in 1984. 
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2.2.2.3. Other GCR developments 

In the early seventies the General Atomic Company made an approach 
to introduce its block-fuelled HTGR commercially into the Federal German 
market. On the technical basis of the HTGR-1160, BBC/HRB worked out a 
technical offer for VEW of Dortmund on a 1160 MW(e) block-type HTR 
which was to be built at the same site as the THTR-300. This departure f rom 
the pebble bed line was justified at that time also by doubts in industry 
whether large pebble bed reactors were technically feasible. With the failure 
of the commercial approach of the HTGR in the USA, the HTR-1160 was 
also shelved and in 1975/76 a general consensus was reached by the government, 
utilities, manufacturers and research institutions to base the fu ture HTR 
development again on the Federal German pebble bed concept and to prove its 
feasibility also for large units. 

The aim was a basic design concept for the nuclear heat supply system 
that has as many common features as possible for electricity production and 
for process heat application. 

BBC and a group of Federal German utilities agreed that a more 
advanced HTR should be developed offering even more advantages over the 
LWR. Together with Swiss partners, therefore, the development of a large 
direct-cycle helium turbine HTR was intensified and became the main HTR 
power plant project proposed for the coming years. Compared with the steam-
cycle plant, the direct-cycle plant (HHT): 

(a) Offers higher plant efficiency and development potential 
(b) Offers favourable conditions for dry cooling 
(c) Is favourably suited for supplying district heat 
(d) Offers a greater growth in know-how for process heat applications in the 

critical engineering areas. 

In 1977 the reference design for the HHT nuclear power plant was chosen. 
The basic concept of this HHT demonstrat ion plant is characterized by the 
following features: 

(1) Integrated design with arrangement of heat-exchanging components and 
gas turbine within the prestressed concrete reactor vessel 

(2) Single-stage intercooling of the helium coolant during compression 
(3) Single-shaft gas turboset 
(4) Dry cooling for main heat sink. 

The design of this 1640 MW(th) reactor is based on a core with spherical fuel 
elements and a core power density of 5.5 MW/m3. The complete primary 
system is integrated in a prestressed concrete pressure vessel (PCRV). 

During design work it became clear that the main advantage of an HHT plant, 
a plant efficiency considerably above that of a steam-cycle plant, can only be 
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reached with gas-outlet temperatures well above 850°C and with materials for 
turbine blades, that need no inner cooling (e.g. TZM). 

However, it was recognized in 1979/80 that a great effort would be 
needed before the construction of an HHT plant could start. Therefore, it was 
decided in 1981 to terminate work on HHT and to concentrate the available 
means and manpower on the design of steam-cycle plants and the HTR for 
process heat. In parallel to work on the HHT project, design work has been 
done since 1975 by KFA, the reactor industry and the coal industry on a 
"Prototype Plant for Nuclear Process Heat (PNP)". The design power of 
the prototype plant is 500 MW(th). Half of it will be used for the hydro-
gasification of lignite, the other half for the steam gasification of hard coal. 
Therefore, the PCRV includes two loops of the primary circuit (see 
section 3.2, PNP-500). 

At the end of 1979 it became clear that neither the HHT power plant nor 
the PNP prototype plant for nuclear coal gasification would be ready to be built 
in 1985, when the construction of the plant to follow THTR should be started. 
It was also recognized that a main goal of the HTR development must be 
nuclear process heat. In this situation it seemed a logical intermediate step to 
build a medium-size HTR which would provide both high-temperature, high-
pressure steam for an advanced Lurgi coal gasification process and electricity. 
A large steam-cycle pebble bed reactor, HTR-900, was investigated by the BBC 
and KWU groups. This HTR-900 was expected to produce steam and electricity 
at a lower cost than a hard coal-fired station. Nevertheless, this project was 
terminated at the end of 1981 because the utilities were not willing to take over 
a larger share of the investment costs than they would have to bear for an 
equivalent 'slice' of a standard PWR and the government refused to contribute 
to the investment costs. 

Early in 1982 industry in the Federal Republic of Germany started another 
approach, taking advantage of the fact that medium-size HTR cogeneration 
plants could compete with hard coal-fired plants. A new group of customers 
was formed who intend to compare the HTR product costs with those from small 
local coal-fired units. They also hope that advantage can be taken from the high 
safety margins of small HTRs. 

Design studies for HTR plants in the power ranges 100 to 200 MW(e) 
following AVR technology and 300 to 500 MW(e) following THTR technology 
were made. The KWU group presented a modular HTR as an alternative concept 
to the established integrated design of HTRs. The power output of one unit 
was to be limited to 200 MW(th) and larger power units would be formed by 
coupling several such modular units. 

Work on the GCFR was performed in the research centres of Jülich 
and Karlsruhe and at KWU-Erlangen in close collaboration with CEN-Mol 
(Belgium) and GA (USA). It culminated in a design concept for a 1200 MW(e) 
He-cooled GCFR, which can be easily housed in a standard PWR containment. 
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An essential part of the development effort was the construction and 
manufacture of a GCFR full-size prototype bundle. A 12-pin fuel bundle loop 
test in the BR2 Mol demonstrated the feasibility of the fuel element venting 
system. An average burnup of 65 000 MW-d/t of the U0 2 -Pu0 2 rods with 
a linear rod power of 450 W/cm and a maximum cladding temperature of 
680°C could be reached without problems or defects. 

2.2.3. Development of gas-cooled reactors in Japan 

The power reactor Tokai-1, the first commercial power reactor constructed 
by the Japan Atomic Power Company at Tokai [28], has been operational 
since 1966 and is the only gas-cooled reactor at present in operation in Japan. 
Tokai-1 is a UK-origin Magnox-type graphite-moderated, C02-gas cooled 
natural uranium fuel reactor with a capacity of 166 MW(e). In the course of 
design, construction and operation extensive safety assessment work was 
performed in connection with this high seismicity zone, and many seismic 
modifications to the original Magnox-type reactor were made. Tokai-1 is 
one of the most stable power stations in Japan. 

In 1973 the research and development into direct steel-making using 
high-temperature reducing gas, called nuclear steel-making, was started as 
part of the National Research and Development Program. The Engineering 
Research Association of Nuclear Steelmaking (ERANS), an industrial consortium, 
promoted the research and development of the nuclear steel-making project 
with financial support from the Agency of Industrial Science and Technology 
(AIST), Ministry of International Trade and Industry. The objective of the 
project was to establish the fundamental engineering technologies required 
for the construction and operation of a nuclear steel-making pilot plant, 
which would be connected to the very high-temperature reactor being developed 
by the Japan Atomic Energy Research Institute (JAERI). 

The engineering technology achieved in the project's eight years was 
sufficiently satisfactory to meet the present target and the project was terminated 
in 1980. 

Since 1969 the Japan Atomic Energy Research Institute has pursued an 
R&D programme to develop a multipurpose VHTR with a primary coolant of 
1000°C at the outlet. The long-term plan decided in 1978 by the Japan Atomic 
Energy Committee pointed out the importance of the direct application of 
nuclear process heat and the necessity of the development of a multipurpose 
VHTR to make possible direct heat application and also proposed to construct 
an experimental VHTR, with a core outlet temperature of 1000°C, in the 
1980s on the basis of the fundamental know-how accumulated in JAERI. 
Along with this plan JAERI has mainly promoted the construction of a 
high-temperature helium loop for the demonstration of large components of 
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the experimental VHTR (HENDEL: helium engineering demonstration loop) 
and the detailed design of the experimental VHTR. 

Besides this, in 1973 AIST started the first stage of the plan for their large 
project, nuclear steel-making using high-temperature reducing gas, aimed at the 
construction of a direct steel-making pilot plant linked to the experimental 
VHTR, and the Engineering Research Association of Nuclear Steelmaking 
was founded as executive organization. The activities concerned were 
completed in 1980 with the successful operation of the 1.5 WM high-
temperature helium test loop (more than 5000 hours in total and 2370 hours 
at above 900°C). However, the second stage of the plan was indefinitely 
delayed because of a change in circumstances. One of the reasons for this 
delay was that the development of the experimental VHTR had not sufficiently 
solved the technical and safety uncertainties associated with the high-
temperature reactor core and components. Another would appear to be the 
limitations of the total budget. Now the development results obtained have 
been transferred from ERANS to JAERI and JAERI is expected to undertake 
the development of the nuclear process heat system. 

In order to cope with this situation and to allow an earlier construction 
date for the experimental VHTR, the plan is now being reviewed among 
programme participants. Fundamental design conditions of the experimental 
VHTR are also being discussed. However, the development of the experimental 
VHTR will be delayed a few years for budgetary reasons. 

In June 1982 the Japan Atomic Energy Commission issued a revised 
long-term plan for the application of atomic energy and its promotion covering 
the following ten years. 

2.2.4. Development of gas-cooled reactors in Switzerland 

Swiss industry has been involved in nuclear reactor technology since the 
early days of its development. In 1955 a project was initiated by Swiss 
industry for a heavy water-moderated research reactor, which later on was built 
at the Swiss Federal Institute of Reactor Research at Wtirenlingen. 

After 1956 the Swiss industry turned its main interest to nuclear power 
reactors. The original goal was the development of its own reactor line which 
would best meet the specific Swiss requirements. Much emphasis was put at 
that time on independence from enriched uranium. Therefore it was decided 
to undertake the development of a D20-moderated and C02-cooled reactor 
concept with metallic fuel elements. 

The Swiss endeavour in the development of such a power reactor resulted 
in the design and construction of the Lucens experimental power reactor 
plant between 1962 and 1968. It was located in an underground cavern and 
contained a pressure-tube reactor of the above-mentioned type (Fig. 14) with 
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1 fuel-element changing device 

2 pr imary circuit inlet 

3 pr imary circuit out let 

4 moderator tank 

5 contro l rod 

6 pressure tube w i t h fuel element 

7 fuel-element transporting device 

FIG J 4. Cross-section of the Lucen s experimental power reactor. 

a thermal output of 30 MW. The net electrical output was some 7 MW. The 
Lucens power station was operated satisfactorily for some 10 months, but 
had to be taken out of service after an incident in January 1969. 

Even before this incident it became evident that the pursuit of its own 
reactor line would be too ambitious for a small country like Switzerland. 
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TABLE IX. UK MAGNOX COMMERCIAL POWER STATION 

Station Date 
commis-
sioned 

Coolant 
pressure 
(MPa) 

Reactor 
vessel" 

Number of 
channels 

Continuous maximum 
rating MW(e) net 
from two reactors 

Cumulative 
load factor 
(%) 

Berkeley 1962 0.9 Steel (c) 3265 276 71 

Brad well 1962 0.9 Steel (s) 2564 245 69 

Hunterston A 1964 1 Steel(s) 3288 300 81.5 

Hinkley A 1965 1.3 Steel(s) 4500 430 71 

Trawsfynydd 1965 1.6 Steel(s) 3740 390 70 

Dungeness A 1965 1.8 Steel(s) 3876 410 68 

Size well 1966 1.9 Steel(s) 3784 420 77.5 

Old bury 1968 2.4 Concrete (c) 3308 416 81 

Wylfa 1971 2.7 Concrete (c) 6156 840 63 
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(c) = cylindrical; (s) = spherical. 
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From then on the endeavour of the Swiss industry in the nuclear field was 
confined to components and systems engineering. Subsequently, important 
deliveries and services could be effected including steam generators for various 
gas-cooled reactor plants. 

The idea of a high-temperature reactor (HTR) encountered much interest 
in Switzerland from the beginning. This was manifested by the participation 
in the Dragon project in the years 1959 to 1975. Several contributions 
have also been made to the development of the gas-cooled fast breeder reactor, 
namely in heat transfer and fuel element technology, essentially oriented to 
carbide fuel. Assessment studies have been performed to analyse the use of 
a helium gas turbine in a direct cycle. 

With these premises and in view of the fact that the closed-cycle gas 
turbine was developed in Switzerland in the 1930s, it was quite rational that 
four Swiss industrial companies, together with the Federal Institute of Reactor 
Technology, took the opportunity in 1973 to join the Federal German HHT project, 
the aim of which consisted in the development of an HTR with a direct-cycle 
helium turbine. In the course of the project the Swiss partners, supported by 
the government, made a substantial contribution in the fields of the plant 
layout, the gas turbine, the heat exchangers, the PCRV and the cooling tower. 

Since the interruption of the HHT project both the German and the 
Swiss partners are aiming at the continuation of their collaboration in the 
development of a successor plant to the THTR-300. 

2.2.5. Development of gas-cooled reactors in the United Kingdom 

2.2.5.1. Magnox reactor stations 

A commercial reactor programme for the United Kingdom was given in a 
British Government White Paper in 1955, which indicated proposals for up to 
2 GW(e) of commercial power stations based on the technology of the then 
uncompleted Calder Hall reactors [21 ]. Over the following years the programme 
was increased, and nine Magnox stations (Table IX) were built to generate 
5 GW(e). The cumulative load factors reflect the early operation of the stations 
and it will be seen that improvements in the values are found as the length of 
time in service increases. 

In Table IX the continuous maximum net rating figures, upon which the 
cumulative load factors are based, are derived from maximum coolant 
temperatures, which are somewhat lower than those used in design. The general 
adoption of lower temperatures for these stations derives from the use of a 
particular grade of mild steel for certain core components which was subsequently 
found to suffer a temperature-dependent corrosion in the coolant gas. This 
problem, which is essentially historical, is described in more detail later. It 
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could be eliminated by a change in the grade of steel, although for the existing 
station it is not possible to make such a change because of the inaccessibility 
of the components concerned. 

The Hunterston A station is owned and operated by the South of 
Scotland Electricity Board (SSEB), whilst the remainder belong to the Central 
Electricity Generating Board (CEGB). 

The stations at Calder Hall, Chapelcross and Berkeley used steel cylindrical 
pressure vessels, which contain the reactor core, but, as shown in Table IX, 
the majority of stations have been constructed with spherical steel vessels. 
The two latest stations at Oldbury and Wylfa show a marked technical advance 
over their predecessors in that they use prestressed concrete for the pressure 
vessels and the boilers are an integral part of the structure, as illustrated in Fig. 15. 

In addition to the gas-cooled reactors built in Britain, two Magnox stations 
have been constructed by United Kingdom companies for overseas customers. 
One in Italy, at Latina [29], commenced commercial operation on 
1 January 1964, and the second in Japan, at Tokai Mura [30] commenced 
commercial operation on 25 July 1966. 

2.2.5.2. Advanced gas-cooled reactors 

The Magnox reactor stations provided a very successful introduction to 
nuclear generation for the United Kingdom utilities. In 1957, however, their 
relatively large physical size, when doubled in output , led to the search for a 
more compact design. The United Kingdom utilities wished to make use of 
the standard 600 MW(e) turbo-alternator sets being developed for contemporary 
coal or oil-fired stations. These requirements were met by the advanced gas-
cooled reactor (AGR) which can be regarded as a development of the Magnox 
system (Fig. 16). The higher coolant temperatures necessary for the new 
steam conditions precluded the use of Magnox clad and metallic uranium fuel 
and the fuel design moved to stainless steel clad with U 0 2 cylindrical pellets. 
This change had the advantage that the possibility of an oxidation reaction 
between uranium metal and C 0 2 no longer existed as a potential problem. 
As with the Magnox reactors, the provision for changing fuel on-load was 
regarded as an important requirement, while the use of prestressed concrete 
pressure vessels, pioneered in France and a feature of the later United Kingdom 
Magnox stations, was continued, so meeting the unit size requirement and 
enhancing the safety characteristics [31 ]. 

The AGR, with stainless steel clad oxide-enriched fuel and a unit ou tpu t 
of 660 MW(e), was adopted for a commercial programme in 1965 [32]. There 
are now 14 reactor units either in operation or under construction at six sites 
in the United Kingdom. The two AGR stations in operation are Hinkley 
Point B, owned and operated by the Central Electricity Generating Board, and 
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FIG.15. Cross-section of a Magnox reactor. 

Hunterston B, owned and operated by the South of Scotland Electricity Board. 
Stations almost completed for the CEGB and near the power raising stage are 
Dungeness B, Hartlepool and Heysham I, while at an early state of construction 
are the recently ordered stations at Heysham II (CEGB) and Torness (SSEB). 
When in full operation these stations together will have an electrical output 
totalling about 8600 MW. 

The design and development of the core system and cooling circuits 
followed similar lines for all these stations and only for the pressure vessels 
were there major differences. On the most recent design for Heysham II and 
Torness the use of the 'single-cavity' vessel has been continued (see section 3.1.2) 
but for the Heysham I and Hartlepool stations the 'podded' style of vessel 
was adopted [33]. In this latter concept the steam generators were accommodated 
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3 gas baff le 
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9 gas circulator 

FIG.I 6. Cross-section of the Hinkley Point B AGR. 
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vertically in separate cavities in the wall of the vessel with the gas circulators 
located vertically below them. 

2.2.5.3. High-temperature reactors 

The high-temperature reactor (HTR) was conceived at Harwell with the 
objective of developing a large-scale nuclear heat source capable of providing 
gas at very high temperatures. The early thermal reactors (LWR, HWR and 
Magnox) were severely restricted in this respect and development to higher 
temperatures offered not only higher generating efficiency but also the extension 
of nuclear heat into the fields of direct-cycle gas turbines and high-temperature 
process heat. Another key feature of the early HTR thinking was the use of 
thorium as a fertile material with the possibility of producing a thermal breeder. 

In the event, actual development started in parallel with the less ambitious 
AGR (where the aim was merely to match the steam conditions of existing 
fossil-fuelled generating stations) and in parallel also with the development of 
the liquid metal fast breeder reactor (LMFBR). The HTR was, therefore, 
considered to be too big an addition to this programme for the United 
Kingdom alone. 

Early in 1958 the HTR development was submitted by the UKAEA to a 
committee of the OECD as a basis for a joint project to be set up at the 
Atomic Energy Establishment at Winfrith, Dorset, England. The proposal was 
accepted and an agreement signed by the governments or atomic energy agencies 
of Austria, Denmark, Norway, Sweden and Switzerland together with Euratom 
(Belgium, Federal Republic of Germany, France, Luxembourg, Netherlands, 
Italy) and the UKAEA came into effect on 1 April 1959. 

2.2.6. Development of gas-cooled reactors in the United States of America 

In the United States of America a great many design studies for different gas-
cooled reactor concepts were done after World War II. Table X summarizes the 
gas-cooled aircraft and aerospace reactors with air and hydrogen cooling built 
in the fifties and sixties [18]. 

Two small nuclear plants using nitrogen-cooled reactors with a closed-
cycle gas turbine, intending to develop a mobile power plant, were built by the 
US Army. Nitrogen was used because it is cheaper than helium and less corrosive 
than carbon dioxide at elevated temperatures. The Gas-Cooled Reactor 
Experiment (GCRE-1), designed for a thermal ou tpu t of 2.2 MW, started 
operation in 1960 at the National Reactor Testing Station (NRTS) [34]. The 
heat removed by 1.2 MPa nitrogen (with 0.5% 0 2 to prevent nitriding of the 
materials) was transferred to a secondary circuit and dumped to the atmosphere. 
The Mobile Low Power Reactor (ML-1), similar in design to GCRE-1, had a 
closed-cycle gas turbine and represented a real operational pro to type [35 ,36] . 
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TABLE X. SUMMARY OF GAS-COOLED AIRCRAFT AND AEROSPACE REACTORS 

Programme Reactor Thermal 
power 
(MW) 

Operation 
date 

Moderator Coolant 
temperature 

Power 
conversion 

Air-cooled reactors 

ANP HTRE-1 and -2 17.5 Dec. 1955 Water 724 Turbojet 

ANP HTRE-3 32.4 Oct. 1958 ZrH 780 Turbojet 

PLUTO TORY-11-A-l 155 Dec. 1960 BeO 1080 Ramjet 

PLUTO T0RY-11-C 150 1963 BeO - Ramjet 

Hydrogen-cooled reactors 

ROVER KIWI-A - July 1959 Graphite 1650 Rocket 

ROVER KIWI-A-PRIME - July 1960 Graphite 1650 Rocket 

ROVER KIWI-A3 - Oct. 1960 Graphite 1650 Rocket 

ROVER KIWI-B-1A - Dec. 1961 Graphite 1650 Rocket 

ROVER KIWI-B-IB - Sep. 1962 Graphite 1650 Rocket 

ROVER KIWI-B4A - Nov. 1962 Graphite 1650 Rocket 
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With 3.3 MW of thermal power, the net electrical output was 330 kW. The 
reactor went critical in 1961 at the NRTS in Idaho and achieved power in 
1962—63. Lack of a suitable mission resulted in termination of the programme. 

The Maritime Gas Cooled Reactor (MGCR), with a 14.9 MW, helium-
cooled closed-cycle gas turbine propulsion plant, was designed in 1960 [37]. 
The Experimental Beryllium Oxide Reactor (EBOR) was designed and built as a 
pro to type for the MGCR to test the high-temperature behaviour of BeO as a 
reactor moderator, together with helium cooling [38]. Construction of this 
10 MW(th) reactor was begun at the NRTS in 1964, but because of budget 
restrictions it was mothballed in 1967 after completion but prior to fuel loading. 

During the mid-1950s design for the Experimental Gas-Cooled Reactor 
(EGCR) was begun, a 22 MW(e) plant that was similar in concept to the 
British advanced gas-cooled reactor but used helium rather than carbon dioxide 
as the coolant [39, 40]. Because the EGCR was found to be not competitive 
with light water reactors, the programme was terminated in 1966. 

The temperature, power density, and fuel burnup limitations of graphite-
moderated reactors using metal-clad fuel led to consideration of helium-cooled 
reactors with all-ceramic cores. Therefore construction of a high-temperature 
gas-cooled reactor (HTGR), the 40 MW(e) Peach Bot tom Power Station, 
was begun. 

2.2.6.1. Ultra High Temperature Reactor Experiment (UHTREX) 

In ' the United States interest in the HTGR for high-temperature process 
heat applications originated in the early 1960s. The United States Atomic 
Energy Commission sponsored the design, construction, and operation of the 
3 MW(th) UHTREX, which was built by the Los Alamos Scientific Laboratory 
and operated there between 1966 and 1970 [41, 42]. The purpose of this 
experimental reactor was to provide very high-temperature helium (1300°C) at 
3.4 MPa and to test various ceramic fuels in a graphite-moderated core. A 
cutaway view of the reactor is shown in Fig. 17. The fuel elements consisted 
of extruded hollow cylinders made of a mixture of graphite and 93% enriched 
pyrolytic-carbon-coated (Triplex) UC2 particles. 

The reactor was designed with the following unique features: 

(1) An annular core that was rotatable to facilitate on-line refuelling 
(2) Articulated control rods that could always be inserted directly into 

the core 
(3) The possibility of operation with a contaminated circuit and on-line 

coolant cleanup. 

Helium entered the core at its axis at a temperature of 870°C, flowed through 
the fuel channels and exited at 1315°C, entered a recuperator f rom which it 
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FIG.l 7. Ultra High Temperature Reactor Experiment (UHTREX). 

emerged at 760°C, and flowed through a helium heat exchanger where it was 
cooled to 315°C. It was then pumped back into the recuperator by a gasj 

bearing 48.5 kW centrifugal blower. The secondary helium loop operating 
at a maximum temperature of 540°C dumped the heat through an air-cooled 
heat exchanger. The reactor vessel was 3.75 m in diameter. 

This reactor experiment showed the feasibility of producing 1300°C 
helium. Having achieved its planned objectives the UHTREX was shut down 
in 1970 as a result of budget limitations. 

2.2.6.2. Peach Bottom Atomic Power Station — Unit 1 

In the late 1950s General Atomic Company proposed in the United 
States that a 40 MW(e) high-temperature gas-cooled reactor (HTGR) be built, 
and this was done, sponsored in part by a group of 53 US utility companies, 
called the High Temperature Reactor Development Associates, at Peach 
Bottom, Pennsylvania, on the Philadelphia Electric Co. system. The plant was 
operated beginning in 1967 under the US Atomic Energy Commission's Power 
Reactor Demonstration Program. While the Peach Bottom 1 proto type was 
highly successful in all respects, it was not of sufficient size to just ify continued 
commercial operation. Accordingly, the plant was shut down in 1974 after having 
achieved all planned objectives. 
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FIG.18. Simplified process flow diagram for the main coolant system of the Peach Bottom 
HTGR. 

The nuclear steam supply (NSS) system, which was supplied by General 
Atomic, achieved an availability of 88%, excluding planned shut-downs for 
research and development programmes, during the 7 years of plant operation. 
The plant produced 538°C steam at 10.0 MPa and had a net efficiency of 34.6%. 

The helium temperature was 728°C at the reactor outlet. The primary 
coolant system consisted of the reactor vessel and two coolant loops, each 
containing a steam generator and helium circulator, as shown in Fig. 18. The 
hot helium from the core circulated through concentric pipes to the steam 
generators, where it was cooled to 343°C. The cold gas was then returned by 
the circulators through the annulus of the concentric pipes to the reactor vessel. 
Baffling and thermal shielding channelled the cold gas inside the reactor vessel 
to cool the shell and internals before returning the helium to the core. 

The fuel for the Peach Bottom reactor consisted of pyrolytic-carbon and 
silicon-carbide-coated uranium-thorium dicarbide fuel particles that were 
dispersed in graphite compacts and encased in a graphite sleeve to form a fuel 
element. There were 804 fuel elements, 89 mm in diameter and 3660 mm long, 
which were oriented vertically within the reactor vessel. Helium at a pressure of 
about 2.4 MPa flowed through the tricusp-shaped coolant channels between 
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the fuel elements to remove the heat produced in the core. A small helium 
stream passed down through each fuel element and purged any fission products 
leaking f rom the fuel particles to the helium purification system. This system 
removed fission products f rom the fuel element purge stream by adsorption on 
charcoal beds operating at low temperature. Sufficient delay t ime was provided 
to permit the decay of almost all fission products with the exception of 
8 5Kr. An oxidizer, a dehydrator and a liquid nitrogen-cooled charcoal trap 
were provided to remove moisture, chemical impurities and the 8 5Kr. 

During Peach Bottom operation plant personnel received very low 
radiation levels. The average radiation exposure was 10 mR/a per individual [43]. 

The main plant parameters are listed in Table XI. 

2.2.6.3. Fort St. Vrain Nuclear Generating Station 

During the construction and start-up of the Peach Bot tom reactor design 
and development were proceeding in the United States on larger HTGRs. In 
1965 a contract was signed by General Atomic, the Public Service Company of 
Colorado and the US Atomic Energy Commission for a 330 MW(e) HTGR 
nuclear generating station to be built at Fort St. Vrain [45]. This plant was 
issued a construction permit in September 1968 and construction started 
immediately thereafter. New features included in this HTGR plant, compared 
with the Peach Bottom station, are a prestressed concrete reactor vessel (PCRV) 
enclosing the whole primary system, once-through modular steam generators 
with integral superheaters and reheaters, steam-driven axial flow helium 
circulators, and hexagonal graphite fuel elements incorporating improved 
coated fuel particles. In addition, the reactor is located within a confinement 
building rather than a conventional secondary reactor containment. The reactor 
arrangement is shown in Fig. 19. 

Site construction was started in September 1968. Fuel was loaded in 
late 1973 and initial criticality was achieved in early 1974. Power generation 
commenced in late 1976, but the plant was limited to 70% power because of 
core region gas outlet temperature fluctuations. Mechanical restraints placed 
in existing holes on top of the top reflector tied the core regions together and 
stopped the fluctuations. The US Nuclear Regulatory Commission then gave 
permission to test the reactor at higher power levels, and 100% power was 
achieved in November 1981. An application to the US Nuclear Regulatory 
Commission for a full-power operating licence for Fort St. Vrain has been approved. 

2.2.7. Development of gas-cooled reactors in the USSR 

At the early stage of development of atomic power engineering in the 
USSR several types of reactors were considered, including the gas/graphite ones 
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TABLE XI. PEACH BOTTOM ATOMIC 
POWER STATION PLANT 
CHARACTERISTICS [44] 

Coolant Helium 

Pressure 2.4 MPa 

Core inlet temperature 344°C 

Core outlet temperature 728°C 

Steam temperature 538°C 

Steam pressure 10.0 MPa 

Net thermal efficiency 34.6% 

Reactor thermal output 115 MW(th) 

Net electrical power 40 MW(e) 

Pressure vessel 

Diameter 4.3 m 

Height 10.8 m 

Core 

Effective diameter 2 8 0 0 mm 

Active height 2300 mm 

Fuel element diameter 89 mm 

Fuel element length 3660 mm 

Number of fuel elements 804 

Reflector thickness 610 mm 

Control rods 

Normal operating rods 36 
Shut-down rods 19 

Fuel life at full power 900 d 

(graphite moderator, carbon dioxide coolant). A 150 MW power reactor was 
projected whose power was then to be increased up to 300 MW. However, this 
project was not realized [46]. Preliminary investigations were also carried 
out on a low-power helium-cooled graphite reactor. 

Before the end of 1972 A-1NPP with a carbon dioxide coolant and thermal 
power of 560 MW designed and constructed in co-operation between Czech 
and Soviet specialists was commissioned in the CSSR. On the basis of 
experiments performed with and operation of this power plant, experience 
with use of the gaseous coolant was gained [47]. 
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Early in 1968 the importance of the development of the reactors for 
technological applications was stated by A.P. Aleksandrov, President of the 
USSR Academy of Sciences, in his General Address to the VII World Energy 
Congress where he said: "The development and ever-growing increase in the 
number of types of technological products which can be manufactured 
using nuclear energy resources are one of the important practical problems 
faced by our generation" [48]. 

The use of nuclear power plants with a steam cycle (of the W E R and 
RBMK types) for electricity generation engineering results in the removal 
of coal f rom the fuel-energy balance, leaving such extremely valuable fuels as 
gas and oil still in use. At the same time the problem of the use of nuclear 
power engineering in various industrial technologies and in district heating 
becomes most urgent as this will permit gas and oil to be replaced by nuclear 
fuel. Nuclear power plants for district heating (on the basis of water-water 
reactors) have been developed in the USSR and are under construction, as 
well as nuclear heat and power plants. 

The next stage must be nuclear energy and technological plants for 
various purposes, based on the high-temperature gas-cooled reactors. Several 
types of such reactors have been considered, including reactors with graphite-
dusted helium or with small graphite spheres. The reactor concept has been 
investigated where heat is discharged from the core using a solid coolant in 
the form of large graphite blocks cyclically moved from the core to the 
cooling region where the heat is transferred to the heat exchanger due to 
radiant heat transfer. The channel reactor HTGR-500 with spherical fuel 
elements has been designed [49]. 

At the most advanced stage is work on high-temperature helium-cooled 
reactors with a pebble bed core loaded with spherical fuel elements. They are 
being developed based on both world and domestic experience of operation 
with carbon dioxide coolants and in the development and operation of 
uranium graphite reactors (RBMK) where the graphite moderator is in the 
helium medium. At present calculation, experimental and design efforts devoted 
to the creation of an HTGR are in progress. 

The technical design of the VGR-50 pilot plant (Fig.20) with a 136 MW(th) 
high-temperature helium reactor has been worked out. The objective of the 
plant is to accumulate experience in the design and construction of HTGRs, 
improvement of the helium technology, dynamics and safety, extensive tests 
of the fuel elements, tests of control rods, equipment components etc. 

The next stage may be the VG-400 pilot plant (Fig.21) with the 1000 MW 
high-temperature helium reactor, intended for methane conversion (with 
subsequent ammonia production) together with electricity generation. The 
VG-400 parameters and power rating have been chosen so that in future 
transition may be possible to larger-size reactor units with a power of 
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FIG.20. Cross-section of the VGR-50 reactor. 
(1) core rod drive; (2) automatic control and emergency rod drive; (3) top shielding; (4) vessel 
hood; (51 top reflector; (6) core rod; (7) automatic control and emergency rod; (8) core; 
(9) support structure; (10) reactor vessel; (11) gas collector; (12) bottom reflector; (13) pipe 
for removing fuel and absorber elements; (14) vessel support; (15) distribution device; 
(16) coolant inlet-outlet pipe; (17) channel for unloading fuel and absorber elements from the 
core; (18) side reflector; (19) intra-reactor control assembly; (20) pellet inlet pipe. 
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FIG.21. Cross-section of the VG-400 reactor. 
(1) concrete vessel; (2) reactor core; (3j main gas blower; (4) steam generator; (5) ionization 
chamber, operating; (6) ionization chamber, starting; (7) CSS executive mechanism, swimming-
pool type; (8) CSS executive mechanism, lateral; (9) high-temperature heat-exchanger; 
(10) prestress system; (11) unload channels; (12) load pipes. 

1500-2000 MW(th) and 8 - 1 0 loops, on the basis of the equipment components 
such as electric drives, main circulation gas-blowers, heat exchangers, control 
rods, equipment for loading and unloading the fuel elements etc. tested 
on VG-400. 

During the first stage of introducing HTGRs into industrial use efforts 
must be devoted mainly to hydrocarbon conversion processes. Choice of this 
technology for VG-400 is based on the following main factors: 

(a) The steam catalytic methane conversion process has been well tested in 
large-scale ammonia production in the chemical industry; 

(b) Steam catalytic methane conversion with HTGRs will permit multipurpose 
nuclear technological complexes to be constructed in the future. 

The combination of a developed nuclear technology with hydrocarbon gas 
conversion will open a possibility of nuclear reactors effectively replacing oil 
and gas as energy source in metallurgy, oil chemistry and oil refinery and in 
long-distance heat supply (including steam supply) to dispersed energy 
consumers. In the future the methane conversion process may be used for 
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energy accumulation and the subsequent generation of peak and subpeak 
electric energy in methane conversion products. 

In a further perspective HTGRs may be used for the production of 
hydrogen from the water by electrolysis and thermoelectro-chemical methods 
(in particular, using the methane conversion process as part of the closed 
thermoelectro-chemical cycle). 

In the USSR the production of synthetic fuels from coal using HTGRs 
may prove to be advantageous in areas with high coal costs or where large-scale 
coal-firing is essentially limited for ecological reasons. 

The application of helium-cooled reactors in electric energy engineering is 
considered first of all in the direction of creating fast breeder reactors. A 
pilot plant of such a type, BGR-300, has been designed. 

An advantageous direction for the development of thermal high-
temperature reactors for electricity generation is the creation of one-circuit 
plants with gas turbines. 

In conclusion, we would again cite the President of the USSR Academy of 
Sciences, A.P. Aleksandrov, where he said: "It is the development of gas-cooled 
high-temperature reactors that, equally with breeder reactors, seems to be 
becoming a characteristic tendency of the change in the atomic power engineering 
structure by the 90s" [50], 

2.2.8. OECD Project: the Dragon Reactor Experiment (DRE) 

The objectives of the OECD High Temperature Reactor Project (Dragon) 
were [51]: 

(a) To design, construct and operate a small reactor experiment at Winfrith 
(b) To carry out a programme to develop HTR technology. 

It was intended to last for 5 years but as a result of repeated extensions it 
survived until 31 March 1976. Site work on DRE at Winfrith commenced at 
the start of 1960, first criticality occurred in August 1964 and plant completion 
and low power operation (2 MW) was achieved in June 1965, reaching 50% 
power (10 MW) in October 1965. Full power (20 MW) operation began in 
April 1966 and continued with some interruptions until September 1975, 
yielding a total utilization of 1650 equivalent full power days [52]. 

In its 17-year life the project can justifiably claim to have carried out its 
main objectives, namely the research and development programme, the 
design, construction and operation of the station and the assessment studies 
on power reactors. 

The specified thermal power output of the DRE was 20 MW, the nominal 
coolant outlet temperature 750°C and the mean working pressure of the 
helium 2 MPa. A bottle-shaped mild steel pressure vessel 50 mm thick provided 
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the primary containment with six tall branches rising from the shoulder, each 
containing a primary heat exchanger and circulator (Fig.22). An appendage 
at the top of the vessel permanently housed the charge machine, making a 
structure 17 .8m high with a maximum diameter of 3.4 m. 

A re-entrant, jacketted-flow arrangement ensured that the walls of the 
vessel and branches were adjacent to coolant at the minimum temperature, 
350°C, whereby the steel was maintained at its optimum level of about 300°C. 
The helium flowed upward through the core, entering at 370°C and emerging 
at an average value in the region of 810—830°C. However, a fraction of the 
total primary coolant flow, varying between 15 and 25%, bypassed the core. 
As a result the gas arriving at the primary heat exchangers was at a lower 
temperature, generally circa 720°C. 

Heat was rejected to two secondary circuits, involving forced circulation 
boiling water at 200°C and 1.3 MPa steam pressure. These transported the 
heat via secondary heat exchangers to tertiary loops containing water circulated 
at 75°C, final heat disposal to the atmosphere being by dry airblast coolers. 

Features of note in the primary circuit were the use of Nimonic 75 alloy 
and stainless steel at the interfaces with the hot (outlet) helium and the 
adoption of encapsulated variable-speed motor-driven circulators with 
gas bearings. 

The DRE core assembly consisted of 37 fuel elements 2.4 m in length, 
each being a cluster of 7 hexagonal-section rods with ribs to separate them and 
provide a space for coolant flow. The central core section of 1.4 m length of 
each rod consisted of a graphite tube surrounding a stack of annular fuel 
compacts with a central graphite spine. Rod clusters were eventually replaced 
by block-type fuel elements which were more representative of the core 
structures proposed for large power reactors. 

The radial graphite reflector of the reactor consisted of a fixed outer 
region of rigidly stacked blocks and two inner rings of vertical pillars pivoted 
on a base plate. The 30 innermost pillars were penetrated by channels, 
24 of which served as control rod ducts. These inner columns were replaceable 
by means of the charge machine. Because of the small core volume of 1.4 m3 

and the consequent high neutron flow into the reflector, it was possible to 
control reactivity entirely by absorbers outside the core-reflector interface. 
Because of the heavy neutron loss, about 80% of the fissile material was segregated 
at high enrichment, as driver fuel, in rods or pins that had to be replaced, 
because of depletion, after about 200 days at power. In the remainder the 
fissile content was blended initially with thorium, but later with 238U. The 
conversion ratio in the latter was high enough to allow extended irradiations 
up to 1000 days. The helium in the primary circuit was continuously purified 
to keep impurities (H2, CO, C0 2 , CH4 and N2) to a level of about 1 ppm. 

Because of its experimental purposes, the DRE was provided with 
extensive instrumentation, covering: neutronic power monitoring; temperature 
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measurement in coolant, components and fuel and coolant pressures and flow 
rates measurement; determination of coolant impurities and high-resolution 
gamma spectrometry of gas-borne and deposited radioactivity [53, 54]. 

2.3. GAS-COOLED FAST BREEDER REACTORS (GCFR) 

Gas cooling for fast reactors has been a subject for consideration since 
the early days of nuclear power, and has taken a wide range of forms with 
differing kinds of fuel concept, differing coolants and both direct and indirect 
cycles. The knowledge gained from development of gas-cooled thermal 
reactors, together with the operating experience being gained f rom a total 
installed capacity of some 10 000 MW(e), gives strong backing to gas-cooled 
fast reactor technology, while general industrial experience with gases over 
many years forms a further strong base [55]. 

The incentive to develop the fast reactors cooled by gas results f rom their 
relatively low station cost owing partly to the absence of the need for an 
intermediate cooling circuit analogous to the secondary sodium-cooling circuit 
in LMFBR, but the GCFR can also have exceptional breeding performance. 
This arises f rom the low absorption of neutrons by the gaseous coolant. 

In the USA GA began their study of the helium-cooled fast breeder about 
1962, the work being supported by the USAEC and by a group of utilities. 
It was closely associated with the HTGR programme and its aim was to utilize 
as far as possible the engineering and technology of gas cooling evolved for 
those reactors. As ideas developed, the fuel scheme evolved to one that made 
as much use as possible of LMFBR fuel technology culminating about 1968 in 
the proposals for a pressure-balanced design of fuel pin which is the basis of 
all current designs. 

Support from the US utilities continued and resulted in the formation of 
Helium Breeder Associates (HBA) in 1976. This group consisted of 75 US 
and European utility members. HBA prepared for the US Department of 
Energy a commercialization programme for the GCFR in the USA and 
co-ordinated the US programme. The cumulative expenditure in the USA to 
the end of 1981 was estimated at $125 million. Because of critical funding 
problems, US government support for the programme was terminated and all 
the development work in the United States was stopped at the end of 
September 1981. 

In Europe studies on alternative breeder concepts led in 1968 to an 
initiative by Euratom and the OECD Nuclear Energy Agency to set up a 
specialist study group to evaluate the merits of gas-cooled fast reactors. The 
final report of the group confirmed the potential attractiveness of the GCFR 
concept and proposed the continuation of development and design study 
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effort in the field. The conclusions were accepted by the Steering Committee 
for Nuclear Energy of the OECD and by the Top Level Group of Experts for 
Co-operation in the Reactor Field, who also agreed that an arrangement for 
continuation should be made under the auspices of the Nuclear Energy 
Agency (NEA). 

After an initial informal arrangement beginning in 1968, seven govern-
ments (Austria, Belgium, the Federal Republic of Germany, the Netherlands, 
Sweden, Switzerland and the United Kingdom) agreed to collaborate on their 
R&D programme for GCFRs under an NEA co-ordination arrangement which 
began formally in 1972. France, Japan, the Commission of the European 
Communities and the USA sought also to take part at various later dates, and 
this has brought the number of participants to eleven. 

The European Association for the Gas-Cooled Breeder Reactor (GBRA) 
was formed in 1969 by a group of industrial companies and research organizations, 
joined later by certain utilities as associates. GBRA initially examined a range 
of schemes - alternative coolants (He and C 0 2 ) and alternative fuel concepts 
(pins and coated particles). In 1972 the association decided that the most 
reliable and attractive prospects for the short and medium term would be the 
steam-generating system with pin fuel and cooled by helium. Since that time 
their work has been devoted to a 1200 MW(e) commercial reference design, to 
the assessment of all feasibility, performance, safety, economics and the R&D 
questions related to the design, and to the problems of commercial introduction 
of GCFRs, including the form that the initial reactor system to be built should 
take. The GBRA was invited by the NEA Group to represent European 
industrial interests and has taken part in the discussions and programme 
planning from the formation of the group. 

In Switzerland work on the GCFR proceeded from 1967 to 1972 and 
was mainly carried out by the Swiss Federal Institute for Reactor Research 
in collaboration with Swiss industries and engineering companies. A formal 
collaboration agreement for this field of work was established with General 
Atomic. 

The first proposal to install a 100 MW(th) helium-cooled fast reactor 
experiment in the experimental power station of Lucens had to be given up 
after the nuclear incident that happened in 1969 in this facility. 

Further efforts were devoted by the same group to preparing several 
alternative designs of a GCFR 1000 MW(e) plant. In this context, a direct-cycle 
variant has been considered in order to utilize the extended experience existing 
in the Swiss industry in the field of gas turbines. 

In the United States work on GCFR design has led to the conceptual 
design of the nuclear heat supply system (NSS) for a 350 MW(e) demonstration 
plant [55]. This design features an upflow core, pressure-equalized and vented 
fuel rods, a multicavity PCRV, electric motor drives for the main helium 
circulators, and extensive provisions for residual heat removal. 



67 2. HISTORICAL DEVELOPMENT 

In parallel with the design effort , extensive research and development 
was carried out in the United States in co-operation with Switzerland and the 
Federal Republic of Germany. This work covered a series of critical experiments 
to verify physics parameters, neutron streaming tests, an extensive programme 
of thermal-hydraulic studies on core rods and subassemblies, and an irradiation 
programme emphasizing the differences between the LMFBR and GCFR 
fuel rods. 

In the USSR design and R&D work was also performed on GCFR at the 
Institute of Nuclear Energy of the Byelorussian Academy of Science in Minsk 
on N204-cooled reactors and at the Kurchatov Institute in Moscow on 
He-cooled reactors. 

Carbon dioxide has been proposed recently in the UK for use with sealed 
fuel pins and with reactor engineering features closely following those of AGR. 





3. TECHNICAL STATUS OF 
THE APPLICATION OF GCRs 

3.1. ELECTRICITY GENERATION 

The work undertaken in the United Kingdom and France on gas-cooled 
reactors has been mainly devoted to the production of electricity using a steam 
cycle, although theoretical studies have been carried out in the UK, sometimes 
in conjunct ion with other organizations in the United Kingdom and overseas, 
to investigate the use of gas-cooled reactors for the development of high-
temperature process heat [56, 57] and direct-cycle gas turbines [58, 59]. 

3.1.1. Magnox stations 

3.1.1.1. Status of the Calder Hall and Chapelcross stations in the UK 

The Calder Hall and Chapelcross stations [24], each comprising four 
reactor units, have been uprated by 50% f rom their original designed ou tpu t 
of 42 MW(e) (gross) per reactor and have operated on base load for periods 
of 20 to 25 years. The lifetime load factor for Calder Hall has been 81% and 
for Chapelcross 85%. Both plants have been well maintained and there is no 
apparent reason why the stations should not continue operation for some 
time to come. From the national standpoint, the aggregate generation to date, 
f rom the two stations, is over 60 T W h and is equivalent to a saving of about 
27 million tons of coal or 16 million tons of oil. 

3.1.1.2. Status of commercial Magnox stations 

The Magnox stations operating in the United Kingdom have performed 
remarkably well, especially as there was no replication of the designs, and 
development continued well into the construction phase. 

Hunterston A in Scotland, one of the first Magnox type commercial 
stations, was commissioned in 1964 and has achieved a lifetime load factor 
of 81.5% [60], a record as good as any nuclear station of any type in the 
world [61], 

The annual load factor at Oldbury rose steadily f rom 78% in 1 9 7 5 - 7 6 
to 92% in 1 9 8 1 - 8 2 , giving a lifetime load factor to date of 81%, equal to 
that of Hunterston A. 

At Latina in Italy [29] no mechanical damage has been experienced on 
the reactor during 18 years of operation, which has been on the whole very 
satisfactory with an average load factor of 71%. 

69 
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At Tokai-Mura in Japan [30] the cumulative load factor of the reactor 
over the period of 14 years operation is 80%, with an annual shut-down 
period of 4 5 - 5 0 days. In 1978 the only shut-down was the annual main-
tenance outage. This good performance has been achieved despite the 
discovery in the late 1960s that some mild steel components in all the 
commercial stations were suffering excessive cor-osion rates where they 
experienced outlet gas temperatures [62], This resulted in a limitation of the 
maximum gas temperature to 360°C with the consequent decision to reduce the 
normal maximum power [21, 63] rather than to shorten their life. All 
stations have operated at their original design power and such powers are still 
possible for short periods, e.g. when grid system demands are overriding. 

However, at the maximum continuous rating determined for each plant 
some excellent lifetime load factors have been recorded, as listed in Table IX, 
and regardless of the vessel design, type of blower drive or fuel-handling 
system operators regard them as straightforward to control and slow to 
misbehave in transient conditions. 

Another concern was the discovery of defects in some of the weld 
at tachments to the pressure circuits [64]. The evidence indicates that these 
defects have been present ever since the stations were built and that they have 
not worsened in service, but they have only come to light with the development 
of more sensitive inspection techniques. It was, nevertheless, considered 
prudent to shut down the affected stations temporarily for detailed 
inspection [65]. 

3.1.1.3. Modern Magnox reactor design 

The following description of a modern UK design is based on Oldbury, 
which has two 300 MW(e) reactors. Each reactor with four steam generators 
is housed in a vertical cylindrical prestressed concrete pressure vessel (Fig. 15). 
with an internal diameter of 23.5 metres and an internal height of 18.3 metres, 
incorporating adjustable stressing cables within the walls. The vessel, with 
a steel gas-tight liner on its inner face, contains carbon dioxide ( C 0 2 ) gas at a 
pressure of approximately 2.5 MPa. 

The reactor core (Fig. 15) in each reactor takes the form of a polygonal 
prism, with an overall diameter over flats of 14.2 metres and an overall height 
of 9.8 metres, in which the graphite moderator, or active core, measures 
12.8 metres diameter by 8.5 metres high. 

The complete core, comprising the moderator surrounded by a reflector 
and side shield, rests on a support grid (diagrid), which in turn is carried 
f rom the floor of the pressure vessel by a skirt. The core restraint tank is an 
upward extension of the support grid peripheral member, thus all loads 
(deadweight and seismic) are transmitted through the skirt to the pressure 
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vessel floor. The graphite core weighs about 2060 tonnes, and is built up of 
layers of bricks, with 3308 fuel channels, on a 197 m lattice pitch, passing 
through them vertically form bottom to top of the core. Eight fuel elements 
containing natural uranium, in magnesium alloy (Magnox) cladding, are stacked 
vertically in each fuel channel. 

The cladding has an extended heat transfer surface of the herring-bone 
type and integral lugs for locating the element centrally in the channel in the 
core. Magnox fuel elements with this and other polyzonal heat transfer surfaces 
are used in all the Magnox reactors in the United Kingdom and abroad. 

A number of control rods, containing boron, enter into interstitial channels 
interspersed between the fuel channels in the core. These rods are operated 
independently, in sectors, from positions above the core and can be either 
motored in or out of the channels to control the reactor output or, in the event 
of a reactor trip, be released automatically to fall by gravity into the core and 
shut the reactor down. 

Four steam boilers (Fig. 15) are located around the perimeter of the core 
and arranged symmetrically in an annulus separated from the core by a shield 
wall composed of graphite and steel. The boilers are separated from each 
other by radial division plates. In the annulus below each steam generator, 
a 5 MW axial-flow gas circulator (Fig.I 5) is driven by a back pressure steam 
turbine located immediately outside the pressure vessel. 

C 0 2 gas flows from the gas circulators through passages in the shield 
wall to the bottom of the core, then up the core over the fuel elements. The 
heated gas then flows through further passages in the upper part of the shield 
wall, and passes down through the steam generators, giving up heat and 
enabling them to produce a steam. 

The steam is generated in the boilers at two pressures. The high-pressure 
steam passes to the circulator turbines and then returns to the steam generators 
for reheating before being mixed with the low-pressure steam and passed to 
the turbo-alternator. The cooled C 0 2 gas leaving the bot tom of the steam 
generators is passed to the circulator inlet fairings and then returned, via the 
circulators, to be recycled through the core. 

A pressurized and shielded refuelling machine (Fig. 15) is situated above the 
reactor pressure vessel and allows refuelling to be undertaken while the reactor 
is on load by gaining access to the core through refuelling standpipes in the 
top slab of the concrete pressure vessel. Each standpipe gives access to a 
number of fuel channels and individual channels are reached by a rotating and 
extending pantograph mechanism, inserted into the standpipe by the 
refuelling machine. 

This discharged irradiated fuel is sealed in steel containers, which are then 
loaded into storage containers and transferred to a long-term irradiated-fuel 
store. The fuel can be kept in store indefinitely, the decay heat being removed 
by natural convection of atmospheric air over the containers. 
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TABLE XII. COMPARATIVE GENERATION COSTS ( 1 9 8 0 - 8 1 ) FOR 
UK POWER STATIONS COMMISSIONED BETWEEN 1965 AND 1977 

Nuclear 
(Magnox) 
( p / k W h ) 

Coal 
fired 
( p / k W h ) 

Oil 
fired 
(p/kW-h) 

Capital charges and provision 
for decommissioning 0.41 0.08 0.20 

Interest during construction 0.07 0.02 0.03 

Inclusive fuel costs 0.74 1.54 2.15 

Other costs of operation 0.39 0.19 0.22 

Research 0.03 0.01 0.01 

Training 0.01 0.01 0.01 

Generation cost 1.65 1.85 2.62 

3.1.1.4. Costs of Magnox stations 

The comparative generating costs for 1 9 8 0 - 8 1 incurred at existing 
United Kingdom power stations commissioned between 1965 and 1977 are 
set out in Table XII. The table is based on methods set out in the Central 
Electricity Generating Board's Annual Report for 1 9 8 0 - 8 1 [66], which notes 
that as well as including fuel (supply and reprocessing), operating, interest and 
depreciation charges, these costs include all the associated CEGB costs such as 
research, training, and provision for future costs of decommissioning and 
waste disposal, but contain no credit for the value of plutonium produced. 
Capital charges are calculated on accounting lives of 20 years for nuclear stations 
and 25 years for coal and oil stations, using the basis of historic costs since the 
time of construction and the load factor actually achieved. 

In the event, subject to the requirements of the Licensing Authorities, 
the actual lives of these stations will depend upon the economics of their 
operation and are likely to be considerably longer than that assumed for 
accounting purposes. 

3.1.1.5. Future application 

Further Magnox stations are unlikely to be ordered for the United 
Kingdom as steam conditions requested by the Electricity Generating Boards 
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for use with present 600 MW(e) turbo-alternator sets are being provided by 
AGRs. There is, however, an application potential for Magnox reactors in 
countries that have an interconnected electrical system in the range of 
2000 to 6000 MW capacity and an interest in small and highly reliable natural 
uranium nuclear plants of 250 to 300 MW(e) output [67], A design [681 based on 
the twin reactor plant at Oldbury, using Magnox-clad fuel cooled by carbon 
dioxide gas, is now available and the main parameters are shown in Table XIII. 

The design avoids the use of both strategic materials and high-technology 
components, and so will meet the requirements for a short and secure con-
struction programme. The new design differs f rom Oldbury, however, in 
having 9% chromium steel for all components at top gas temperature, which 
can therefore be raised to 400°C. An important consequence of this increase 
in temperature is an improvement in thermal efficiency f rom 27 to 32.5%. 

3.1.1.6. Latina power station, Italy [29 ] 

The station has one UK-origin Magnox reactor and is located on the 
west coast of Italy, 70 km f rom Rome. Construction began in October 1958, 
and the first criticality occurred in December 1962. In 1970 the rated output 
was reduced f rom the gross electrical output of 210 MW(e), at which the 
station commenced commercial running on 1 January 1964, to 160 MW in 
order to limit the oxidation of the inner structures of the reactor by the coolant. 

The reactor is based on the Calder Hall prototype, with fuel elements 
consisting of Magnox-sheathed natural uranium rods placed in vertical 
channels in the graphite core. The whole is then enclosed in a spherical steel 
pressure vessel and the heat produced in the fission reaction is transferred 
by the flow of pressurized carbon dioxide gas, circulating in the channels f rom 
bo t tom to top of the core, through six vertical cylindrical boilers outside the 
vessel, before being returned to the bo t tom of the vessel by gas blowers 
located beneath the boilers. The reactor, which is made up of these components, 
together with the control devices and onload fuel charge and discharge 
apparatus, is housed in a reinforced concrete structure, which also acts as a 
biological shield. 

The steam f rom the six boilers feeds the three main 70 MW turbo-
alternator sets and two 11 MW variable frequency turbo-alternators supplying 
the blower motors. At present, due to the lower gas temperature, HP steam 
isat 46 atm and 341 °C, and LP steam is at 15 atm and 347°C. The design 
thermal cycle is based on generating steam at 54.2 atm and 14.8 atm both 
superheated at 373°C to obtain a better thermodynamic efficiency. 
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TABLE XIII. MAIN PARAMETERS OF A MAGNOX REACTOR 

Unit performance 

Reactor performance 

Fuel elements 

Core 

Control rods 

Concrete vessel 

Circulators 

Boilers 

Turbo-generator 

Net electrical output 
Overall efficiency 
Heat from reactor 
Heat from circulators 

Gas inlet pressure 
Gas inlet temperature 
Gas outlet temperature 
Coolant mass flow per reactor 
Weight of uranium per reactor 
Mean rating over core 
Mean burnup 
Systematic peak can temperature 
Flattened radius 
Performance of centre channel: 

Heat production 
Mean rating 
Gas mass flow 

Diameter of uranium rod 

Length of uranium rod 
Number of elements per channel 
Number of elements per reactor 

Lattice pitch 
Graphite density 
Neutron absorption cross-section 
Active core dimensions 

Fuel channels 
Control rod channels 

Bulk control 
Safety 
Regulating and trim 

Internal diameter 
Internal height 

Number per reactor 
Total circuit pressure drop 
Mass f low per circulator 
Normal running speed 
Power input to circulator 

Number per reactor 
HP steam 
LP steam 

Gross electrical output 
Final feed temperature 
Condenser pressure 

300 MW 
32.5% 
925 MW 
21.0 MW 

2.75 MPa abs 
250°C 
400°C 
5160 kg/s 
293 t 
3.16 MW/t 
5000 MW-d/t 
480°C 
3.5 m 

340 kW 
3.9 MW/t 
1.9 kg/s 

28 mm (1.1 in) 

972 mm (38.25 in) 
8 
26 464 

197 mm square 
1.74 g/cm2 

3.84 mb 
8.5 m high, 
12.8 m diameter 
3308 
101 

65 
8 
28 

24 m 
18.3 m 

4 
0.08 MPa 
1290 kg/s 
1150 rev/min 
6.25 MW 

4 annular 
8 MPa abs, 395°C 
4 MPa abs, 390°C 

308 MW 
165°C 
25.3 mmHg 
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3.1.1. 7. Tokai-Mura power station, Japan [30, 69} 

The nuclear power reactor, designated Tokai-1, was the first commercial 
power reactor to be constructed on the Tokai site, which is situated on the 
Pacific Coast of Japan about 70 miles north-east of Tokyo. 

Tokai-1, which is the only gas-cooled reactor currently in operation in 
Japan, is a UK-origin Magnox-type, graphite-moderated, C 0 2 gas-cooled, 
natural uranium-fuelled reactor of 166 MW(e) output , and it commenced 
commercial operation on 25 July 1966, with MITI approval for a partial load 
of 125 MW. The station was approved for full-power operation on 25 July 1967. 
On 27 December 1969 the reactor gas-outlet temperature was reduced to 360°C, 
because of steel oxidation, and the reactor has since been operated either at 
360 or 370°C, depending on power demand. 

In the course of the design, construction and operation of the reactor 
extensive safety assessment work was performed, especially as Japan is located 
in a relatively high seismicity zone, and many seismic studies and modifications 
to the original Magnox-type reactor were made, making Tokai-1 one of the 
most stable power stations in Japan. 

The station has a single reactor, housed in a skirt-supported spherical 
pressure vessel, with a mean diameter of 18.4 m and made f rom steel plates 
92 mm and 80 mm thick. There are four steam-raising units feeding two 
85 MW turbo-generators, and operating f rom the main HP steam circuit there 
are also four 8700 HP back-pressure turbines which drive the centrifugal 
coolant circulators. 

The special design features introduced because of the potential earthquake 
hazard are of particular interest, and include: substantial reinforcement of the 
concrete foundat ion raf t and superstructure; additional restraints at the top 
of the reactor vessel and steam-raising units; an earthquake restraint support 
system for the main gas ducts; a new type of core-restraint structure and a 
specially designed brick and key system of core construction. 

In addition, there is a secondary shut-down system capable of operating 
even if damage to the core should prevent normal functioning of the control 
rods. The reactor is designed for on-load refuelling. 

Operation of the reactor since 1966 has produced consistently high annual 
load factors, reaching 88.6% in 1981, and giving a cumulative load factor of 
approximately 67%. During the period 1973 to 1981 (inclusive) only two 
unplanned shut-downs occurred. 

3.1.1.8. Magnox reactors in France (UNGG reactors) 

A progressive evolution towards an integrated primary circuit in a vertical 
prestressed concrete vessel with heat exchangers underneath the core (from 
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which they are separated by biological shielding) took place during the develop-
ment of UNGG reactors. 

1958 - G2 

40 MW(e) net power reactor with horizontal channels. 
Prestressed concrete vessel with a C 0 2 pressure of 1.5 MPa. 
Fuel rod: 31 mm diameter/282 mm long. 

1959 - G3 

Identical to G2. The fuel claddings, which were originally provided with 
longitudinal cooling fins, are now provided with herring-bone fins. 

1963 - Chinon A1 

This reactor was the first solely electricity-generating UNGG reactor 
(70 MW(e)). It possesses a vertical graphite pile housed in a cylindrical steel 
vessel. This vessel and the primary circuit system are contained in a special 
building. A C 0 2 pressure of 2.5 MPa is employed. 

The tubular fuel (0.5% U-Mo, 3 5 X 1 4 mm diameter, 600 mm long) was 
stacked in vertical channels. As a result, large forces were exerted on the ends 
of claddings provided with longitudinal cooling fins. 

The reactor was shut down in 1973 after the 10-year operating period 
envisaged. Its operating costs were judged to be too high. Of course, this 
was before oil prices had begun to soar. 

1964 - Chinon A2 

The general design of this 200 MW(e) reactor is similar to that of 
Chinon Al (Ch.Al) (the steel vessel is spherical, however; the graphite pile 
is vertical and the primary circuit external, the operating pressure is 2.65 Mpa). 

The main innovations are: 

(a) A stack composed of pinned hexagonal bricks; 
(b) U-Mo 1%, 18 X 400 mm diameter, 600 mm long fuel with a magnesium-

zirconium herring-bone finned cladding; this fuel is housed in a graphite 
sleeve which serves as a support and also enables handling operations to be 
performed without interfering with the fuel. This design feature is a great 
improvement; 

(c) The main fuel-handling device is located on the upper slab of the reactor; 
loading and unloading operations can be performed during operation. 

1966 - Chinon A3 

This 480 MW(e) reactor is of industrial size. All the fundamental options 
of Chinon A2 are reproduced, the only difference being the introduction of a 



3.1. ELECTRICITY GENERATION 77 

prestressed concrete vessel. The fuel cladding has, however, been improved by 
employing straight and herring-bone cooling fins, four support fins and a larger 
sized U-Mo 1.1% uranium tube (23 X 43 mm diameter, 600 mm long). 

1969 - St. Laurent A1 (480 MW(e)) - (Fig.I 1) 

St. Laurent Al (SL.A1) can be thought of as the standard UNGG model. 
In order to avoid an external primary circuit, the steam generators have been 
integrated into the prestressed concrete vessel and are located underneath the 
core. Although such a system necessitates a down-flow circulation, the 
performance of which is much less favourable in the event of circulator failure, 
it was considered better than one in which steam generators are located in the 
annular space, a system requiring a much larger diameter vessel. 

The rest of the design features of Chinon A3 have been retained (pressure 
2.65 MPa; tubular U-Mo 1% fuel, 23 X 43 mm diameter, 600 mm long; 
2900 channels; two 250 MW(e) turbo-generator units). 

1971 - St. Laurent A2 (515 MW(e)) 

The architecture of this reactor is identical to that of the SL.A1 reactor. 
Power has been increased by raising the C 0 2 pressure (2.85 MPa) and by 
employing higher performance fuels (low-absorbance F l Sicral alloy). The 
geometry of this fuel has not been altered; however, the graphite core used to 
mould the uranium tube remains. A high-pressure resistance is obtained in 
this way enabling highest uranium temperatures (650°C) to be used. This 
type of 'graphite core' fuel is now being used to reload the Ch.A2, Ch.A3 and 
SL.A1 reactors and was used from the beginning for the Vandellos reactor. 

1972 - Vandellos 

This is the only UNGG reactor to be sold abroad. It is identical to 
SL.A2, although of slightly lower power (480 MW(e)). It was constructed by 
a group of French Companies (SOCIA) and is operated by a Franco-Spanish 
Company (HIFRENSA). 

1972 - Bugey 1 

This 540 MW(e) net power reactor should be considered as the first of 
a series derived from the UNGG model and designated INCA (INCorporé-
Annulaire), so as to emphasize its two main characteristics: integrated steam 
generators and annular fuel. The series is in fact based on the utilization of 
annular fuel. The internal configuration of the St. Laurent reactor is adopted, 
a large diameter uranium tube (Sicral F l 77 X 95 mm diameter, 600 mm long) 
with two herring-bone cooling fin systems (one on the inside and the other on 
the outside) is employed. This type of design enables high specific powers 
to be used (13 kW/kg) and should enable a power of the order of 1000 MW(e) 
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to be obtained by increasing the number of fuel channels. Bugey 1 has only 
852 channels (C0 2 pressure: 4 MPa). 

3.1.2. Advanced gas-cooled reactor (AGR) 

3.1.2.1. Status of A GRs in the UK 

There are 14 reactor units either in operation or under construction at 
six sites in the United Kingdom. The two in operation are Hinkley Point B, 
owned and operated by the Central Electricity Generating Board, and 
Hunterston B, owned and operated by the South of Scotland Electricity 
Generating Board. At an advanced stage of contruction for the CEGB are 
Dungeness B, Hartlepool and Heysham I, while at an early stage of construction 
are Heysham II (CEGB) and Torness (SSEB). When in full operation these 
stations will have an electrical ou tpu t totalling about 8600 MW. 

The AGR, with stainless steel-clad oxide-enriched fuel and the associated 
higher coolant temperatures, based on a unit output of 660 MW(e) was 
adopted for a commercial programme in 1965 [32]. Like the Magnox reactors, 
the AGRs employ a graphite core and carbon dioxide gas coolant. The whole 
of the core, the boilers and the gas circulators are enclosed in a prestressed 
concrete pressure vessel, as shown in Fig. 16. Gas pressures and temperatures 
are significantly higher than in Magnox reactors, leading to smaller and more 
economic designs. Steam pressures and temperatures are the same as for coal 
and oil-fired generating stations, allowing the use of a standard turbine 
generator unit. 

In each reactor the prestressed concrete pressure vessel is a vertical 
cylinder with helical multi-layer adjustable prestressing tendons in the walls, 
so arranged that no tendons are required across the top and bo t tom slabs. 
The vessel inner surface has a steel liner insulated and cooled to limit 
concrete temperatures. 

The liner structure of the pressure vessel is prefabricated f rom carbon 
steel plate and is mainly in a state of bi-axial compression due to the pre-
stressing of the concrete. It is anchored t o the concrete by numerous ties to 
prevent buckling. Cooling pipes are attached directly to the liner during shop 
fabrication of the liner panels. The insulation of the vessel consists of layers 
of ceramic fibre held in contact with the liner by a system of steel foils and 
cover plates, each of which is held in position by primary and secondary features. 

The reactor core is a sixteen-sided prism of stacked graphite bricks 
connected at the periphery to a steel restraint tank. The graphite structure also 
incorporates integral graphite and steel shields above, below and surrounding 
the active core, to reduce radiation levels so that personnel can enter the 
pressure vessel for inspections. 
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FIG.23. Arrangement and details of a typical advanced gas-cooled reactor. 

The main graphite moderator bricks are penetrated from bottom to top of 
the core by 332 channels containing fuel stringers, whilst interstitial channels 
interspersed amongst the fuel channels are used for control rods. The shut-down 
or 'black' rods consist of eight tubular sections, linked axially by articulating 
joints, and containing cylindrical inserts of stainless steel with 4 wt% boron, 
which are capable of absorbing most thermal neutrons impinging on their 
surfaces. The other rods of similar design, used for on-load automatic control 
by computer systems of the reactor outlet temperature, are called 'grey' 
because they are weaker absorbers, and a number of these are kept as a safety 
group which is withdrawn to provide trip protection when the reactor is 
normally shut down. 

The graphite core is situated in a steel envelope called the gas baffle, which 
provides for the reentrant cooling of the graphite structure (Fig.23). Cooled 
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carbon dioxide gas is drawn from the bot tom of the steam generators by the 
circulators and discharged into the plenum below the core inside the gas baffle. 
Approximately 30% of this gas flows directly to the fuel channel inlets, while 
the remainder, known as the reentrant flow, passes up the annulus surrounding 
the core and returns downwards through the core, in passages between the 
outer graphite sleeves of the fuel element assemblies and the graphite bricks 
of the core, to the fuel channel inlets, where it combines with the gas flowing 
directly from the circulators. 

The main purpose of the reentrant gas flow is to cool the moderator 
graphite bricks, but it also cools the core restraint system. The gas baffle serves 
to contain the reentrant flow and isolate it from the fuel channel hot-outlet 
gas flow. The hot gas flow passes up through the plenum between the gas 
baffle and the top of the core, in guide tubes which discharge into the hot-gas 
plenum above the gas baffle (which is thermally insulated), and the gas then 
flows to the top of the steam generators. All the gas flows are indicated in 
Fig.23. The complete core graphite structure rests on a support grid (diagrid) 
which is itself supported by the skirt that forms the lower end of the gas 
baffle cylinder. The skirt is welded to the pressure vessel liner and includes 
an anchorage arrangement that ensures that the structure loads are transmitted 
to the concrete foundation structure of the pressure vessel bottom slab. 

The vessel is built on concrete foundations designed to maintain the vessel 
in position in the event of the design basis earth tremor. 

Man access within the pressure vessel when the reactor is shut down and 
depressurized is through various penetrations in the top cap, or the side walls 
at circulator level. Access may also be obtained to the underside of the gas 
baffle dome and to the space below the graphite structure. Space is also available 
for inspection in the boiler annulus. In addition to man access, it is possible to 
carry out inservice inspection of the components inside the pressure vessel 
through closed circuit television, using remote manipulators. 

The fuel assembly consists of a fuel stringer and a fuel plug unit. The fuel 
stringer comprises eight 36-pin fuel elements (Fig.24) stacked one above the 
other and suspended from the fuel plug unit by a tie bar. The fuel pins consist 
of enriched uranium oxide pellets clad in stainless steel and supported in steel 
grids mounted in a graphite tube. The fuel plug unit controls the coolant flow 
through its fuel stringer and also forms the shield and seal for the standpipe 
through which the fuel is loaded into the reactor. At its upper end the plug 
unit incorporates a mechanical closure unit for the standpipe. 

Four steam generators, each comprised of three separate factory-
assembled units, are positioned in the boiler annulus between the gas baffle 
and the internal wall of the pressure vessel (Fig.25). The boilers are of the 
once-through type to minimize the number of pressure vessel penetrations. 
Separate tube banks below the economizer section in the main boiler casings 
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comprise the decay heat boiler, which provides a diverse route for shut-down 
cooling of the reactor. 

After passing down through each boiler the C 0 2 gas from the reactor 
discharges into one of the quadrants of the circulator annulus which forms the 
entry plenum for eight 5.2 MW gas circulators mounted horizontally through 
the vessel sidewall. This plenum is isolated from the boiler annulus by the 
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main gas seal and is divided into four quadrants by division plates so as to form 
four reactor cooling circuits, each comprising one boiler (in three units) and 
two gas circulators in parallel. Coolant flow is controlled by variable guide 
vanes at entry to the gas circulator centrifugal impellers. The circulator drive 
motors and their cooling water heat exchangers are totally enclosed within 
the vessel horizontal penetrations. They run under full gas coolant pressure 
and are carried on two force-lubricated journal bearings, with special labyrinth 
seals to avoid leakage of oil into the reactor. 

The steam-raising units provide supplies in two 660 MW(e) nominal 
turbines of the close-coupled, single-reheat type, made up of one single-flow 
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TABLE XIV. MAIN PERFORMANCE PARAMETERS OF 
HEYSHAM II AND TORNESS AGR 

Reactor heat 1550 MW(th) 

Number of fuel channels 332 

Mean fuel channel power 4.7 MW(th) 

Circulator gas outlet temperature 229 °C 

Mean fuel channel outlet temperature 635 °C 

Gas circulator total flow 4271 kg/s 

Gas circulator pressure rise 0.2896 MPa 

Gas circulator power consumption/reactor 42.6 MW(e) 

Gas circulator outlet gas pressure 4.36 MPa abs 

Boiler steam flow 500 kg/s 

Steam pressure at turbine inlet 16 MPa abs 

Steam temperature at turbine inlet 538 °C 

Boiler feedwater temperature 1 56 °C 

high-pressure cylinder, one double-flow intermediate-pressure cylinder and 
multi-flow low-pressure cylinders, each exhausting into a single-flow under-
slung condenser. 

3.1.2.2. AGRs in construction or operation in the UK 

The Heysham II and Torness AGRs 

A typical advanced gas-cooled reactor station in the United Kingdom [70] 
has twin 660 MW(e) nominal reactors with main performance parameters as 
listed in Table XIV. 

The newest AGR stations currently being constructed are at Heysham and 
Torness. Each will have twin 660 MW(e) units, based on the Hinkley B/ 
Hunterston B designs which have been operating since 1976. Some design 
changes have been introduced where the fur ther enhancement of safety 
characteristics would seem to be applicable, and also to effect some improve-
ments which have been identified during the construction and operation of 
the earlier stations [71, 72]. 

Design changes have only been made where there was confidence that the 
risks of innovation were small and clearly outweighed by the benefits arising 
f rom the changes. 
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Financial approval for the construction of the stations was authorized by 
the British Government in June 1979. However, at the end of that year the 
Government decided to re-examine the plans to build these stations in view of 
the industry's downward revision of medium-term electricity demand estimates, 
and of the financial constraints facing the generating boards. In April 1980, 
following this review, it was agreed that the construction of both stations 
should go ahead. In the summer of 1980 the Health and Safety Executive 
granted site licences to the Boards to install and operate AGRs at Heysham II 
and Torness, thus allowing the permanent construction work to begin. In 
October 1980 the Nuclear Installations Inspectorate (Nil) issued consents for 
the construction of both stations to proceed up to the stage of reactor proof 
pressure test. The present position is that construction on both sites is 
proceeding according to programme. 

Commissioning of the first reactors is programmed for 1986, with com-
mercial load in 1987. The second reactors are expected on-load about one 
year later. 

Hinkley Point B and Hunterston B progress 

The advanced gas-cooled reactors at the Hinkley Point B and Hunterston B 
stations are in general performing well, and are regarded by their owners as safe, 
reliable and economic plants for the future. The currently designated output 
for each station is 2 X 567 MW(e) gross (520 MW(e) net) and a setting-to-work 
power level of 540 MW(e) was adopted for the early stages of operation on 
each unit. 

While these plants are operating in a very satisfactory manner, their early 
operation revealed a number of development problems, providing valuable 
experience for the refinement of the design for the later AGRs. The most 
important area for development arose as a result of the identification in 1968 
of significant corrosion of mild steel in the Magnox reactor gas environment. 
This led in 1972 to evidence suggesting that corrosion of the 9% chrome material 
used in the boiler tubing might also be excessive under AGR conditions and 
resulted in an extensive re-appraisal of many components and modifications 
being made to the boilers themselves. To ensure the required integrity of the 
9% chrome tubing, some reduction in operating temperature was considered 
to be prudent, and the plant was commissioned under setting-to-work conditions 
giving an optimized output of 82% of design. With the accumulation of more 
oxidation data, it was established that the corrosion rate was not after all 
excessive and this allowed a significant relaxation of the setting-to-work 
temperature limitations, such that the boiler plant no longer restricted 
power levels. 

The fuel stringer had also been the subject of very extensive development 
and a test programme extending over four to five years contributed to the 
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ult imate success of the fuel stringer behaviour. One particular problem, 
however, was only identified just as power raising was about to start. The 
channel gags, used to regulate the mass flow, showed signs of excessive wear. 
A one-year delay occurred while the necessary modificat ions were evolved and 
implemented and appropriate reactor retesting completed. 

These and o ther events delayed the start-up, and limited the initial load 
factors of the first two A G R stations, bu t like o ther systems, load factors have 
increased as the years of operat ion have accumulàted. 

The following summaries give an indication of the current situation at 
each of these first two AGR stations. 

The per formance of Hinkley Point B over the last few years has shown 
a continuing steady progress [73, 74]. Both reactor units have operated at 
550 MW(e) for substantial periods, and reactor power levels for normal 
operat ions were raised to 95% of design in November 1980. All refuelling 
operat ions are at present being carried ou t off-load, because on-load refuelling 
has still to be commissioned as a rout ine procedure, hence many of the 
reactor outages have been necessary for refuelling, al though with AGRs this 
is carried ou t at full coolant pressure. 

Both units have had periods of operat ion on three out of four quadrants 
t o enable work to be carried out on the circulators; modificat ions to end 
windings are being progressively applied to all machines and nearly all have 
n o w been dealt with. Both reactors have successfully completed biennial 
shut-downs for inspection and maintenance. For the above reasons the 
month ly load factors have f luctuated, but apart f r o m the above effects they 
have been consistently high. By the end of 1980 bo th reactors were operating 
reliably at 95% full power and the station produced its highest ou tpu t to date, 
1180 MW(e). 

At Hunters ton B there has been a steady increase in the station ou tpu t . 
The unit R3, which has been in operat ion since 1976, began 1980 at a power 
ou tpu t of 380 MW(e), using three quadrants due to work being under taken on 
circulator motors . These condit ions covered the first quarter of tha t year, 
a f te r which the reactor underwent its biennial outage for inspection and 
maintenance, scheduled f r o m April to June . The reactor was re turned to service 
in mid-September; power was then increased in stages and the unit operated 
steadily at 560 MW(e) for some t ime during the following winter. Shut-downs 
have been under taken on a regular basis fo r refuelling. An outage that started 
in April 1981 was extended to include a s ta tu tory inspection. 

The reactor unit R4, which had been damaged when seawater entered the 
main vessel in 1977, was re turned to power in February 1980. Power o u t p u t 
was restricted to 515 MW(e) for a short period until it was possible to conf i rm 
tha t there was no excess of salt in the reactor. The unit was then operated 
for long periods at 540 MW(e). There is much evidence that this reactor unit 
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is unimpaired by the salt ingress, but the reactor was scheduled to be shut 
down for three months in 1982 in order to carry out s ta tu tory inspection and 
overhaul, so checks will be included which are expected to provide fu r ther 
confirmation. 

Dungeness B, Hartlepool, Heysham I construct ion progress 

At all these stations combined engineering tests of the first reactor have 
been completed or are now in progress. Fuel loading has commenced and the 
first reactors in each case are expected to be on power in 1983. Second 
reactors at each stat ion are about a year behind the first. 

3.1.2.3. Windscale AGR 

Initial experience and confirmat ion of the operating characteristics of 
the AGR were gained f r o m the 30 MW(e) p ro to type AGR at Windscale 
(WAGR) [75], which achieved the original design power in January 1963. This 
stat ion is perhaps of particular interest at the present t ime since, having s topped 
electrical generation on 3 April 1981, it was then used for a series of fuel and 
core experiments prior t o being decommissioned [76], 

Over the last 18 years WAGR has operated with an availability of 82% 
and has generated more than 3.5 thousand million units of electricity while 
carrying out a wide-ranging development programme in its extensive experimental 
facilities. Even during the last year experiments have continued to provide 
informat ion on fuel behaviour, core integrity and the long-term per formance 
of o ther structural components [77, 78]. 

When these programmes were virtually complete it was decided to shut 
down and decommission the Windscale AGR. Electricity generation ceased on 
3 April 1981 and during the final phases of operat ion and subsequent to 3 April 
a programme of concluding experiments then commenced. This was carried 
ou t by the UKAEA in collaboration with the United Kingdom Generating Boards. 

Although the Windscale AGR was equipped with gas-cooled loops for the 
irradiation of fuel specimens, especially those that might give fission product 
releases that would be unacceptable in the core, the bulk of fuel-irradiation 
experiments have in fact been in the core. This past work has provided a sound 
basis for the thermal and neutronic assessment of the performance of 
experimental fuel elements. The explorat ion of more ext reme condit ions, bo th 
for fuel and core, could, therefore, be under taken with confidence as to the 
measurement of temperatures and the interpretat ion of the results. 

The aims of the concluding experiments were: 

(a) To study the behaviour of activity released into the circuit; 
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(b) To explore the effects of very high tempera ture on fuel elements; 
(c) To s tudy the effects of power and temperature transients on fuel and 

core performance. 

These experiments have n o w been completed and the results are being analysed. 
A preliminary report was issued early in 1982 and one or more papers on the 
results were read at the BNES International Conference at Bristol, England, 
"Gas Cooled Reactors Today" , 2 0 - 2 4 September 1982 [ 7 9 - 8 1 ] . 

The following brief account summarizes the scope of the programme and 
its early results: 

(1) Activity release was studied by reloading 4 selected fuel elements which 
had experienced can defects during previous irradiation and the rate of 
release and pla teout of 1311 and 137Cs were moni tored over 30 days ' 
operat ion. In addit ion, iron oxide particles, 2 to 5 jum labelled with 5 9 Fe , 
were injected and the t ime for p la teout determined. A total of 8 injection 
experiments, covering a range of particle sizes and dif ferent temperatures , 
were carried out . 

(2) The fue l over-temperature experiments were in the loops. These took the 
fuel to peak can temperatures of 1300°C, rising f r o m 750°C over a period 
of 20 minutes. Two experiments used new unirradiated fuel stringers and 
two used irradiated stringers. Post-irradiation examinat ion evidence 
indicates that the fuel remained in good condit ion. 

(3) In the core transient experiments 45 whole core transients were completed. 
These comprised 4 all blower trips f r o m various power levels, 14 symmetric 
and 5 asymmetric fast start-ups f r o m low power, 12 small and 10 large 
reactivity ramps f r o m various combinat ions of power and flow. These 
experiments reached a reactor power of 130 MW and a peak can tem-
perature of 1050°C, compared with the normal levels of 100 MW and 850°C. 

In general, good agreement between measurements and theoretical predictions 
seems to have been achieved. 

3.1.2.4. Costs of AGRs in the UK 

The costs of generation of electricity at nuclear and conventional power 
stations have been published for the financial year 1980/81 [66]. Figures for 
operating stations have been based on the advanced gas-cooled reactor at 
Hinkley Point B and the first half of the Drax coal-fired station, which are 
roughly contemporary . These are given in Table XV. 

A detailed explanation of how these figures are derived is given in Ref.[66]. 
Current Cost Accounting principles have been used with an assumed life of 
25 years for Hinkley B and 4 0 years for Drax. 



88 3. TECHNICAL STATUS 

T A B L E XV. C O M P A R A T I V E G E N E R A T I O N COSTS IN 1 9 8 0 - 8 1 F O R 
H I N K L E Y POINT B A N D F I R S T H A L F O F D R A X (p /kW h) 

Hinkley 
Point B 
(2 X 660 MW(e)) 

Drax 
first half 
(3 X 660 MW(e)) 

Capital charges and provision 
for decommissioning 

0.35 0.13 

Interest during construction 0.15 0.05 

Inclusive fuel costs 0.70 1.45 

Other costs of operation 0.18 0.22 
Research 0.06 0.01 
Training 0.01 0.01 

Generation cost 1.45 1.87 

Since there are also three advanced gas-cooled reac tor s tat ions unde r 
cons t ruc t ion (at Dungeness B, Har t lepool and Heysham I), it is possible t o 
compare es t imated genera t ion costs with convent ional power s ta t ions tha t are 
also u n d e r cons t ruc t ion . The figures shown in Table XVI are based on com-
bining historic expend i tu r e with forecast costs and pe r fo rmance , and then 
relating the amalgams to the average forecast o u t p u t . This process of averaging 
is also explained in Ref . [66]. 

T h e figures in Table XVI are substantial ly higher than those fo r t he 
cor responding s ta t ions in Table XV. This is par t ly because of the later com-
missioning dates , so t ha t the capital charges ref lect higher inf la t ion interest 
rates. Drax second half is significantly later in start on site t han any of the 
o t h e r s ta t ions in the tables. 

Tables X V and XVI indica te a marked advantage of nuclear generat ing 
costs over coal o n a comparab le basis [66]. The recent ly commiss ioned 
Hinkley B A G R is 22% lower t h a n coal, a f igure tha t would increase wi th 
improvemen t in load fac tor . T h e AGRs under cons t ruc t ion are p ro jec ted t o 
be 28—33% lower t h a n coal. 

T h e h is tory of t he changes in the capital cost of t h e Hun te r s ton B 
A G R [82] provides an example of t he inf luence of present condi t ions of 
inf la t ion . These have been incorrect ly in te rpre ted in some quar ters as evidence 
of gross errors in t h e original es t imate . At the start of cons t ruc t ion in 1968 
SSEB es t imated tha t Hun te r s ton B would cost M£ 97, excluding initial fue l . 



T A B L E XVI. C O M P A R A T I V E G E N E R A T I O N COSTS O F N U C L E A R A N D C O N V E N T I O N A L POWER S T A T I O N S 

U N D E R C O N S T R U C T I O N ( 1 9 8 0 - 1 9 8 1 ) (p /kW h) 

Dungeness 
B 

Nuclear 
Hartlepool Heysham I 

Coal-fired 
Drax 
second half 

Oil-fired 
Littlebrook 

D 
Ince 

B 

Capital charges 
and provision 
for decommissioning 

1.03 1.00 1.01 0.77 2.00 2.31 

Interest during 
construction 

0.74 0.58 0.58 0.46 1.13 1.41 

Inclusive fuel costs 0.75 0.75 0.75 2.40 5.10 5.00 

Other costs of operation 0.18 0.18 0.18 0.19 0.23 0.23 

Research 0.06 0.06 0.06 0.01 0.01 0.01 

Training 0.01 0.01 0.01 0.01 0.01 0.01 

2.77 2.58 2.59 3.84 8.48 8.97 
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At complet ion the figure was M£ 143. About M£ 30 of the increase is 
a t t r ibutable to inflat ion and only M£ 16 to p ro to type problems and delays. 
The Hinkley Point B figures were of the same order. 

3.1.3. High-tempera ture reactors 

3.1.3.1. Introduction 

The high-temperature gas-cooled reactor-steam cycle (HTGR-SC) is a 
second-generation nuclear power system that offers potential advantages to the 
electric utility industry. F r o m the utility perspective the key interest factors are: 

(a) A high-efficiency power cycle and a high-conversion fuel cycle, which 
combine to o f fe r a competitive power plant alternative ; 

(b) The possibility to operate on a wide range of fuel cycles with only negligible 
changes to the basic reactor concept; 

(c) Inherent safety/operat ional characteristics that o f fe r the potential fo r 
improved public acceptance and improved protect ion of the owner 's capital 
investment; 

(d) The potential fo r being easily sited owing mainly to low radiological releases 
and reduced cooling water requirements by use of dry cooling towers; 

(e) The potential fo r lower operating and maintenance costs due to reduced 
levels of radioactive contaminat ion, system simplicity, and early design 
a t tent ion to operat ion, inspection and maintenance funct ions. 

F r o m the public sector perspective of a country, the added key interest 
factors are: 

(f) The relatively low front-end public investment required to make this opt ion 
available. In light of the uncertainties with current nuclear systems and the 
limitations and environmental constraints associated with coal, the pay-off 
fo r this investment may be p ro found ; 

(g) Minimal environmental impact plus conservation of key resources, i.e. water, 
fossil fuels and uranium. In addition, the HTGR efficiently exploits thor ium 
resources and hence enhances fuel supply diversity. 

The HTGR-SC system is a developed concept that applies to the well-
established market fo r electrical generation. Based upon a substantial accumulation 
of e f for t bo th in the United States of America and Europe, the current design 
also reflects a detailed assessment by utility interests. While the orders for new 
generation plants have been depressed in recent years, it is essential tha t such orders 
resume to support cont inued economic growth and to replace gas and oil-fired 
power plants as well as the older, inefficient nuclear plants. Market studies 
consistently project a steady growth in generation capacity that is expected to be 



3.1. ELECTRICITY GENERATION 
12TU 

met by coal and nuclear. Estimates have been developed that indicate approxi-
mately one-four th of the electricity generat ion market in the United States is 
located in regions that will face l imitations of water for power plant cooling 
purposes beyond the turn of the century. The size of the electrical generation 
market and the expected increasing siting constraints, such as cooling water 
l imitations, combine to support the development of the HTGR-SC as a power 
plant alternative. 

Product costs have been, in bo th the USA and the Federal Republic of 
Germany, est imated and projected for an equilibrium HTGR-SC, an LWR and an 
coal plant. A commercial HTGR-SC plant is projected to be competitive with a 
LWR, with site-specific and operational factors being the dominant basis for plant 
evaluation. Relative to coal, the evaluation of product costs in the USA is even 
more site-dependent owing to the coal t ransportat ion costs. However, for most 
regions of the United States nuclear power costs are expected to command an 
increasing advantage over coal. In the Federal Republ ic of Germany a significant 
advantage over coal is projected for all regions. 

The countries with the most e f fo r t on HTGR design still remain the Federal 
Republ ic of Germany and the United States of America. Whereas in the United 
States the HTGR is first to be developed for electricity generation and/or combined 
heat and power generation, in the Federal Republ ic f r o m the beginning of the 
seventies much work has also been done on the HTGR as a heat-generating source 
for b o t h coal gasification and chemical heat pipe applications. 

The main difference between the two national designs is the construction of 
the core: in the United States the reactor core of an HTGR, as for example For t 
St. Vrain, is composed of hexagonal graphite fuel elements, the blocks, which 
contain the fuel as coated particles. They are arranged in 247 columns and 
grouped in 37 refuelling regions. The coolant f low in each region is controlled 
by an orifice valve at the t o p of the core. Each year during shut-down about one 
sixth of the F o r t St. Vrain core regions are refuelled through PCRV penetrat ions 
centrally located over each region. One pair of B4 C control rods operated by 
electric drives and cable drums is provided for each refuelling region. As reserve 
shut-down, B 4 C spheres can fall by gravity into fuel holes. 

The heat source of HTRs in the F R G is also a graphite-moderated and 
helium-cooled reactor core consisting of a loose bed of fuel elements, in the case 
of THTR-300 approximately 675 000. The spherical fuel elements have a dia-
meter o f ' 6 0 m m and contain the fuel as coated particles. The fuel balls are also 
continuously taken out and added to the reactor core in full operation. In the case 
of THTR-300 the shut-down and control rods consist of 42 incore rods, which are 
inserted in to the pebble bed for long-time shut-down and 36 reflector rods for 
temperature and partial load control. 

The two present fue l element designs are described in detail in sections 3.1.3.2 
(For t St. Vrain, prismatic fuel) and 3.1.3.3 (THTR-300, fuel balls). 
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3.1.3.2. Reactors under construction or in operation 

3.1.3.2.1. F o r t St. Vrain 

The For t St. Vrain 330 MW(e) HTGR nuclear power plant, owned and 
opera ted by the Public Service Company of Colorado, USA, has generated over 
3 T W h of electricity to date. Following the achievement of 100% power during 
a test run in November 1981, an application was made to the US Nuclear Regulatory 
Commission for permission to operate continuously at 100%. This was approved. 

As shown in Fig. 19, the primary circuit is wholly contained within the 
prestressed concrete reactor vessel (PCRV): the core and reflector in the t o p 
cavity and the steam generator and circulators in the lower cavity. The PCRV [83] 
acts bo th as pressure vessel and biological shield. The internal dimensions 
are 9.5 m in diameter and 23 m high, while the exterior surface is approximately 
a hexagonal prism, 15 m across flats and 4 2 m high. The t o p head of the vessel 
has 37 refuelling penetrat ions, which also house the control rod drives. The 
b o t t o m head has 12 penetrat ions for the steam generator modules, four for the 
helium circulators, plus a large central opening for access. All PCRV penetrat ions 
are provided with two independent closures: the PCRV inner cavity and the 
primary closures act as primary conta inment for the reactor ; the PCRV itself and 
the secondary closures act as the secondary containment . A 19 m m thick carbon 
steel liner anchored to the concrete provides a helium-tight membrane. Two 
independent systems of water-cooled tubes welded to the concrete side of the 
liner and a thermal barrier on the reactor side of the liner control the temperatures 
in b o t h the liner and concrete and limit heat losses. Sets of horizontal and vertical 
t endons located in steel tubes in the concrete are used to place the concrete 
structure in compression. These redundant tension members , removed f r o m bo th 
radiat ion and elevated-temperature fields, can be moni tored and even replaced if 
ever needed. 

The helium coolant at about 4.8 MPa and 405°C flows downward through 
the reactor core, where it is heated to an average temperature of 775°C. It is then 
directed to the s team generators located below the core support f loor to produce 
reheated steam (3.9 MPa/538°C) and superheated steam (16.5 MPa/538°C). The 
helium, at 405°C, then flows through the four circulators, which discharge in to a 
common plenum below the core support floor. All of the f low passes upward 
a round the core support floor and the barrel to the core inlet p lenum above the 
reactor before turning to the core. The coolant flow out of the reactor divides 
equally into two loops, each consisting of a six-module steam generator and two 
helium circulators. 

The For t St. Vrain reactor core [84] is composed of 1482 hexagonal graphite 
fuel elements arranged in 247 columns and grouped in 37 refuelling regions. The 
coolant flow in each region is controlled by an orifice valve at the t o p of the core. 
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Each year during shut-down about one-sixth of the regions are refuelled through 
PCRV penetra t ions centrally located over each region. One pair of B 4 C control 
rods operated by electric drives and cable drums is provided for each refuelling 
region; as reserve shut-down, B 4 C spheres can fall by gravity into holes in the fuel 
elements. T h e active core, 5.9 m in diameter and 4 .75 m high, is surrounded by 
a graphite reflector 1.2 m thick. Each hexagonal fuel e lement is made u p of a 
graphite prism, 360 m m across flats and 793 m m high with 108 15.9 m m diameter 
coolant channels and 210 12.7 m m diameter fuel channels, and a central hole for 
handling (Fig. 26). Six fuel elements are stacked on t o p of each other to fo rm a 
column and are aligned with three graphite dowels each. The central fuel element 
of each refuelling region has three larger holes, two 102 m m in diameter for 
control rods and one 95 m m in diameter for the reserve shut-down spheres. The 
fuel holes are filled with rods made of coated fuel particles bonded together by a 
graphite matrix. T w o types of coated particles are used: 400 pm diameter ThC 2 

kernels and 200 pm d iameter (Th, U)C2 kernels. Both particles utilize abou t 
120 pm TRISO coatings, consisting of a first buf fe r layer of low-density pyrolyt ic 
carbon, an inner high-density isotropic pyrolyt ic carbon layer, an intermediate SiC 
barrier, and an outer isotropic pyrolyt ic carbon layer (Fig. 27). These coatings 
are designed to retain fission products and withstand the effects of irradiation and 
of fuel b u r n u p u p to 20% fission per initial heavy metal a tom in the fissile particles. 
The max imum fuel tempera ture is 1260°C, the max imum burnup is 200 MW d/kg, 
and the m a x i m u m fast fluence (E > 0 .18 MeV) is 8 X 102 1 n / c m 2 . The initial 
fuel loading consists of 770 kg of uranium (in the fo rm of 93% enriched in 2 3 5 U) , 
and 160 000 kg of thor ium. Approximate ly 75% of the fissions in the fue l at end 
of life will take place in 2 3 3 U bred f r o m 2 3 2Th. 2 3 5 U and thor ium a toms const i tute 
only about 1 % of the total a toms in the fuel , and this dilution ensures bo th the 
structural integrity of the graphite elements and a high degree of safety because of 
the large heat capacity of the graphite. 

Figure 28 shows the flow diagram for the F o r t St. Vrain power plant. Feed-
water at 206°C is t ransformed into superheated steam at 538°C in the once-through 
steam generator [85] and flows to the high-pressure turbine. Cold reheat steam 
then flows to the helium circulator turbines [86] before being reheated in the 
reheater section of the steam generator f r o m where it emerges at 538°C to re turn 
to the intermediate-pressure turbine. The turbine-generator is a conventional 
3600 rev/min, t andem-compound , two-casing condensing turbine driving a 
synchronous generator. The rated exhaust pressure f r o m the steam turbine is 
8.4 kPa, and the condenser water is cooled in an induced-draf t wet cooling tower. 
The steam generators are designed to operate continuously at full load or part 
load (down to 25%) and also to remove decay heat during reactor shut-down [85], 
Hot helium f r o m the reactor enters the top of the steam generator module and 
f lows downward th rough reheater, superheater, and evaporator-economizer 
helically coiled tube bundle in succession. The superheater is designed for co-
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FIG.27. THTR prototype nuclear power plant: prestressed concrete reactor vessel. 

current flow of steam and helium, while the reheater is designed for counter-
current flow. All tubes are drainable, and all water and steam piping goes through 
bottom penetrations in the PCRV. 

Each of the four helium circulators consists of a single-stage axial flow 
compressor, a single-stage steam turbine main drive, and a single-stage water turbine 
auxiliary drive, all mounted on a single vertical shaft, with water lubrication [86]. 



Os 

REFUELLING PENETRATIONS 

PCRV 

STEAM 
GENERATOR 

HELIUM 
CIRCULATOR 

ocy FEED 
F.W. HEATERS PUMPS F.W. HEATERS 

FIG.28. Simplified Fort St. Vrain flow diagram. 



3.1. ELECTRICITY GENERATION 
12TU 

The steam turbine drives are normally supplied with cold reheat steam f r o m the 
main turbine at 5.8 MPa and 342°C, although auxiliary steam could also be used. 
High-pressure water can be provided in emergencies to the auxiliary Pelton wheel 
drive. The normal speed of the circulator is 9550 rev/min at a helium flow rate 
of 110 kg/s with a pressure rise of 0.1 MPa corresponding to a power of abou t 
4 .5 MW. A helium purification system maintains a low impuri ty level in the 
primary loop and provides purified helium to various subsystems, such as the 
hel ium circulator seals. 

3.1.3.2.2. AVR [24] 

The AVR is an experimental power reactor with 15 MW(e), constructed and 
operated since 1967 in the Federal Republ ic of Germany in order t o demonstra te 
the feasibility of the pebble bed HTGR and its possibility to produce high-
tempera ture hel ium up to 950°C for process heat applications. The main design 
data are listed in Table VIII and a vertical section of t he reactor is given in Fig. 12. 

The fuel elements are enclosed in a cylindrical vessel made u p of graphite. 
The core b o t t o m is conically shaped with a 0.5 m diameter opening in the centre 
through which the fuel elements are discharged. 

F o u r graphite columns pro t rude into the reactor core, each containing a 
longitudinal borehole for a shut-down rod. The helium at 1.08 MPa is heated in 
the reactor core f r o m 275 to 950°C and flows upwards through the slits in the 
core t op into the steam generator. On the secondary side the feedwater enters the 
steam generator at a tempera ture of 115°C flowing counter-currently to the helium 
in the first section in the economizer . The hot steam exits f r o m the superheater 
of the steam generator at a temperature of 505°C and a pressure of 7.3 mPa. 

All these components are arranged within the double-walled gas-tight reactor 
pressure vessel. The inner steel vessel is enclosed by a second steel pressure vessel. 
The clearance between the vessels contains the first biological shield as well as high-
purity filling at a slightly higher pressure so that in the event of a possible leakage 
no coolant gas can be released t o the outside of the vessel. 

The fuel elements are continuously added to the reactor core during reactor 
operat ion via 5 refuelling pipes, pass through the core in about half a year and 
enter the fue l e lement discharge pipe. Outside the reactor core the fuel balls are 
tested fo r their fuel content in a burnup measurement device and are then either 
pneumatical ly recirculated to defined regions in the reactor core or discharged and 
filled into containers. On an average, each fuel element passes 10 times through 
the reactor core. 

For normal control the AVR makes use of the negative temperature 
coefficient of reactivity, which allows a power change exclusively by varying 
the coolant gas flow rate. 
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FIG.29. View of the THTR core, the absorber rods being inserted into the pebble bed. 

3.1.3.2.3. Thorium high-temperature reactor (THTR-300) [26] 

The good experience with the experimental reactor AVR led in the Federal 
Republic of Germany to the construction of a 300 MW(e) prototype power plant, 
THTR-300. Work on the site was started in 1971/72. Commissioning of the plant 
started at the end of August 1983 by loading the first fuel elements into the core. 
First criticality was reached on 13 September 1983. Commercial operation will 
begin in late 1985. 

The heat source of the nuclear power plant is a pebble bed reactor with a 
thermal power of 750 MW (Fig. 27). Figure 29 shows the core from the inside 
after first criticality with the absorber rods inserted into the pebble bed. The 
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main design data are summarized in Table VIII and an overall sectional view of 
the plant is shown in Fig. 13. 

The components of the primary circuit (reflector, thermal shield, blowers, 
s team generators, gas ducts and installations for reactor control, reactor shut-
down) are located inside a reactor pressure vessel, excluding only the fuel 
circulating facility. The reactor vessel is a prestressed concrete reactor vessel 
(PCRV) in the fo rm of a vertical cylinder with flat t op and b o t t o m slabs. The 
cylindrical walls have a thickness of 4 .45 m and the b o t t o m and top slabs have 
a thickness of 5.1 m. The prestressed concrete reactor vessel is designed for an 
operating pressure of 4 MPa and a proof pressure of 4.7 MPa. The prestressed 
concrete reactor vessel consists f r o m inside t o outside of the metallic heat insula-
tion, a tight steel cladding (liner), the liner cooling system, and the prestressed 
concrete. The openings of the vessel are reinforced by penetra t ion liners and are 
closed towards the outside by double and single closures which are equipped with 
flow restrictors. 

The reactor core consists of a bed of 675 000 spherical fuel elements of 
graphite containing nearly 1 g uranium enriched to 93%, and 10.2 g thor ium-232 
each (HEU fuel) . The fuel elements are piled u p in a cylindrical vessel of 5.6 m 
diameter and approximately 6 m height. This graphite vessel serves as a neu t ron 
reflector. The b o t t o m reflector is conically shaped with an inclination angle of 
30° and opening up into a central fuel element discharge pipe 800 m m in diameter. 

A fuel ball is shown in Fig. 30. In the fuel zone of such an element with a 
diameter of 50 mm, some ten thousand coated particles are embedded in a 
graphite matrix. Around this fuel zone a 5 m m thick layer of graphite is pressed, 
which brings the total diameter of the ball to 60 mm. The coated particles in 
this THTR fuel consist of a kernel of (U-Th)0 2 mixed oxide with a diameter of 
approximately 0.2 mm. This kernel is surrounded by a buf fe r layer of soft 
graphite, which acts as a conta inment for the fission gases. This buffer zone is 
enclosed by two layers of pyrocarbon (BISO coating). These layers are impermeable 
to fission products under normal operating condit ions and even at temperatures of 
some hundred degrees higher. 

The fabrication process of the fue l elements, semi-isostatic cold moulding, 
was opt imized to give primarily max imum mechanical strength and minimum 
anisotropy of thermal expansion. This was accomplished wi thout compromising 
propert ies such as high density, good corrosion resistance, and high thermal 
conductivity. 

The shut-down and control rods of the THTR-300 consist of 42 incore rods 
which are inserted into the pebble bed, and 36 reflector rods which can be freely 
moved in the boreholes of the side reflector. Part of the reflector rods are used fo r 
reactor scram in case of accidents. The other part serves for partial load control. 
The incore rods are used for long-term shut-down. 

The heat generated in the core by nuclear fission is transferred by the 
hel ium coolant gas of the primary circuit to the six steam generators. Here steam 



100 3. TECHNICAL S T A T U S 

" T R I S O " 

(U, Th)02-kernel 
UOj-kernel 

PARTICLES 

FIG.30. Spherical fuel element. 

of 530°C and 17 MPa is produced in the secondary circuit and transferred to the 
turboset. Hence, there is a clearly defined separation between the radioactive 
primary circuit and the non-radioactive secondary circuit. The high coolant 
temperature of the primary circuit not only permits an efficiency of 39% but also 
a largely conventional design of the water/steam circuit and the use of modern 
steam turbines. The waste heat is rejected to the atmosphere in a dry cooling tower. 

Six electrically driven coolant gas blowers force the helium to flow downward 
through the reactor core. On its way through the core it is heated to 750°C by the 
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FIG.31. THTR fuel circulating facility. 

spherical fuel elements. The coolant gas enters the hot gas plenum below the 
reactor core through boreholes in the b o t t o m ref lector and is then directed to the 
six steam generators through hot gas ducts. Flowing through the steam generators, 
the coolant gas is cooled down to 250°C and redirected into the reactor core by 
the coolant gas blowers. 

The fuel circulating facility permits cont inuous charging and discharging 
of the spherical fuel elements during reactor operat ion. Figure 31 shows a 
schematic diagram of the fuel element circuit. F r o m the fuel-charging room down 
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to the elevation pipes the spheres pass through the fuel-circulating system by 
gravity. They are pneumatical ly lifted into the core through several elevation pipes. 

Af te r passing through the core, the spheres are discharged through a pipe into 
a singulizer and are then passed through a separator where damaged spheres are 
separated. The latter eliminates fuel elements whose shape and dimensions are 
significantly changed. The o ther spheres, a f te r having passed a buffer line, are led 
into a distinguishing and burnup measurement device. According to sphere type 
or burnup and depending on the fuelling programme, the process computer decides 
whether the sphere is discharged f r o m the circuit or recycled into the core. 
Cont inuous refuelling ensures uniform and high bu rnup of the fuel elements. 

3.1.3.3. Future reactor designs 

In the past few years in the Federal Republ ic of Germany and the United 
States HTGRs for electricity product ion have been through a number of design 
i terations, and two paths have emerged: 

(1) The conventional steam cycle 
(2) The use of a gas turbine in a direct cycle. 

In t h e United States it was concluded in 1980 that an extensive development 
effor t was necessary to establish a technically viable gas turbine HTGR plant and 
tha t fu r ther design innovation was necessary to ident i fy plant features for improved 
economics. Accordingly, the steam-cycle/cogeneration HTGR (HTGR-SC/C), 
which can be applied to b o t h electrical generation and cogeneration, was designated 
as the lead plant candidate. The gas-turbine HTGR (HTGR-GT) and high-
tempera ture process heat opt ions were classed as long-term options. 

In the Federal Republ ic of Germany, together with Swiss partners, the 
project of a large direct-cycle helium turbine HTGR (HHT) was intensified in 
the early seventies and became the main HTGR power plant fo r the coming years. 
Design work and safety analysis led to an understanding of the HHT-specific 
problems. It was recognized in 1979/80 that a great e f for t would be needed 
before the construction of an HHT plant could start. Therefore in the Federal 
Republ ic of Germany it was decided in 1981 to s top work on HHT and to 
concentrate the available means and manpower on the design of steam-cycle 
plants as in the United States and on the HTR for process heat. 

3.1.3.3.1. HTGR steam-cycle design (USA) 

In the United States a standardized nuclear steam supply system is being 
developed which may be applied both for electrical generation and for cogeneration. 
The system is accordingly called the steam-cycle cogeneration HTGR (HTGR-SC/C). 
The concepts for the varying applications principally differ only in the design of 
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TABLE XVII. HTGR-SC M A J O R P A R A M E T E R S 
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Nominal reactor power 2240 MW(th) 

Number of primary coolant loops 4 

Nominal electric output (net) 858 MW(e) 

Nominal net station efficiency 38.3% 

Plant layout Single unit 

Availability factor 90% 

Fuel cycle LEUa/Th stow-away 

Helium pressure 7.24 MPa 

Core outlet temperature 686°C 

Core power density 7.15 MW/m3 

Fuel lifetime 4 a 

Refuelling cycle times 1 a 

Total steam flow 925 kg/s 

Steam outlet conditions 17.3 MPa/541°C 

a Low-enriched uranium. 

the tu rb ine p lants and the cont ro l systems. Since the US D e p a r t m e n t of Energy 
sponsored p r o g r a m m e has recent ly addressed cogenera t ion appl icat ions, details of 
t ha t design are provided in section 3 .2 .2 .3 . 

In the Uni ted S ta tes the current design of the nuclear s team supply system, 
NSSS, fo r t h e HTGR-SC/C [87] is similar to earlier General A t o m i c designs of large 
H T G R s but d i f fe rs in t w o ways f r o m early fol low-on designs: 

( 1 ) T h e gas reheaters are removed f r o m the NSSS ; 
(2) T h e s team tu rb ine drives fo r t he main hel ium circulator are replaced by 

electr ic m o t o r drives. 

T h e 2 2 4 0 MW(th) ( 8 6 0 MW(e)) HTGR-SC/C plant (Fig. 31) serves as a 
re fe rence design fo r base-load electr ic i ty generat ion. In this sys tem high-quali ty 
s team is generated at the elevated condi t ions of 17.2 MPa/541°C, wi th the pr imary 
hel ium gas condi t ions ma in ta ined in the low range of H T G R capabil i ty a t less than 
700°C. The plant fea tures a m o d u l a r four - loop pr imary coolant sys tem tha t can be 
scaled u p o r d o w n by varying the n u m b e r of loops f r o m t w o t o six while mainta ining 
the basic NSS sys tem conf igura t ion . The main paramete r s fo r the electr ici ty 
genera t ion version of the HTGR-SC/C are given in Table XVII . 

T h e HTGR-SC/C core is cooled wi th pressurized hel ium, mode ra t ed and 
re f lec ted wi th graphi te , and fuel led wi th a mix tu re of u r an ium and tho r ium. I t is 
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cons t ruc ted of pr i smat ic hexagonal graphi te b locks wi th vertical holes fo r coolant 
channels , f u e l rods and cont ro l rods. T h e ent i re reac tor core, toge ther wi th o t h e r 
ma jo r pr imary sys tem c o m p o n e n t s , is con ta ined in a mul t icavi ty PCRV. Hel ium 
coolant flows f r o m electr ic-motor-driven circulators t h rough the core, t h rough the 
s team genera tors (each located in separate cavities in the P C R V wall), and back t o 
the circulators. Superhea te r s team produced in t h e once- th rough s team genera tors 
is directed t o the tu rb ine plant . 

In addi t ion t o the p r imary coolant loops, th ree core auxil iary cooling sys tem 
(CACS) loops are provided. Each consists of a gas/water hea t exchanger wi th 
auxiliary e lec t r ic-motor-dr iven circulators loca ted in cavities in the P C R V wall. 
Shou ld the main loops n o t be available, coo lan t gas would be circulated f r o m the 
reac tor core t h r o u g h the hea t exchangers, where hea t would be t ransfer red t o 
an auxil iary cooling water sys tem fo r re jec t ion f r o m cooling towers to the 
a tmosphere . 

The P C R V and auxiliary systems are housed inside a convent ional secondary 
con ta inmen t bui lding tha t is a steel-lined, re inforced-concre te cylindrical s t ructure . 
Spent - fue l storage f o r cores is provided, wi th railroad access fo r shipping 
and receiving provided onsite. 

The c o m p o n e n t s and sys tems described fo r the NSS system are shown in an 
i sometr ic view of the P C R V in Fig. 32. The m a j o r parameters for the HTGR-SC 
are given in Table XVIII . 
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TABLE XVIII. HTGR-SC BASIC CORE PARAMETERS 

105 

Nominal core power 2240 MW(th) 

Nominal core power density 7.15 MW/m3 

Number of fuel blocks per column 8 

Number of fuel columns 439 

Number of control rod pairs 67 

Number of power rods 61 

Number of reserve shut-down passages 55 

Core volume 3 1 2 m 3 

Fuel cycle 

Initial fuel cycle 

Refuelling cycle3 

Fissile material/particle coating 

Fertile material/particle coating 

Fuel enrichment 

a 25% reload annually. 

The NSSS operates with a core out le t temperature of 686°C and a primary 
coolant pressure of 7.24 MPa. The NSSS comprises the following five major 
systems and several suppor t systems: 

(1) The PCRV system 
(2) The reactor internals system 
(3) The reactor core system 
(4) The primary coolant system 
(5) The core auxiliary cooling system. 

PCR Vsystem. This system comprises the PCRV structure; the cavity liners, 
penetrat ions, and closures; the thermal barrier, and the pressure-relief system. 
The overall func t ion of the PCRV system is to provide the primary coolant 
pressure boundary , to house the components of the NSSS, and to provide a 
biological shield around the reactor. 

The PCRV is a multicavity structure of prestressed concrete characterized by 
a central core cavity and peripheral cavities that house the primary cooling system 
components and the CACS components . For the 2240 MW(th) plant the PCRV is 
31 m in diameter and 29 m high. The high-strength concrete is prestressed 
circumferentially by wound strand cables and vertically by linear strand tendons. 

LEU/Th 

4 a 

UCO/TRISO 

Th02/TRISO 

19.9% U-235 
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This prestressing is designed to induce sufficient precompression in the concrete 
t o resist the primary and secondary loads during the 40-year life of the plant. 

The steel liners and the closures at the penetrat ions fo rm the continuous, gas-
tight boundary of the PCRV. The liner and penetrat ion anchors transmit loads 
f r o m the internal equipment supports to the concrete structure. The liners are 
cooled by circulating water in tubes at tached to the liners at their interfaces 
with the concrete. Thus, the heat that penetrates the thermal barrier, as well as 
that generated by ionizing radiation within the steel and concrete, is removed. 

The thermal barrier minimizes heat losses f r o m the primary coolant and 
maintains the liner and concrete temperatures within acceptable limits. 

The pressure-relief system limits the pressure of the primary coolant in the 
PCRV to a specified safe value and also limits the rate of pressure-relief f low 
f r o m the PCRV. 

Reactor internals system. This system comprises five major components : 
the core support floor structure, the core lateral restraint, the permanent side 
reflector, the core peripheral seal, and the upper plenum structures of the in-
vessel refuelling system. 

The core support floor consists of graphite core support blocks resting on 
graphite posts. These posts, in turn, are supported on graphite seats a top ceramic 
bases on the f loor of the lower plenum. The major func t ion of the core support 
floor is to provide vertical support for the reactor core. Each core support block 
contains gas flow passages and a plenum in which the primary coolant f rom 
several core columns is mixed before passing out in to the lower core cavity plenum. 

The core lateral restraint comprises metal support assemblies located in a 
regular array between the permanent side reflector and the PCRV liner. The 
primary funct ion of this component is to provide lateral support for the reactor 
core, the suppor t floor structure and the reflectors. It also acts as a neut ron side 
shield. 

The permanent side reflector consists of columns of stacked graphite blocks 
forming a border a round the hexagonal reflector columns of the reactor core. 
The primary func t ion of this component is to reflect neut rons back into the core. 
It also a t tenuates the f lux of neut rons to the surrounding components of the PCRV 
liner and structure and couples the core to the core lateral restraint to maintain 
the integrity of the core array. 

The core peripheral seal is formed by graphite prisms of triangular cross-
section which fit in the annular space between the core support floor and the 
thermal barrier. A sloping shelf in the outer face of each peripheral core support 
floor block provides the inner seat for the seal. The outer seat is provided by a 
metal s tructure supported by cantilever beams at tached to the liner and enclosed 
in the thermal barrier. The primary funct ion of the seal is to restrict the flow of 
primary coolant that would otherwise bypass the reactor core by flowing between 
the permanent side reflector and the liner. 
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The upper p lenum structures of the in-vessel refuelling system are steel 
structures, supported above the t op of the core f rom extensions of the refuelling 
penetrat ions, which carry the refuelling conveyor mechanisms within the upper 
part of the core cavity. During refuelling spent fuel blocks are raised to the level 
of this s tructure, placed on the conveyors and t ransported laterally t o the elevator 
in the PCRV side wall. 

Reactor core system. The func t ion of this system is to generate nuclear heat 
for the HTGR plant . The system comprises the fuel elements, the ref lector elements, 
the top layer /plenum elements, and the s tar tup neu t ron sources. 

The fue l elements are graphite blocks of hexagonal cross-section, with only 
minor differences f r o m those in F o r t St. Vrain, which are as shown in Fig. 26. 
The fuel particles consist of fissile and fertile kernels with TRISO coating. 

The reflector elements are graphite blocks similar in size and shape to the fuel 
elements. They all have coolant holes and some of them have holes for control 
rods and reserve shut-down devices, bu t they do no t contain fuel. 

The fue l elements and the t op and b o t t o m reflector elements are arranged in 
columns resting upon the core support blocks, as shown in Fig. 33. Each suppor t 
block in the central region of the active core holds a central element that has 
control rod passages and six fuel elements wi thou t control rod passages. This 
cluster is called a refuelling region. Each refuelling region has its own flow control 
valve, which is used for adjus tment of the coolant outlet temperature . All the 
elements in a single refuelling region are loaded and unloaded at the same time. 

The fuel cycle is based on a graded loading scheme in which a certain f ract ion 
of the core, known as a ' fuel segment' , is refuelled on an annual basis. For this 
design a 4-year cycle has been chosen in which four approximately equal segments 
are refuelled, one per year. The refuelling scheme is chosen so that the regions in 
each segment are symmetrically distr ibuted th roughout the core. 

Table XVII gives the major reactor core system design parameters. 
Primary coolant system. The func t ion of this system is to remove heat f r o m 

the reactor core during normal plant operat ion and to transfer tha t heat to the 
secondary coolant, which is water and steam. This system comprises parallel 
forced-circulation loops, each loop containing one steam generator, one circulator 
with its drive motor , and one loop shutoff valve. These components , except for 
the drive motor , are located in PCRV cavities peripheral to the reactor core 
cavity (see Fig. 32). These peripheral cavities are connected to the core cavity 
by upper and lower cross ducts. 

The steam generators are of once-through type, consisting of a helical coil in 
the economizer-evaporator-superheater (EES) region made of 4 6 2 2-1/4 Cr-Mo 
tubes and a straight-tube superheater (STSH) made of 462 Incoloy 800 tubes 
located in the centre of the helical coil (see Fig. 34). 

The module is supported by a skirt ( thermal sleeve) that extends upward 
f r o m the liner at an elevation just above the lower cross duct. 
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Feedwater is supplied to each module through a side penetrat ion. The super-
heater steam leaves the module at the b o t t o m of the steam generator cavities. 
The hot helium emerging f rom a lower cross duct is directed upward through the 
STSH. It is then tu rned and directed downward through the EES bundle. Af t e r 
emerging f rom the EES, the helium turns upward and flows in the annular region 
between the steam generator module and the cavity thermal barrier. This helium 
then f lows in to the entrance of the circulator. 

Each main circulator consists of a single-stage centrifugal compressor, a 
synchronous electric m o t o r drive, and a loop shutoff valve (flapper valve). The 
m o t o r is mounted on t o p of the PCRV outside the pressure boundary. The 
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FIG.34. HTGR steam generator cross-section. 

shutoff valve restricts the reverse flow of coolant through its primary loop in 
case the circulator should fail t o provide sufficient pressure while the other loops, 
or t he CA CS loops, are operating. 

Core auxiliary cooling system (CA CS). The func t ion of the CACS is to 
provide an independent means of cooling the reactor core if the primary cooling 
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system should become non-operable. I t consists of three parallel independent 
cooling loops, each loop comprising a heat exchanger, a circulator with its driver 
motor , a loop shutoff valve, and the moto r controls. These components , with the 
exception of the m o t o r and controls, are located in a PCRV cavity peripheral to 
the central core cavity. 

The CACS has the capability of maintaining the temperatures of all 
components in the PCRV within safe limits with the system either pressurized or 
depressurized. This is accomplished by forced circulation of the primary coolant 
through the auxiliary loops and through the reactor core. The heat is transferred 
through the core auxiliary heat exchanger (CAHE) to the core auxiliary cooling 
water system (CACWS). This water is cooled by air-blast heat exchangers and thus 
the heat is ult imately rejected to the atmosphere. 

Each CACS loop is capable of removing 100% of the residual and decay heat 
f r o m the core following a reactor trip f r o m 102% normal rated power, provided 
tha t the helium in the PCRV is pressurized. Two out of the three loops are 
required for heat removal if the PCRV is depressurized. 

3.1.3.3.2. Steam-cycle plant concepts in the Federal Republ ic of Germany 

In t h e Federal Republ ic of Germany the available firmly based knowledge 
coming f r o m the operat ion of the AVR and f r o m the design, construction and 
licensing of the THTR-300 led to the development of HTR plants in various power 
ranges and for various applications. The common design feature is the pebble bed 
core. F o r electricity generation the secondary circuit is comparable with that of 
the HTGR-SC. 

There are three power ranges for which design studies have been made [27]: 

(1) 100—200 MW(e) with A V R technology. The reactor is laid ou t as a single 
or double uni t with steel vessel; 

(2) 3 0 0 - 5 0 0 MW(e) with THTR technology. The reactor has a PCRV with a 
single large cavity; 

(3) > 500 MW(e). The reactor design makes extensive use of THTR technology 
but utilizes a multicavity PCRV. 

An opt imized plant concept was established for each required plant size 
utilizing the above basic concepts. 

The integrated construct ion, which is utilized for all f ou r power regions and 
is characterized by the arrangement of all important primary loop components in 
a single failure-proof reactor pressure vessel (monoli thic construct ion), must be 
emphasized especially f r o m safety and operational viewpoints. The concept for 
all power sizes is based on standardized components : steam generator, circulator, 
shut-down systems, ceramic internals, fuel elements and pressure vessel 
components . 
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The construct ion principles and fabrication of these standardized components 
are the same. In the various power ranges the required power is reached by 
varying the number of integrated primary components and by adapting the geo-
metry of the reactor pressure vessel. 

The use of a PCRV for power levels above 200 MW(e) reduces the necessary 
shielding and the in-service inspection requirements in contrast to steel pressure 
vessels. This t ype of construction leads therefore t o higher availability and bet ter 
economy. 

In the following, special features of some selected plants for the ment ioned 
power ranges are described. 

3.1.3.3.2.1. HTGR-100 MW(e) [27] 

The basic concept of the HTR-100 is based on the concept of the AVR, 
which as an experimental reactor has been successfully operated f r o m 1967 up to 
the present day [88], 

In the HTGR-100 all the components of the primary system are located in a 
reactor steel pressure vessel, which is enclosed by two concrete cylinders of an 
overall wall thickness of 2.7 m. The concrete cylinder serves as a biological shield 
against nuclear radiation and as a protect ion against external impacts. The inner 
surface of the biological shield is equipped with a cooling system designed to 
remove the heat generated in the concrete. 

The coolant gas flows upward through the core being heated f r o m 250 to 
700°C (Fig. 35). The four steam generators are located above the core, while the 
circulators are arranged in lateral position to the core. F rom the circulators the 
cold gas is recirculated to the core, flowing through an annular gap between the 
thermal side shield and the inner wall of the reactor pressure vessel. 

Control and shut-down of the reactor core are performed solely by reflector 
rods, which are driven into channels in the reflector f r o m underneath using a 
gravity linkage. As second shut-down system, introduced to meet the safety 
criteria, small absorber spheres are used, which are released into the channels in 
the reflector. 

Table XIX gives a survey of the main design data. The thermal power is 
250 MW, the electrical power for electricity generation exclusively is 100 MW. 
The power plant is designed for a service life of 40 years at a mean capacity 
fac tor of 0.8. Load changes are possible within the range between 100% and 35%. 
The reactor core (diameter 3.45 m, height 8.0 m) is composed as a two-zone core 
and is continuously refuelled in a multiple-passage system. Low-enriched uranium 
is used as fuel. 

Three possibilities are provided for decay heat removal following a reactor 
scram. Normally the decay heat is removed through the plant water /s team circuits. 
In this case forced convection of the primary coolant is no t required since natural 
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TABLE XIX. DESIGN DATA OF HTGR-100 

Thermal power of the reactor 

Thermal eff iciency 

Mean core power density 

Uranium conten t per fuel e lement 

Mean initial enr ichment 

Helium pressure 

Helium flow rate 

Helium tempera tures at s team generator 

Steam condi t ions at SG out le t 

Feedwate r t empera tu re 

250 MW 

38 to 39% 

4.2 MW/m' 

7 0 0 / 2 5 0 ° C 

8 

530°C 

180°C 

9.4% 

7 MPa 

108 kg/s 

g 

3 

convection is sufficient for this purpose and thus the upward flow in the core is 
continued as in normal operation. In case the water/steam circuit is not available, 
the decay heat is removed on the secondary side through an auxiliary cooling 
system. In the event of failure of this system the decay heat is removed primarily 
by radiation and conduction of the heat from the reactor pressure vessel to the 
two-loop concrete cooling system located within the inner concrete cylinder of 
the safety containment. 

Along with electricity generation, process steam or heat for district heating 
systems is extracted from the water/steam circuit through intermediate heat 
exchangers. 

When using the HTGR-100 for nuclear coal processing the primary system 
components required for hydro-gasification of lignite or steam gasification of hard 
coal, such as the steam reformer, the steam generator or the helium/helium heat 
exchanger, are arranged in the upper part of the reactor pressure vessel (Fig. 35, 
upper section). 

Power units up to 200 MW(e) are designed as twin plants according to the 
concept described above. In principle, larger power units can also be established 
by combining smaller units. 

3.1.3.3.2.2. HTGR-500 MW(e) 

Generic design characteristics. The structural elements and component 
concepts that have been developed, licensed and tested for the THTR will be 
directly adopted for the HTR-500 or additionally simplified and optimized based 
on the experience gained with the construction and licensing of the THTR-300. 
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The power level of the HTR-500 has been increased over that of the THTR-300 
by increasing the number of main loops from 6 to 8. 

The HTR-500 is characterized by the following main features: 

(a) Prestressed concrete reactor vessel in large-cavity design (as in the THTR) 
with horizontal circumferential prestressing, containing all components of 
the primary system. The vessel closures are designed as prestressed concrete 
closures; 

(b) Eight counter-current steam generators in helical design (such as in the 
THTR); however, without reheaters for reasons of design simplification and 
favourable operating and accident behaviour; 

(c) Design concept of the circulators for the main and auxiliary cooling systems 
corresponding to the THTR; however, vertical arrangement of circulators 
with active magnetic bearings; 

(d) Continuous refuelling on the Otto principle, i.e. final burnup is reached 
after one passage of the fuel elements through the core; 

(e) Low-enriched uranium fuel cycle; 
(f) Shut-down systems, as in the THTR, based on incore and reflector rods; 
(g) Compared with the THTR, two additional auxiliary cooling systems in the 

primary circuit for decay heat removal in the event of failure of the main 
cooling circuit. In addition, the liner-cooling system of the prestressed 
concrete reactor vessel is used for decay heat removal in the rare event of 
accidents. The heat exchangers for decay heat removal are arranged so as 
to ensure decay heat removal by natural convection in the event of failure 
of the auxiliary circulators; 

(h) Water/steam circuit with wet or dry recooling in a purely conventional 
design corresponding to modern fossil-fuelled power plants; 

(i) Concrete containment without liner for protecting all the components 
carrying active gas against external impacts; since the activity content of the 
helium is very low, in the event of loss of coolant from the primary system 
the total coolant inventory may be exhausted through a stack without delay; 

(j) The HTR-500 can be applied for electricity generation only (plant efficiency 
about 40%) or as a plant for cogeneration of electricity and process steam 
(high-tension steam) as well as for district heating; 

(k) The power output of 500 MW meets the modified demand of the nuclear 
power plant market which, for reasons of network size, financing conditions, 
and a smaller increase in electricity demand, shows a tendency towards power 
units in the range between 300 and 600 MW(e); 

(1) The plant and safety concepts of the HTR-500 are based on a low plant risk, 
which was established by comprehensive accident analysis as well as in the 
THTR licensing procedure. The experience and the know-how gained in this 
process are used to improve the economics, maintaining a high safety standard 
at the same time. Thus an HTR-specific safety design has been achieved. 
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TABLE XX. HTR-500 MAIN DESIGN DATA 

1 1 5 

Thermal core power 1250 MW 

Net electrical ou tpu t 500 MW 

Efficiency 40% 

Average load fac tor 80% 

Mean core power density 6.0 MW/m3 

Primary gas pressure 5 MPa 

Ho t gas tempera ture 700° C 

Cold gas t empera tu re 260°C 

Main steam pressure, turbine inlet 18 MPa 

Main steam tempera ture , turbine inlet 525°C 

Feedwate r tempera ture 190°C 

Condenser pressure 0 .006 MPa 

(m) The consequent use of HTR-specific safety characteristics as well as an 
optimization of the design of the components and circuits leads to the result 
that the HTR-500, in spite of its lower power level as compared with large 
pressurized water reactors of the present design, has only slightly higher 
specific plant costs and nearly the same electricity generating costs, at the 
same time with substantially lower capital costs. 

The main design data of the HTR-500 are listed in Table XX. 

Apart from the fuel element storage, the fuel-circulating system is located 
below the PCRV within the shielded annular space. 

Safety design: (a) Enclosure of activity. As in the THTR, the primary 
system and its components are integrated in a burst-safe prestressed concrete 
reactor vessel. 

The PCRV and the components carrying activity are installed in the reactor 
containment building, which is designed against external impacts. The reactor 
containment building is designed without a liner. 

Primary gas leakages up to a leak size of about 2 cm2 occurring in operation 
or accidents are discharged to the environment through filter systems and vent 
stack in a controlled manner. The occurrence of major leakages is extremely 
improbable. As in the THTR, the maximum leakage cross-section of the PCRV 
is limited to 33 cm2 by structural measures. Thus, the coolant is exhausted very 
slowly; pressure equalization is reached after about hours. In this case the 
coolant is discharged directly through the vent stack until the depressurization 
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valves of the reactor containment building can be closed again, as soon as the leak 
rate has fallen to a level low enough to be exhausted through the exhaust air filter 
system. Because of the only short-term and low overpressure in the reactor 
containment building during depressurization and the low coolant gas activity, 
only negligibly small amounts of activity are released near ground level. Because 
of the low activity content of the helium, the exposure to the environment 
remains below the limiting values stated in the Radiation Protection Regulation 
also in the event of such an accident. 

(b) Decay heat removal. Unlike the THTR, a separate two-loop decay heat 
removal system is provided so that the plant heat removal system, the main 
cooling system, does not have a safety function. For this reason the main cooling 
system is designed as a purely conventional cooling system outside the reactor 
containment building, i.e. it is designed as currently usual for conventional power 
plants. If available, it is also used for decay heat removal; no special claims are, 
however, made with regard to its availability. 

In the event of failure of the main cooling system or of accidents that would 
result in increased loads on its components, the decay heat removal system comes 
into action. Under any accident conditions one decay heat removal loop is suffi-
cient for removing the decay heat from the core. 

Total failure of the decay heat removal system is permitted over a period of 
5—10 hours without resulting in safety-relevant damage. 

During this relatively long permissible failure period the required measures 
for resuming decay heat removal can be taken by hand. Thus the simultaneous 
occurrence of single failure and repair can be controlled with sufficient reliability 
by the 2X100% decay heat removal system. 

An analysis performed on the event of total failure of decay heat removal 
has shown that the consequences of such a failure do not constitute a substantial 
contribution to the overall plant risk. 

(c) Single-failure criterion. In the decay heat removal system, the electrical 
energy supply, and in the plant protection system the occurrence of a single 
failure is assumed. Because of the stringent quality measures, single failures in the 
decay heat removal system are taken into consideration only in components 
carrying radioactivity. Events with a very low probability of occurring are 
combined neither with a single failure nor with a maintenance case. 

Accidents combined with the event of emergency power supply are controlled 
with sufficient safety by a 2X100% emergency power supply based on the 
probability that with increasing duration of the failure time, the probability of 
re-availability of the net increases. 

External impacts on components of the decay heat removal system located 
outside the reactor containment building are not combined with a single failure 
because of their low risk contribution. 
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FIG.36. HTGR-500 MW(e) PCR V with internals. 

(d) Shut-down concept. The shut-down concept is analogous to that of the 
THTR. It consists of reflector rods and incore rods. 

The reflector rods and the incore rods represent two diverse shut-down 
facilities. The first shut-down facility (reflector) is provided for reactor scram 
only. It consists of 48 absorber rods which travel in boreholes of the side 
reflector and actuated by electric drives. The reflector rods alone are sufficient 
to ensure sub-criticality of the reactor. After a certain time return to criticality 
at a lower power level is permitted. 

The second shut-down facility is used for long-term shut-down and can also 
be applied for control of operation. It consists of 72 absorber rods which are 
freely inserted into the pebble bed (incore rods) and actuated by hydraulic drives. 

Components of the primary system: (a) Prestressed concrete reactor vessel. 
(Figs 36, 37). As in the THTR-300, the reactor pressure vessel is a prestressed concrete 
reactor vessel with one large cavity. Prestressing is effected in vertical direction by 
individual tendons of the same type as in the THTR. A circumferential prestressing 
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FIG.37. HTGR-500 MW(e) PCR V with internals. 

is performed by a wire winding system. The inner surface of the prestressed 
concrete reactor vessel is covered by a steel liner and penetration liners which are 
anchored in the concrete. 

The liner is covered by a thermal barrier composed of ceramic fibre sheets. 
The liner cooling system consists of cooling pipes welded to the liner, running 
through the PCRV wall and exiting into headers. 

The penetrations for the main cooling loops and the auxiliary loops on the 
top and bottom of the PCRV are closed by prestressed concrete closures. 

The PCRV is protected against overpressure by a redundant depressurization 
system. 

The PCRV rests on an annular support wall which is compressed in the 
foundation plate. 

(b) Steam generator. The steam generator design with downhill boiling is 
similar to the THTR steam generator, however, without a gas-heated steam 
reheater. 
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The hot gas coming from the reactor core enters the steam generators through 
horizontal gas ducts, flows through the steam generator in an upward direction and 
is then taken in by the circulator. The heating surfaces of the steam generators are 
composed of helical tubes which are held in tube plates. 

The total weight of the steam generators is transferred to the PCRV over 
support claws. 

(c) Circulators (main and auxiliary circulators). The circulators are arranged 
in a vertical position and have active magnetic bearings. The main and the 
auxiliary circulators are designed according to the same principle (THTR); on 
the intake side they are connected to the heat exchangers, on their pressure side 
all circulators exhaust into a common space surrounding the reactor core. The 
circulator is composed of the electrical drive motor, the cooler and the shutoff 
control valve. 

(d) Incore rods. The incore rods consist of two concentric tubes including 
in their clearance the absorber material in the form of sintered boron carbide. 
The conical rod tip is dished inward at its lower end. Rod cooling is effected by 
an inner and an outer coolant gas flow in the direction of gas flow through the 
core. 

The removable drive of the incore rods, which is supported by a shield plug 
which is also removable, is composed of a long-stroke cylinder equipped with a 
claw coupling for the rods at the lower end of the piston rod, which can be 
disconnected by remote control. 

(e) Reflector rods. The design of the reflector rods and their drives is almost 
identical with those of the THTR-300. The reflector rod is composed of articulated 
elements; each of these elements consists of an inner and an outer tube enclosing 
the absorber material in their clearance. The rod tip is designed as a counterpart 
to the shock absorber which rests on the bottom of the reflector channel. Coolant 
gas from the range above the top reflector flows through the rod for cooling. The 
reflector rod drive is a chain drive with electromotor, eddy current brake, gears 
and chain sprocket. As in the THTR-300, the drive can be removed from the 
reactor under pessure. 

(f) Metal internals. The thermal shield includes the top shield, the side shield 
and the bottom shield. The top shield is suspended from the standpipes in the 
PCRV top head, it carries the top reflector and is equipped with control rod 
channels. The side shield is composed of loosely piled-up elements which are 
composed of bolted segments. In addition to shielding and gas flow direction, the 
side shield ensures the core geometry. 

Spring packs are located between the side shield and the side reflector. The 
spring packs contain disc springs supplying the required prestressing forces for the 
ceramic internals. 

Bending supports are arranged between the bottom shield and the bottom 
liner. By deforming the ends of the rectangular bending supports the differential 
expansions between PCRV bottom and the bottom shield are compensated. 
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FIG.38. HTGR-900, PCR V with internals. 

Through the hot gas duct connected to the side reflector the hot gas is 
passed from the hot gas plenum to the heat exchangers. The hot gas duct is 
equipped with an inner insulation and is cooled from outside. A sliding joint 
installed at the hot gas inlet is designed for compensating longitudinal changes. 
The hot gas duct is a welded structure. 

(g) Ceramic internals. The reflector and the core support structure form a 
containment for the fuel elements and the gas flow. Core support structures and 
side reflector are supported by a bottom plate, while the top reflector is connected 
to the thermal top shield by a metal support structure. 

The mechanical and seismic stresses are absorbed by the reflector and are 
transferred to the thermal bottom shield or side shield directly or via the support 
elements. 
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TABLE XXI. HTGR-900 MAIN DESIGN DATA 

121 

Thermal power of the reactor 2250 MW 

Net electrical power wi thout /wi th process steam 892 /672 MW 

Process steam generat ion at two levels 

Steam condit ion 9 MPa/420°C 

Mass f low 142.2 kg/s 

Steam condit ion 4 MP a/3 60° C 

Mass f low 59.4 kg/s 

Plant eff iciency (wi thout process steam) 39.6% 

Plant util ization (with process steam) 57.4% 

Mean core power density 5.5 MW/m3 

Heavy metal content per fuel element 10 g 

Mean initial/final enr ichment 6.8/1.8% 

Helium pressure 6.5 MPa 

Helium temperatures in reactor core 284 /700°C 

Helium flow rate 1041 kg/s 

Steam condit ion at SG outlet 19 MPa/530°C 

Feedwater tempera ture 200°C 

3.1.3.3.2.3. HTR-900 

Figure 38 shows as an example the design concept of an HTR-900 MW(e) 
plant. This plant was analysed in detail in the years 1980-81. In contrast 
to the THTR-300, large HTR plants are designed with a multicavity prestressed 
concrete reactor vessel. In addition, the fuel elements pass only once through the 
reactor core (OTTO refuelling). Due to the larger core diameter, several fuel 
element discharge pipes are required to ensure a uniform flow of the spheres. 
The steam generator (there are four steam generators in total), the main circulator 
on top, and one of the four auxiliary cooling systems are shown in Fig. 38. 

The nuclear steam-generating system is arranged in the reactor containment, 
which is designed against external impacts and safety shut-down earthquakes. 
Table XXI shows a survey of the main design data for a plant generating electricity 
as well as process steam. This plant is designed to generate process steam at 9 MPa 
and 420°C and/or 4 MPa and 360°C for coal gasification by means of an improved 
Lurgi process. 
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A reactor gas outlet temperature of 700°C is sufficient for these applications. 
The steam condition at the steam generator outlet is 530°C and 19 MPa, as for 
modern steam turbine plants. The plant efficiency is 39.6%, and approx. 57% for 
cogeneration of electricity and steam. 

The basic concept of the HTR-900 is flexible enough to cover plant sizes 
between 500 and 1350 MW(e) by altering the number of the main primary 
components, i.e. blower and steam generator and by choosing the diameter of the 
core and the dimensions of the pressure vessel to meet the plant size. For the 
1350 MW(e) plant the arrangement of the six steam generator/circulator units in 
the PCRV is symmetrical. 

A committee of experts composed of members of the Reactor Safety 
Commission, the Technical Inspection Agencies, and the licensing authorities 
has confirmed the feasibility and licensability of this large HTR concept by an 
experts' opinion issued in June 1981. 

3.1.3.3.2.4. Modular HTGR [89] 

In 1981 the Kraftwerk Union (KWU) presented a modular HTGR as an 
alternative concept to the established integrated design of gas-cooled reactors. 
The basic idea is to limit the power output of the reactor to about 200 MW(th) 
and to form larger power units by coupling several small units, each consisting 
of a reactor and heat-exchanging components. 

It always had been self-evident for reactor components like steam generators, 
circulators etc. to obtain the large power output required by connecting several 
smaller units in parallel. This possibility of increasing the power output has never 
seriously been considered except in the case of the component 'reactor core'. This 
is mainly due to the feared increase of fuel-cycle and investment costs. Both 
effects, however, contribute only moderately to the overall plant costs. Even for 
medium-sized power plants the fuel cycle costs and the investment costs for the 
reactor core (including all components that directly depend on the core size) 
contribute only approximately one seventh each to the overall costs for electricity 
production. Hence it seems possible to separate the heat source, in analogy to 
the common practice of separating the heat sink without too heavy a cost penalty 
and to design a fully modularized HTR system even for a large power output, which 
is based on simple technical principles and only a few engineered safeguards. This 
proceeding leads to a reduction of the financial risk of introducing high-temperature 
reactors onto the market, since without further R&D costs all subsequent plants 
of various sizes and for various applications, such as generation of electricity, 
process steam or process heat, can be deduced from one common basic concept. 

Characteristic boundary conditions. A modular subdivision of the pebble bed 
core allows the use of simple technical solutions in designing the mechanical core 
as well as utilizing inherent safety features instead of engineered safeguards. 
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(1) With regard to reactor shut-down only reflector rods that can be freely 
dropped shall be employed. No metallic incore-absorber rods should 
penetrate into the hot pebble bed. This new requirement determines 
directly the maximum diameter of the core. 

In addition, reactivity disturbances can be compensated by the inherent 
negative temperature coefficient. Reactivity changes such as those caused 
by water ingress into the primary circuit may be overcome by properly 
choosing the moderation ratio. 

(2) The power density of the core is chosen such that for all operating and 
accident conditions the afterheat can be transferred to the environment by 
heat conduction and natural convection. Except for the main heat sink, 
no active auxiliary cooling systems shall be necessary inside the primary 
system. 

(3) Concerning the power output of a modular core, only the height of the core 
can be chosen freely since the reactor diameter and the power density have 
been selected otherwise. The maximum height and thus the maximum 
power output of the modular core is determined by the core pressure drop 
and the attainable axial distribution of the power density. 

(4) According to the arrangement of primary and secondary components, the 
spatial and thermal decoupling of the heat sink from the heat source shall be 
ensured for the case of loss of forced circulation without active means. Thus 
inadmissible temperatures of metallic components will be avoided. 

Core design of a single module. The application of the boundary conditions 
described above results, for all possible applications, in a geometrical arrangement 
of the core with, for example, a steam generator, which is shown in Fig. 39. 

The heat-exchanging components like the steam generator, the steam 
reformer or the intermediate heat exchanger are also surrounded by a steel 
pressure vessel and connected to the reactor vessel by a coaxial duct. 

The power output of the reactor core depends on the application of the plant 
and amounts to 170 MW(th) for process heat applications, while for electricity 
and process steam production the power rating is 200 MW(th). The reactor core 
shown is designed for a thermal output of 200 MW, a gas-outlet temperature of 
7S0°C and a gas-inlet temperature of 250°C. 

Standard graphite balls with a diameter of 6 cm will be used as fuel elements. 
The heavy metal loading per fuel element is 7 g, thus ensuring a moderating ratio 
that enables the inherent limitation of a reactivity increase due to any water 
ingress. For cold shut-down of the system approximately 9 niles have to be 
provided; 18 reflector rods are sufficient for a core diameter of 3 m. 

The maximum fuel element temperature for all accident conditions should 
be 1600°C, the temperature where coated particles begin to fail. 

The thermohydraulic analyses show that in the case of decay heat removal 
by heat conduction and heat convection the highest fuel element temperatures 
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1 Pebble Bed 
2 Pressure Vessel 
3 Fuel Element Discharge 
4 Shutdown System 

(Boronated Spheres) 
5 Reflector Rod 
6 Fuel Element Supply 

7 Steam Generator 
8 Steam Generator Inlet/Outlet • 
9 Circulator 

10 Hot Gas Duct 
11 Cooler 
12 Insulation 

FIG.39. Cross-section of the HTGR module reactor with steam generator. 

are obtained after a depressurization accident. A limitation of the tuel element 
temperature below 1600°C for these conditions leads to a mean power density 
of 3 MW/m3, i.e. in combination with a core height of 9.6 m to a power production 
of 200 MW. In the case of loss of forced cooling under pressure internal natural 
convection phenomena keep the maximum fuel element temperatures below 
1200°C. The maximum fuel temperatures for both cases are plotted in Fig. 40 
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FIG.40. Behaviour of fuel element temperatures under accident conditions of the HTGR 
module reactor with steam reformer. 

as a function of time. The main design data of the modular core are given in 
Table XXII. 

The cold gas from the blower flows in borings of the side reflector from 
bottom to top of the reactor. Here it is collected in a cold gas plenum, is guided 
through borings in the top reflector and enters the core at the top. After it has 
been heated up to 750°C it flows through the bottom reflector, which is also 
used as a mixing chamber, and is collected in the hot gas plenum from whence it 
is guided via the hot gas duct to the heat exchanger. 

The core support structures and the side and top reflectors are cooled by the 
cold gas. In the event of a loss of forced cooling, a decoupling of the heat source 
from the heat sink is achieved even without flaps or valves, thus ensuring that the 
core support structures and the metallic components of the gas duct remain at 
moderate temperatures of approximately 350°C. Only the temperatures of the 
top reflector increase to approximately 900°C adjacent to the core. The 
temperatures of the metallic core vessel, the thermal top shield and the pressure 

Reactor under pressure 

Loss of pressure accident 

h""1 

drive out of a l k 
control rods ^ 

^ ^ N j o r e centre 

.core surface 
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TABLE XXII. MAIN REACTOR CORE DATA OF THE HTGR-MODULE 
REACTOR FOR ELECTRICITY GENERATION AND STEAM 
PRODUCTION 

Thermal power 200 MW 

Core diameter 3.0 m 

Core height 9.6 m 

Mean power density 3.0 MW/m3 

Helium temperatures 250 /750°C 

System pressure 5 MPa 

Number of control rods 6 

Number of absorber ball systems 18 

Diameter of pressure vessel 5.8 m 

Height of pressure vessel 23.8 m 

Loading scheme Reshuff l ing 

Fuel cycle U/Pu 

Heavy metal loading of fuel e lement 7 g 

Burnup 80 000 M W d / t 

Fuel incore t ime 1.020 d 

Conversion 0.47 

Enrichment 7.8% 

Fast neut ron dose (E > 0.1 MeV) 

Fuel e lement 2.2X 1021 / cm 2 

Side ref lector 0 . 6 X 1 0 2 1 / c m 2 a 

Fissile material in core 94 kg 

Control margin 1 nile 

Shut-down requirement 9 nile 

vessel are independent from the temperatures inside the core and are mainly 
determined by the wall coolers, which remove the decay heat. 

The ceramic design follows closely the design features of the AVR reactor. 
Because of the small core diameter it is possible to assemble the top reflector of 
graphite and carbon bricks without any metallic components. Since the average 
power density is relatively low, the reflector damage due to fast neutrons is far 
below the technological limits for the whole reactor life. 

For the purpose of reactor control and hot shut-down reflector rods are 
used. For cold shut-down 18 borings in the side reflector can be filled with small 
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boronated pebbles. They are introduced by gravity and may be removed 
pneumatically. 

Under normal conditions the core will be cooled down'approximately 2 hours 
after the reactor scram has occurred by restarting the main loop. If it fails to 
operate, all the decay heat is removed from the core across the surface of the 
pressure vessel. The core temperatures reached are shown in Fig. 40. 

Due to the moderation ratio chosen any water ingress leads only to a minor 
reactivity increase, which will be inherently counter-balanced. The graphite 
corrosion of the fuel elements is kept in tolerable limits by preventing the 
ingressed water being transferred to the core region. This is possible since both 
the core and the steam generator are positioned in two different pressure vessels 
and since the removal of the decay heat needs no forced mass flow through the 
core. 

Air ingress into the hot core region can be excluded to a large extent if 
only one rupture of the primary circuit has occurred since it is not necessary to 
maintain forced mass flow through the core. 

3.1.4. HTGR direct cycle (HTGR-GT) 

3.1.4.1. Incentives for development 

From the beginning of HTGR development the combination of an HTGR 
core with a gas turbine in a closed cycle was regarded as an attractive aim of 
development. 

During the 1970s in the United States of America and in the Federal Republic 
of Germany in co-operation with Switzerland design studies, assessments, and 
evaluations were carried out on an advanced, direct-cycle HTGR option. The 
motivation for this effort included: 

(a) Further exploitation of the increased reactor outlet temperature (above the 
current 700°C value) to achieve high efficiency; 

(b) Better fuel utilization by higher efficiency, the opportunity to take full 
advantage of the favourable Brayton cycle characteristics related to economic 
dry cooling capability with the great site flexibility; 

(c) Potential of very high efficiency when operated in a combined-cycle mode 
with economic use of waste heat; 

(d) Projected plant simplification with attendant economic benefits. 

3.1.4.2. The HHTproject (Federal Republic of Germany and Switzerland) 

In the Federal Republic of Germany in co-operation with Swiss partners the 
reference design for the HHT (Hochtemperaturreaktor mit Helium Turbine) 
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FIG.41. Gas circuit in the reactor pressure vessel. 

nuclear power plant was chosen in 1977. The basic concept of this HHT 
demonstration plant is characterized by the following features (Fig.41) [90]: 

(1) Integrated design with arrangement of heat-exchanging components and gas 
turbine within the prestressed concrete reactor vessel; 

(2) Single-stage intercooling of the helium coolant during compression; 
(3) Single-shaft gas turboset; 
(4) Dry recooling for main heat sink. 

The design of this 1640 MW(th) reactor is based on a core with sperical fuel 
elements and a core power density of 5.5 MW/m3. The complete primary system 
is integrated in a prestressed concrete pressure vessel (PCRV). Generator and 
auxiliary systems are located within a cylindrical reactor containment building. 
The gas-turbine cavity is located below the central core cavity. Helium leaving 
the core at 850°C and 7 MPa enters the turbine via two ducts. After expansion 
in the turbine the helium is led to the recuperator to transfer part of its heat to 
the cold gas coming from the high-pressure compressor. The waste heat is 
removed from the system via two pre and intercoolers and rejected to the 
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atmosphere via a dry air cooling tower. The design leads t o a plant efficiency of 
41%. By proper guiding of the helium in the PCRV the max imum temperature 
of the liner in normal operat ion is 15.0°C. The liner is designed as a 'warm liner' 
wi thout insulation. The optimized data of the process are : 

In the Federal Republ ic of Germany and Switzerland design work and safety 
analysis have led to an understanding of the HHT-specific problems. It could be 
shown that sudden dismantling of all ro to r blades cannot occur. Consequently, 
high-pressure transients need not be taken into account . Sophisticated systems 
have been elaborated for the 'warm liner' to keep the temperatures within the 
allowed limits, also in per turbed zones and under auxiliary cooling conditions. 
Fur thermore , it was clear that the main advantage, a plant eff iciency considerably 
above tha t of a steam-cycle plant, can only be reached with gas-outlet temperatures 
well above 850°C and with materials fo r turbine blades that need no inner cooling 
(e.g. TZM). The R&D work on problems such as fission produc t activity or 
construct ion and operat ion of large turbomachines , has shown encouraging results. 
For instance, the large high-temperature hel ium test facility, HHV, met the design 
values for power, pressure and tempera ture in 1981. 

3.1.4.3. Overall gas-turbine plant features (USA) 

In late 1979 ef for t s in the United States were directed toward designing a 
plant based on a 2000 MW(th) reactor rating [91 ]. 

The reactor turbine system consists of primary coolant loops, the reactor 
core and auxiliary cooling loops. The reference plant concept embodies two 
primary coolant loops rated at 400 MW(e) each and consists of a turbomachine, 
a recuperator , a precooler, and control valves. As shown on the reactor turbine 
system arrangement in Fig. 42, all of the primary system equipment is installed 
in the PCRV to give an integrated plant configuration. 

The two turbomachines are installed in horizontal cavities toward the base 
of the PCRV. The helium turbomachine is rated at 400 MW(e) and consists of 
a simple and rugged arrangement with a single shaf t and direct drive to the 
generator. The turbomachine drive to the generator is f r o m the compressor end 
of the turbomachine, and the thrust bearing is located external t o the PCRV to 
facilitate inspection and maintenance. 

Reactor outlet tempera ture 
Reac tor inlet tempera ture 
Thermal core power 
Core power density 
Core type 
Fuel type 
Maximum primary system pressure 
Plant efficiency 

850°C 
460°C 
1640 MW(th) 
5.5 MW/m3 

Pebble bed core 
LEU 
7.0 MPa 
41% 



FIG.42. Integrated 2000 MWfth) HTGR-GT reference plant reactor turbine system arrangement based on two primary 

coolant loops. 
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= 40% 

FIG.43. Flow path diagram showing salient parameters for HTGR-GT reference plant. 

The heat exchangers are installed in vertical cavities in the PCRV, as shown 
in Fig. 42. The recuperator (which contr ibutes significantly to the high cycle 
efficiency) is a helium-to-helium heat exchanger of high effectiveness. The 
reference design is based on a straight-tube, axial counter-f low configuration and 
has provision for inservice inspection and plugging of individual tubes. The 
precooler (which is used to remove reject heat f r o m the cycle) is a helium-to-water 
heat exchanger of very high thermal effectiveness. 

The core auxiliary cooling system (CACS) consists of three separate and 
independent cooling loops. The system can remove the core residual and 
decay heat fo r cool-down following loss of helium circulation in the primary 
coolant loops with the reactor in a shut-down condit ion and either pressurized 
or depressurized. 

Table XXIII summarizes the major features of the plant. Figure 43 shows 
the parameters selected f r o m the opt imizat ion study with a reactor outlet 
temperature of 850°C. A max imum system pressure of 8.4 MPa was selected 
f r o m the sensitivity studies. This pressure level, which gives high gas density and 



132 3. TECHNICAL STATUS 

T A B L E XXIII . C H A R A C T E R I S T I C S O F H T G R - G T 

Reactor outlet temperature 

Reactor inlet temperature 

Reactor core thermal rating 

Core power density 

Core type 

Fuel type 

Fuel lifetime 

Primary system fluid 

Maximum primary system pressure 

PCRV diameter 

PCRV height 

850 C 

494°C 

2000 MW(th) 

6.6 MW/m3 

Prismatic fuel elements 

LEU/Th 

3 a 

Helium 

8.4 MPa 

32.6 m 

35.4 m 

compac t t u r b o m a c h i n e r y , hea t exchangers and ducts , is on ly a modes t ex tens ion 
of P C R V s t ruc tura l design practice. 

As the design s tudies progressed it became increasingly apparen t tha t 
in t roducing a high-energy he l ium tu rbomach ine i n to the reac to r pr imary sys tem 
resul ted in complex i ty and prob lems compared wi th t h e simpler steam-cycle plant 
nuclear hea t source. T h e var ious p rob lems man i fes t ed themselves n o t only in 
technical a n d e c o n o m i c areas, b u t also wi th regard t o plant operabi l i ty , safe ty 
and licensing. 

The a fo re -men t ioned s tudies led to the fol lowing conclusions in 1980 [92] : 

(1 ) Extens ive deve lopment was necessary t o establish a technical ly viable 
H T G R - G T plant t o sat isfy demanding safe ty and licensing cri teria; 

(2) N e w cycle s tudies and design innovat ion were necessary t o iden t i fy fea tures 
f o r improved economics . In part icular , addi t ional s tudies regarding ut i l izat ion 
of the high-grade waste hea t , as appl ied in Eu rope , were indicated t o be 
necessary; 

(3) T h e s t udy f indings were n o t regarded as being consistent wi th t h e goal of 
having a commercial-size H T G R plant opera t iona l in the mid-1990s. 

Accordingly , t h e HTGR-SC/C was designated in the Uni ted Sta tes as the lead plant 
candida te and the H T G R - G T was classed as a long-term, advanced technology. 
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3.1.5. Gas-cooled fast breeder reactor (GCFR) 

3.1.5.1. Introduction 

The research and development work and design studies carried out on gas-
cooled fast reactors over the last 20 years have been converging toward a set of 
basic engineering principles which are currently considered to be applicable to 
most reactor designs in this category. 

Among the large number of possibilities that exist with respect to the 
choice of major components or design principles to put together a gas-cooled 
fast reactor and which have been investigated in the early periods of development, 
only a small number of configurations have been recognized as feasible and 
retained for further design study and development. 

The integrated design in which the reactor and all the equipment of the 
primary circuit are housed in a prestressed concrete pressure vessel of the 
multicavity type has been the most common design. Mixed oxides of uranium 
and plutonium for the fissile part and thorium or uranium (usually depleted) 
oxides for the fertile part may be used as fuel. 

Two main lines of development have been followed in this respect. The 
first was based on metal-sheathed fuel pins similar to those used in LMFBR, 
thus making use of the comprehensive experience available in that field. Most 
recent designs are based on fuel pins with a pressure balance system in order to 
avoid pressure differences across the pin cladding. On the other hand, carbon-
coated particles based on the experience gained with thermal high-temperature 
reactors were also considered in the UK and the USSR in view of their potential 
for achieving high temperatures. In this type of fuel the presence of carbon, 
acting as a moderating element, results in a softer neutron energy spectrum and 
a considerably lower breeding ratio. However, questions began to arise in 
relation to the fuel assembly from mechanical design, materials and fluid flow 
points of view and work on this version had largely come to an end by 1975 in 
the UK, but continues in the USSR. 

As far as the reactor cooling medium is concerned, helium is the most widely 
used. Nitrogen tetroxide (N 2 0 4 ) is also being considered in the USSR as a 
dissociating coolant, having especially favourable heat transfer properties. 
Carbon dioxide (C0 2 ) was also a potential coolant for GCFRs in conjunction 
with the use of coated particles as fuel, but has recently been proposed in the 
United Kingdom for use with 'sealed' fuel pins and with reactor engineering 
features closely following those of AGRs. 

Most of the GCFR systems use an indirect cycle with steam generators 
producing steam to drive the turbine. Cycles with helium or nitrogen tetroxide 
directly fed to a gas turbine have also been investigated. 
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Although coolant pressures in the range of 9 to 10 MPa are more of ten 

retained for helium-cooled reactors, higher pressures up to 17 MPa are selected 

for both helium and nitrogen tetroxide-cooled reactors of Russian design. Such 

pressures are substantially higher than those used in present thermal gas-cooled 

reactors and will require supplementary design studies and experimental work 

to be carried out for both the PCRV and the gas circulators. 

For the construction of the reactor system the integration of the core and 

the main nuclear components in a PCRV is generally adopted with variants 

which have included most generally multicavity (pod-boiler) design. However, 

the application of the single-cavity prestressed concrete vèssel has recently been 

studied [93], Some design work has also been done for GCFRs with high-pressure 

steel vessels. 

The possibility of achieving natural circulation (under pressure) in the core 

in emergency conditions has been a major safety reason for adopting an upward 

gas flow in the reactor core. 

In summary, the major design, analytical and development efforts on the 

GCFR have focused on metal-clad, mixed plutonium and depleted uranium oxide 

fuel rods, cooled by upward-flowing helium at a pressure of 9 to 11 MPa, with 

the entire primary-coolant system enclosed in a multicavity PCRV. The core 

heat is transferred to steam generators which produce steam to drive turbine-

generators. Breeding blankets generally consist of metal-clad oxides of thorium 

or depleted uranium. 

3.1.5.2. The GCFR programme in the USA 

In the early 1960s the possibility of using high-pressure helium as a coolant 

in a fast breeder reactor was investigated by GA and work has proceeded over 

the past 20 years along this line. 

A conceptual design for a 350 MW(e) demonstration plant has been prepared. 

This design features an upflow core, pressure-equalized and vented fuel pins 

(Fig. 44), a multicavity PCRV, a horizontal electric motor drive for the main 

helium circulator and extensive provisions for residual heat removal. There are 

three main and three auxiliary loops. In addition, the core auxiliary cooling 

system can operate with natural circulation. The breeding ratio of this plant is 

1.35. The main characteristics are given in Table XXIV and a cutaway of the 

NSS system is shown in Fig. 45 [55(c), 94]. 

The extensive provisions for ensuring core cooling are shown schematically 

in Fig. 46. The results of a calculation of the maximum fuel-clad temperature 

reached when cooling is provided, following scram, by only one of the auxiliary 

cooling loops (primary system pressurized) are shown in Fig. 47. 

The core of the demonstrat ion plant consists of 169 hexagonal assemblies 

of which 150 are fuel assemblies, 15 are control assemblies, and 4 are secondary 
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FIG.44. Balanced pressure fuel pin principle. 

shutdown assemblies. Each fuel assembly contains 265 fuel rods, each 8 mm 
in diameter and located on an 11.5 mm triangular pitch. A schematic of a 
fuel rod is shown in Fig. 48. 

The plant design makes the maximum use of the helium technology being 
developed under the HTGR programme, particularly the experience f rom the 
For t St. Vrain plant and the fuel and physics technology of the LMFBR 
programme. 

Several scoping studies have also been performed on large-scale GCFR 
designs (3600 MW(th) /1200 MW(e)) with the purpose of assessing the influence 
of different primary system pressures and helium circulator powers on fuel cycle 
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TABLE XXIV. 360 MW(e) GCFR PLANT CHARACTERISTICS 

Overall plant 

Thermal power 1090 MW (th) 

Net electric power 360 MW(e) 

Net plant efficiency 33% 

Number of main loops 3 

Circulator power 10.7 MW/loop 

Reactor 

Fuel material ( P , U ) 0 2 

Fuel rod diameter 8.0 mm 

Blanket material U 0 2 

Maximum cladding temperature 750°C 

Reactor inlet temperature 298°C 

Reactor outlet temperature 524°C 

Helium pressure 10.5 MPa 

Reload interval 1/3 of core/a 

Breeding ratio 1.35 

Power conversion system 

Turbine inlet pressure 10.0 MPa 

Turbine inlet temperature 482°C 

and comparing the present oxide fuel cycle with improved fuels (oxide and 
carbide) with new cladding alloys. 

The improved fuel cores make it possible to achieve better nuclear perfor-
mances which may be summarized as follows: 

(a) Fissile inventory reduced by 30% with advanced oxide and 36% with carbide 
(b) Breeding ratio increased from 1.40 to 1.57 and 1.75 respectively 
(c) Compound system doubling time decreased from 16 to 6 years [95]. 

These results are close to the best values expected for this type of reactor and 
confirm its outstanding potential. 
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3.1.5.3. The OECD-NEA GCFR programme 

F r o m 1971 to 1980 a Co-ordinat ing G r o u p on Gas-Cooled Fast Reac to r 
Development had endeavoured to establish a co-ordinated p r o g r a m m e fo r work 
to be unde r t aken on gas-cooled fast reac tors ( G C F R ) reflect ing deve lopment 
work at na t iona l research centres and by industr ia l under tak ings in the partici-
pating countr ies . Eleven countr ies and t w o in te rna t iona l bodies were represented 
in the G r o u p 3 . In add i t ion to its p rog ramme on the consol ida t ion of the re fe rence 
design of a G C F R , the Co-ordinat ing G r o u p sponsored several specialists meet ings. 

An extensive G C F R Sta tus R e p o r t was published at the beginning of 
1980 [55(a)] . The r epor t had been prepared t o provide an up- to-date s t a t emen t 
o n gas-cooled fast r eac tors (GCFRs) . It reviewed the work carried o u t b y t h e 
organiza t ions represen ted o n the Co-ordinat ing G r o u p in the fields of design, 
safe ty and research and deve lopment , and part icular ly cont inuing the deve lopment , 
and it also examined the ra t ionale in the light of encouraging results so far . More 
detai l on the work presented in the Status R e p o r t was repor ted in Ref . [55] . It 

3 Austria, Belgium, Frâhce, the Federal Republic of Germany, Italy, Japan, 
the Netherlands, Sweden, Switzerland, the United Kingdom, the United States of America, 
the Commission of the European Communities and the European Association for the 
Gas-Cooled Breeder Reactor (GBRA). 
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STEAM 

FIG.46. Schematic drawing of GCFR core-cooling system. 

concluded that the GCFR presented the prospect of an attractive system. 
Preparation of the report reinforced the Group's view that there were no 
feasibility issues that could not be solved. In this light and having regard to 
the priority afforded by the GCFR concept in most Member Countries and to 
the competing demands on the resources of the Nuclear Energy Agency, it was 
decided in 1980 not to extend the mandate of the Group. 

3.1.5.4. GBRA design 

The European Association for the Gas-Cooled Breeder Reactor (GBRA) 
was formed in 1969 by a group of industrial companies and research organizations, 
joined later by certain utilities as associates. GBRA initially examined a range of 
schemes — alternative coolants (He and C 0 2 ) and alternative fuel concepts 
(pins and coated particles). In 1972 the Association decided that the most 
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FIG.47. GCFR core cooling by natural circulation only. 

FIG.48. GCFR fuel rod assembly. 
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reliable and attractive prospect for the short and medium terms would be a 
steam-generating system with pin fuel and cooled by helium, and since that 
time their work has been devoted to a 1200 MW(e) commercial reference design, 
to the assessment of all feasibility, performance, safety, economics and the R & D 
questions related to the design, and to the problems of commercial introduction 
of GCFRs, including the form that the initial reactor system to be built should 
take. The GBRA was invited by the NEA Group on Gas-Cooled Fast Reactor 
Development to represent European industrial interests and has taken part in 
the discussions and programme planning from the formation of the Group. 

3.1.5.4.1. GCFR in multicavity vessel 

The reference design of a 1200 MW(e) commercial GCFR, the GBR-4, 
prepared by the GBRA is briefly outlined below. 

The reactor core, cooled by upward helium flow, is surrounded by six steam 
generators with gas circulators mounted below, all housed in cavities in the wall 
of the PCRV. The gas circulators are driven by 20 MW induction motors. 

Three separate emergency cooling loops are housed in other cavities with 
motor-driven circulators and a natural-circulation pressurized-water heat-removal 
system. 

The reactor core has three annular enrichment zones and is surrounded by 
a row of removable steel reflectors followed by a side neutron shield made of 
ceramic blocks contained in steel tubes. 

The control assembly mechanisms are housed in the pressure-resistant 
control cavity below the reactor vault. 

The fuel assembly is similar to a LMFBR assembly except for the wider 
spacing of the fuel pins, the roughening of the clad to improve heat transfer 
and the fuel-pin pressure-equalization arrangement [96, 97]. 

Off-load refuelling is performed annually, one third of the core being 
changed. The pantograph machine, which covers the whole core, blanket and 
reflector positions, moves the assemblies inside the reactor vault to and from 
the temporary rest position at the side of the core. 

In the USSR, and also in the United Kingdom but with C 0 2 cooling, the 
'sealed' pin concept with gas plenum is considered to have adequate economic 
and safety performance over burnups in the range of 60—100 GW-d/t under 
varying coolant-pressure conditions. The UK version is based on the AGR, 
using existing components, construction techniques and operational technologies 
built up for that reactor with the aim of minimizing the development work [98,99]. 

Main technical data are given in Table XXV and a vertical section of the 
GBR-4 1200 MW(e) reactor is given in Fig. 49. 
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TABLE XXV. MAIN TECHNICAL DATA OF GBR-4 

141 

Temperature (core outlet) 560°C 

Temperature (core inlet) 260°C 

Coolant pressure (core inlet) 9 MPa 

Core pressure drop 0.24 MPa 

Pumping power 124 MW (e) 

Net efficiency 35% 

Peak linear rating 40 kW/m 

Mid-cycle fissile enrichment 13.2% 

Peak burnup 100 MW-d/kg 

Peak fluence (E > 0.1 MeV) 2.5 10+ î 3 cm2 

Refuelling interval (0.75 LF) 1 a 

Core fuel in-pile time (0.75 LF) 3 a 

Burnup reactivity 0.6% 

Start-up fissile core inventory 3.9 kg/MW(e) 

Breeding ratio 1.40 

System doubling time 11.8 

Net fissile Pu production 0.287 kg/MW(e) - a 

3.1.5.4.2. GCFR in single-cavity vessel 

The Commission of European Communities recently sponsored a re-evaluation 
by the GBR Association (GBRA) of primary circuit design for helium-cooled 
breeders and this led in 1981 to a study of the application of the single-cavity 
vessel to the GBR-4 reactor at 8.9 MPa working pressure (9.8 MPa design). The 
single-cavity vessel has the advantage of permitting easily and without undue 
cost the provision of space for access for the inspection and repair of coolant 
circuit components and it also enables the use of mechanical plant features 
already proven in AGR experience. Furthermore, the relatively simple geometry 
of the vessel steel liner and thermal insulation should enhance reliability. A 
helical prestressed system is preferred to the more usual external circumferentially 
wound plus vertical prestress tendon system because of the greater ease of checking 
and readjusting all tendons in service and the absence of interactions with plant, 
structures and hazards outside the vessel. 
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FIG.49. 1209 MW(e) G BR 4, helium 8.9 MPa. 

The elevation and plan of the vessel system for a design pressure of 9.8 MPa 
is shown in Fig. 50. The reactor core system, core shielding and core support 
structure are similar to those of the GBR-4 multicavity vessel reactor (Fig. 44), 
the principal differences arising with the steam boiler plant and arrangement of 
the gas circulators. 

Gas passes down through the boiler units and discharges into the circulator 
annulus, which forms the entry plenum for 6 main and 6 auxiliary gas circulators. 
This annulus is divided into 6 separate coolant circuits by division walls. 
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FIG.50. 1200 MWfe) GBR4 reactor in single-cavity vessel, 8.9 MPa. 

3.1.5.5. The GCFR programme in the USSR 

3.1.5.5.1. Helium-cooled fast breeder reactor 

The design of an industrial demonstration power station of about 300 MW(e) 
with a helium-cooled fast breeder reactor has been undertaken in order to provide 
technical solutions for commercial-size plants with higher electric power in the 
range of 1200 to 1600 MW(e). 

The reactor of this demonstration plant, named BGR-300 [100], is of the 
integrated type with the reactor and primary circuit equipment housed together 
in a PCRV. The reactor and the primary equipment integrated in the PCRV are 
accommodated with the rest of the primary circuit equipment in a hermetically 
sealed protective shell (containment) . 

The PCRV is of the multicavity type with the reactor in the central cavity 
of the vessel. Four steam generators with main electric-driven gas circulators 
and four emergency shut-down systems are located in cavities in the wall of the 
vessel. 

The reactor core is divided into low and high-enrichment zones and is 
surrounded by the rows of blanket assemblies. Control of the reactor power is 
achieved by displacement in the core of assemblies with fissile material. The 
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TABLE XXVI. PRINCIPAL CHARACTERISTICS OF THE 
BGR-300 REACTOR 

Stage II 

Reactor thermal power 810 MW 

Primary circuit coolant Helium 

Nominal coolant pressure 16 MPa 

Coolant flow rate 1600 t/h 

Coolant temperature at reactor inlet 280°C 

Coolant temperature at reactor outlet 630°C 

Fuel ( U , P u ) 0 2 

Critical fissile-isotope fuel mass 0.753 t 

Fuel element type Rod 

Fuel element diameter 6.9 mm 

Maximum fuel temperature in element 2400°C 

Maximum fuel element cladding temperature 800°C 

Campaign 615 eff-d 

Burnup 10% 

Breeding ratio 1.61 

Fuel doubling time 7 a 

fuel is in the form of plutonium and uranium oxide pellets. The rod-type fuel 
element with steel cladding has a diameter of 6.9 mm and wall thickness of 
0.4 mm. Above and below the active part are end blankets made up of depleted 
uranium oxide pellets. 

In parallel with the development of the rod-type fuel element assemblies, 
work is proceeding on a new type of assembly with coated particles of 2 to 
2.5 mm diameter. This should enable a significant increase in the core power 
density to be achieved (factor of 2—3). Table XXVI gives the principal 
characteristics and Fig. 51 shows a vertical section of the BGR-300 reactor. 

The feasibility of a similar plant with a higher power of 1600 MW(e) has 
also been investigated (BGR-1600). 

3.1.5.5.2. Fast breeder reactors with dissociating coolant 

Extensive development and design work has been devoted to nitrogen 
tetroxide ( N 2 0 4 ) or nitrine as dissociating coolant in fast breeder reactors. 
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FIG.51. BGR-300 reactor unit, vertical cross-section. 

N 2 0 4 has a high dens i ty , a low viscosity and excel lent heat- t ransfer proper t ies 
leading to compac t cores. The physical , chemical and t he rmodynamica l proper t ies 
of N 2 0 4 have been tho rough ly investigated fo r over 15 years and are n o w well 
u n d e r s t o o d . 

During the course of a t he rmodynamica l cycle N 2 0 4 undergoes t w o 
dissociat ions under changing pressure and t e m p e r a t u r e condi t ions : 

N 2 0 4 2 N 0 2 ^ = 2 NO + 0 2 

and re tu rns to its liquid state in the condenser . N 2 0 4 is a highly corrosive 
coolant and intensive p rogrammes are in progress to master this p rob lem. 

The design of a 3 0 0 MW(e) d e m o n s t r a t i o n p lant (BRIG-300) wi th a fas t 
breeder r eac to r cooled wi th N 2 0 4 opera t ing o n a gas liquid t h e r m o d y n a m i c 
cycle and a gas t u rb ine has been established. Because of the risk of a chemical 
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TABLE XXVII. CHARACTERISTICS OF THE BRIG-300 POWER PLANT 

Characteristics Breeder 

Gas temperature at the reactor inlet/outlet 471/754°C 

Gas pressure at the reactor inlet/outlet 17.0/15.8 MPa 

Fuel in the AZ U02 + Pu02 + 30% Cr 

Equivalent diameter/height of the AZ 1.63/0.74 m 

Mean energy output in the AZ 700 kW/L 

Diameter of the fuel rod/cladding 6.2/0.3 mm 

Cladding material Steel 

Fuel blanket Magnesium uranate 

Breeding coefficient 1.38 

Doubling time with intermediate cycle of 1 year 10a 

reaction between the fuel and the coolant, sealed fuel elements are being 
developed. The principal parameters and a system diagram of the BRIG-300 
plant are shown in Table XXVII and Fig. 52. 

Technico-economical feasibility studies for a similar 1500 MW(e) station 
have been carried out (BRIG-1500). 

Special research programmes on fuel for N 2 0 4 -cooled fast breeder reactors 
have been considering using plutonium and uranium carbide and nitride instead 
of oxide. 

3.1.5.6. The GCFR programme in Switzerland 

In the late 1960s assessment studies of a 1000 MW(e) helium-cooled fast 
breeder reactor were undertaken in Switzerland by the Swiss Federal Institute 
for Reactor Research in collaboration with Swiss industries and engineering 
companies. American specialists of GA have also participated in this project. 
A detailed analysis has been made of helium-cooled fast breeder reactors using 
different types of energy conversion systems: direct-cycle gas turbines and 
indirect helium-steam cycle. From the engineering point of view, the direct 
cycle had the advantage of making use of the large experience available in the 
Swiss industry in the field of gas turbines. 

The direct cycle has been studied in a non-integrated version where the 
gas turbines are located outside the PCRV and an integrated version where the 
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FIG.52. Flow diagram and characteristics of the BRIG-300 power plant. 
(1) reactor; (2) high-pressure cylinder of the turbine; (3) low-pressure cylinder; (4) regenera-
tor; (5) condenser; (6) dry cooling tower; (7) booster pump; (8j filter; (9) primary feed pump; 
(10) thermal compensator; (11) emergency cooling loop. 

whole turbomachinery and heat-exchanging equipment are located in the PCRV. 
A preliminary comparison between the variants was made with regard to their 
feasibility aspects, economic performance and safety features. The non-integrated 
gas-turbine variant was found to be that with the lowest capital and energy-
generating cost. In addition, this mode of construction is particularly favourable 
f rom the point of view of maintenance, the gas turbine being directly accessible 
for maintenance operations and could possibly be removed without intervening 
into the reactor itself. 

3.1.5. 7. GCFR design status and prospects 

R & D and design studies carried out on GCFRs for over twenty years have 
been converging toward a set of basic engineering principles which are currently 
considered to be applicable to most designs of reactors of this category. 

The integrated design in which the reactor and all the equipment of the 
primary circuit are housed in a PCRV, of the multicavity type, is the most common 
design. 
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The design of the fuel with 'vented' pins is the standard concept for most 
projects in Europe and the USA. Although there is some interest in the UK in 
the use of sealed pins with C 0 2 as coolant, the vented pin concept with helium 
has undergone extensive experimental work, but will nevertheless require some 
further R & D before large-scale application in GCFRs. The roughening of the 
fuel pin cladding to increase the heat-transfer performances is another engineering 
feature that does not exist in the LMFBR fuel and will require further develop-
ment and testing. An extensive programme on this feature has been carried out 
in the Federal Republic of Germany, Switzerland and the USA. 

The low absorption cross-section of gases used as coolant in GCFRs makes 
it possible to achieve breeding ratios generally close to 1.4. This value, about 
0.2 higher than for present sodium-cooled fast breeder reactors, may be ascribed 
to this lower neutron absorption and the resulting harder neutron spectrum. 

Special technical development of GCFR fuel may lead to breeding ratios 
that are anticipated to be even higher, up to 1.75 with advanced carbide fuels 
and 1.85 with lsN-enriched nitride fuels. These outstanding performances may 
be reached with annual refuelling and a fuel residence time in the reactor 
generally of the order of three years. The system doubling time is in most cases 
between 6 and 16 years but improved systems have been studied which could 
possibly result in much lower doubling time, e.g. 4.1 years for the 1SN nitride 
fuel. 

The experience gained with LMFBR fuels which is directly applicable to 
most proven GCFR designs led to fuel burnup values of 100 000 MW"d/t as 
reasonably acceptable. The vented design of fuel pins for cladding pressure 
balance is retained for most of the helium-cooled variants and, when fully 
developed, this should contribute to the reliability of the fuel behaviour. 

From the results obtained from the various development and design 
programmes, it appears that GCFRs have outstanding features with respect to 
reactor physics, plutonium generation (high breeding ratio and low doubling 
time), thermodynamic performance and power output (high efficiency of the 
thermal plant). Very high inherent and engineered safety characteristics could 
be achieved with only two thermal circuits (instead of three in the sodium 
FBR). Some experimental work on some definite items would, however, be 
necessary to confirm the feasibility of this reactor line. 

In spite of these very promising results, the development of the United 
States and European programmes has been given up, while only the Soviet work 
is going on with notable effort. 

Because of the importance of breeder reactors for nuclear energy, the 
GCFR design, with all mentioned potentials and promising issues could 
constitute a valuable system complementary to the liquid metal-cooled fast 
breeder line. 
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3.2. PROCESS STEAM AND PROCESS HEAT APPLICATION 

3.2.1. Introduction 

Over the last three decades both the global and the regional configurations 
of the economies in all industrialized countries have been essentially characterized 
by oil and natural gas as energy sources. This has resulted in an infrastructure 
within industry, transport and consumer facilities that also in the foreseeable 
future will require to be supplied with liquid and gaseous energy material. Coal 
and nuclear energy will, on a worldwide scale, become increasingly attractive with 
respect to secured energy supplies. 

So far nuclear energy is only practicable for electricity production, this means 
for only 13 to 14% of the final energy supply. This share is relatively small, 
even though electricity keeps a key position. Most of the energy, i.e. approximately 
85 to 87%, needs to be made available in the form of hydrocarbons, of which light 
fuel oil, motor fuel and natural gas account for the largest contribution to the 
energy supply for heat production and transport. These relationships apply more 
or less to most industrialized countries. 

All industrialized countries use nearly 70% of their primary energy as heat 
and 30% as electric power. Of this necessary heat 70% is low-temperature appli-
cation for home heating and hot water supply and 30% is industrial process heat 
at various temperature levels. At present the heat is mainly produced from 
mineral oil and natural gas. Therefore a real chance to save expenditure on energy 
imports exists only on the heat market. 

One possibility is the cogeneration of steam and electric power by HTGRs, 
with the use of the steam and hot water for home heating and steam at temperatures 
up to 530°C and 17 MPa to supply energy to industry, as for example the chemical 
industry or a Lurgi coal gasification plant. 

Another possibility is the production of substitute natural gas (SNG, 
36 MJ/m3 ) or synthesis gas (CO, H 2 , 9 - 1 1 MJ/m3) from hard coal or lignite 
at temperatures between 700 and 900°C. Here the process heat is directly coupled 
into a specially suited gasification process. 

The use of a cogeneration plant results in economic benefits and considerable 
savings of gas and oil fuel. In addition, the inherent safety features of the HTGR 
make it easier to site plants adjacent to industrial areas, permitting economical 
transmission of steam. In addition, the possible substitution of large quantities 
of fossil fuel offers a valuable contribution towards the protection of the 
environment. 

It should be mentioned, however, that in plants with a steam cycle the 
extraction of the heat as steam involves a serious loss in the amount of power 
obtainable. Under the conditions prevailing in district heating systems as known 
at present, even when the heat extraction is optimally designed, this loss probably 
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amounts to some 15 MW(e) per 100 MW heating power. In HTGR-GT plants, 
on the other hand, a large proportion of the heat produced could be utilized 
for heating purposes without any power decrease. 

Cogeneration of steam and power by HTGRs has been studied in various 
countries. The proposed use of the heat is different according to the energy 
resources of the specific country. In the Federal Republic of Germany the 
utilization of steam from HTRs is focused on conventional coal gasification, 
chemical industry application and district heating. Switzerland is mainly interested 
in utilizing the heat from HTGRs for district heating and for the chemical 
industry, whereas in the United States of America the large potential market 
areas of industrial and chemical applications, synthetic fuel and oil by extraction 
from oil shale and oil sands, could all represent use of process steam from 
HTGR plants. In the USSR development work on the HTGR is now focused mainly 
on combined heat and power generation. A cogeneration plant for power 
and ammonia production has been designed. 

With projected declining supplies and rising prices of crude oil and natural 
gas the interest in direct coal gasification by process heat at temperatures 
between 700 and 950°C has grown in several countries. As a result of this continually 
growing shortage of oil and natural gas, which are widely employed in various 
energy-intensive industries (metallurgical, chemical, etc.) and for electricity 
generation, domestic purposes and transport, the use of coal in these areas will 
become increasingly important. Since world coal reserves are considerable 
(>10 1 3 tonnes hard coal equivalent, which is considerably more than known oil 
and gas resources), the scale on which it is used in future will of necessity increase, 
and in a number of cases coal is practically the only organic fuel with a role in the 
energy balances of certain countries. 

It will be difficult, however, to use solid fuel in the untreated state for a 
number of important reasons (economic, ecological, regional, etc.). Moreover, 
for many decades various industries have developed on the basis of gas and 
liquid-fuel use. The technologies underlying many processes in the metallurgical 
and chemical industries and power production, transport and domestic activities 
using organic fuels have been based on gas, oil and its refinement products. For 
example, these types of organic fuel account for over 70% on average of the energy 
consumption in most industrialized countries. 

All this makes it necessary to develop processes for converting coal into 
high-quality fuels that are more convenient to use. These processes are of 
particular interest to countries with extensive coal reserves. 

t Because of the importance of meeting energy needs, processes for converting 
coal into synthetic liquid and gaseous fuels are being developed in a number of 
countries. In recent years the progress made in the development of high-temperature 
gas-cooled reactors (HTGR) has led to studies in a number of countries including 
the Federal Republic of Germany, Japan, USA and USSR, on the use of the 
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FIG.53. Efficiency of coal conversion processes. 

high-temperature thermal energy of these reactors for gasification of lignite and 
hard coal. The use of this method reduces coal consumption by a factor of 
1.6—1.7 in comparison with existing methods, steps up production efficiency, 
reduces the cost of the end products and considerably improves the ecological 
situation. The great differences between the efficiencies of coal conversion 
processes related to the heat arriving at the final consumer are demonstrated 
in Fig. 53 [ 101 ] . It can be seen that the direct coupling of an HTGR to a coal 
gasification plant (allothermal gasification) is in energy terms the most efficient 
process. At the same time, the environmental pollution by S 0 2 , NOx and dust 
can be avoided completely (see section 4.4). 

Provided the still existing development problems of HTGRs for high-temperature 
applications and of the foreseen gasification processes can be solved and provided 
the economics of such a process heat plant remain promising, the new concept 
would allow a most efficient use of coal. 

The Federal Republic of Germany, Japan, the United States and the USSR 
are considering this new option. Co-operation between authorities, research centres, 
utilities, gas and coal companies, and the reactor industry has been established 
for this purpose in recent years. 
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It is felt that the potential for the HTGR is considerably enhanced by its 
unique potential to supply process heat at very high temperatures (up to 950°C) 
and simultaneously steam up to 540°C and 17 MPa. 

When analysing currently available gasification methods that could use the 
thermal energy of HTGRs, two processes can be considered: 

Hydrogasification CH4 + H 2 0 = 3H2 + CO 

C + 2H2 = CH4 

Steam gasification C + H 2 0 = H2 + CO 

CO + H 2 0 = C 0 2 + H2 

With inert helium as coolant and graphite as the structural material for the core, 
HTGRs can already produce output temperatures of 950°C. This temperature 
is high enough for the efficient performance of a number of gasification processes. 
In the future, as new materials and design options for heat-exchanging devices 
and for means of transferring the thermal energy of the reactor to the gasification 
process are developed, it may be possible to achieve higher temperatures, which will 
increase the overall efficiency of the plant. 

The high-temperature part of the available thermal potential of the HTGR between 
600—750 and 950°C is used for steam gasification or methane reforming. The 
low-temperature component of thermal energy between 300 and 600-750°C 
is consumed by the production and superheating of steam for the gasification pro-
cess and for electricity generation. The proportion of reactor heat directly 
involved in the gasification process increases with the rise in gas temperature at the 
reactor outlet, which in turn raises the efficiency of the plant. 

Liquid synthetic fuel production processes are of particular interest in coal 
reforming. They can be based on the synthesis of hydrocarbons by the Fischer 
Tropsch method or on direct hydrogénation of coal, whereby the coal can be 
liquefied at a pressure of 10 MPa using hydrogen donors and an active catalyst [102]. 

When making an economic comparison of conventional and nuclear coal-
reforming methods, use should be made of a complex approach taking both 
economic and ecological aspects into account. With the direct replacement of the 
40% of coal used in conventional gasification for heat production by the thermal 
energy of HTGRs, the cost of the latter needs to be comparable with that of the 
thermal energy from coal [ 103 ] . It is obvious that this condition is fulfilled 
most nearly if coal is expensive. This will be the case, for example, in Western 
Europe, especially in the Federal Republic of Germany, but also in the European 
part of the USSR. 

The synthesis gas (CO + H2 ) produced by coal gasification or by the steam 
reforming of methane is an important raw material for the chemical industry. It 
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REACTOR 
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POSSIBLE APPLICATIONS O F THE HIGH-TEMPERATURE 

Electricity generation 
• HTR steam-cycle systems 
• HTR with an integrated direct-cycle gas turbine 

Process steam 
(and electricity in cogeneration) for 
• Organic chemistry production processes and petrochemistry 
• Extraction and processing of crude oil 
• SNG production by Lurgi/Exxon process coal gasification 

Process heat application 
• Synthesis gas production for 

SNG production by hydrogasification of coal 
Ammonia production 
Iron ore reduction 
Methanol synthesis 

• SNG production by steam gasification of coal 
• Cracking of heavy oil residues 
• Long-distance energy transport by gases 
• Hydrogen production by thermo-chemical splitting of water and high-temperature 

electrolysis of water 

may be fed into different processes, as pointed out in Table XXVIII [104] . 
The most important processes are described shortly in section 3.2.4. 

3.2.2. Proposed reactor concepts 

3.2.2.1. PNP-500 plant (Federal Republic of Germany) 

In the Federal Republic of Germany the drastic increases in the price of 
oil and natural gas during the last 10 years have been an incentive to develop a 
system and components for the gasification of coal supplied with high-temperature 
nuclear energy f rom a pebble bed HTR. This task is carried out within the PNP 
Project by companies of the Federal German nuclear and coal mining industry 
and the Nuclear Research Centre at Jülich (KFA). A prototype plant has been 
designed and analysed and a broad experimental programme carried out since 1975. 

The objective of the Prototypanlage Nukleare Prozesswärme Project 
(PNP Project) is to develop, design and construct a prototype plant with an HTR 
and a process plant for the gasification of coal at a high conversion rate. This 
will be realized by providing the high-temperature heat necessary for the conver-
sion process (as well as the low-temperature heat and electrical power for internal 
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FIG.54. Cross-section ofPNP-500. 

consumption) from nuclear energy from a high-temperature reactor with ball-type 
fuel elements. 

The main development goals of the process heat project (PNP) can be 
summarized as follows: 

Modification of the high-temperature reactor for the generation of a helium 
core outlet temperature of 950°C; 
Development of heat-transfer components suitable for transferring the 
high-temperature energy of the reactor to the coal conversion process; 
Development of a suitable system design and procedures for coupling the nuclear 
plant to the process plant ; 
Development of gasification processes and components applicable for 
nuclear process heat utilization. 

The PNP-500 plant has been designed [ 105] whereby two processes of the nuclear 
plant are coupled with subsequent processes. One process is the reforming (or 
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Power 500 MJ/s 

He outlet temperature core 950°C 

He inlet temperature core 300°C 

Number of loops 2 

Hydrogasification and NFE 250 MJ/s 

Steam gasification 250 MJ/s 

Electricity generation 92 MW 

Electricity consumption 102 MW 

Steam gasification of hard coal (WKV) 

Coal input 30 t /h 

SNG production 25 X 103 m3/h 

Hydrogasification of lignite (HKV) 

Coal input 166 t/h 

Residual char 18 t /h 

SNG production 27 X 103 m3/h 

splitting) of methane with steam and nuclear heat, the other is the gasification 
of coal with the aid of steam and nuclear heat. Both processes will be tested in a 
prototype system, based on a high-temperature pebble bed reactor rated at 
500 MW(th) (Fig. 54). The main data are given in Table XXIX. 

The reactor power is diverted equally via an He-He intermediate heat 
exchanger (IHX) into a system for the combined gasification of hard coal 
(combination of hydrogasification and steam gasification) and via a steam 
reformer with downstream steam generator into a system for the hydrogasifi-
cation of lignite. 

The facility in general 

The flow diagram of the prototype nuclear process heat plant PNP-500 
is given in Fig. 55. The facility comprises: 

(a) A high-temperature reactor with ball-type fuel 
(b) A hydrogasification system for lignite (HKV), used for producing methane 

for the nuclear long-distance heat plant (NFE) as well as for substitute 
natural gas (SNG), left side of Fig. 55 
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FIG.55. Flow scheme of the prototype plant PNP-500. 

(c) A steam gasification facility for hard coal (WKV), right side of Fig. 55 
(d) A steam power plant (lower part of Fig. 55) common auxiliary and 

ancillary systems (not shown in Fig. 55). 

The core of the PNP-500 is similar to the core of the THTR-300. 36 THTR-
type reflector rods are provided for emergency shut-down and can be used to 
keep the reactor in a hot, subcritical condition. The second shut-down system 
comprises 54 absorber rods which are inserted into the pebble bed in two stages. 
This system serves also for reactor core power control and for balancing power 
perturbations and hotspots. 

Instrumentation systems installed near the core are used for determining 
the neutron flux, the hot-gas temperature profile, and the radial and azimuthal 
power distribution, especially in order to protect downstream components 
from the effects of hot gas streaks. 

The reactor pressure vessel is a multicavity prestressed concrete vessel 
surrounding the entire primary system. The load-bearing lids of the primary 
system heat exchangers are designed as vessel closures. 

The primary system helium enters the core cavity through the outer tube 
of coaxial hot-gas/cold-gas ducts at a temperature of 300°C and continues on 
into the core via the upper cold-gas plenum. Once in the core, the helium heats up to an 
average temperature of 990°C, passes on to the inner hot-gas tube of the coaxial duct by 
way of the hot-gas plenum, and enters the primary heat exchanger from below at a 
temperature of 950°C. The hot-gas duct is provided with ceramic insulation 
and is still undergoing development under the R&D programme. 
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Half of the hot-gas flow carries its heat to a steam reformer (950/700°C) 
and a primary steam generator located downstream (700/293°C). A single-stage 
radial-flow circulator with a vertical shaft, overhead impeller and electric drive 
returns the gas to the core. 

Each of two He-He IHXs cools one fourth of the hot gas from 950°C to 
293°C and returns it coaxially via blowers into the core cavity after increasing 
its pressure. 

Four separate and independent loops are provided for decay heat removal. 
Each is separate from the others. On the secondary end cooling is effected via 
a helium loop and helium to air cooler with blowers. 

Subsequent to reactor scram, the process systems are all shut down and all 
available decay heat removal loops are started. In order to protect the high-
temperature components in the primary and secondary loops, a summation control 
feature cuts out unneeded decay heat removal loops and thus keeps the 
components from cooling off too quickly. 

Steam reformer (Fig. 56) 

The steam reformer, an immersion-tube heat exchanger, is used to split 
methane and steam into hydrogen, carbon monoxide and carbon dioxide with 
the aid of heat and a catalyst. The mixture of water vapour and methane 
prepared in a mixing chamber located outside the containment is introduced 
via a plenum into 295 reformer tubes. In the upper part of these tubes the 
mixture is preheated recuperatively to 560°C; in the bottom part it is heated 
to the final temperature of 810°C and simultaneously reformed before leaving the 
steam reformer through the central return tube installed in each reformer tube 
and the recuperative system. The jacket of the heat exchanger is cooled by 
cold gas (helium). 

Every few years, the catalyst is replaced without the need to dismantle 
the steam reformer. All primary components within the containment and the 
reformer tubes themselves (as soon as the catalyst is removed) can be subjected 
to repetitive non-destructive examination. 

The steam reformer is to be made of IN 617. Low primary stresses can be 
realized by adapting the pressures of the primary and secondary heat transfer 
loops. System analysis calculations proved that secondary stresses will be 
within tolerable limits especially due to low operational transients. 

Intermediate loop components 

Two He-He IHXs are developed simultaneously: a spiral-tube heat 
exchanger (helical construction) and a U-tube heat exchanger (U-tube compact 
construction). The primary helium flows on the outside of the tubes. The 
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secondary pressure is slightly higher than the primary pressure. The hot metal 
components are made of IN 617. 

In the helical heat exchanger the spiral tubes are connected to a secondary 
cold-gas header in the load-bearing lid and to a cylindrical secondary hot-gas 
header at the lower end, f rom which the secondary hot gas proceeds upwards 
through an insulated central return tube to the secondary hot-gas line. 

The U-tube IHX employs a simpler tube shape and requires less space than 
the helical heat exchanger. On the other hand, the compensation for thermal 
expansion and the primary gas system are more complicated. 

Strength analyses carried out with extrapolated materials data indicate that 
the He-He heat exchanger will be capable of 140 000 operating hours at 950°C. 
Of decisive importance in this regard are the low primary stresses under normal 
operating conditions and the relatively low temperature transients, which are 
still to be confirmed in detail. 

Reactor building 

The reactor building contains the prestressed concrete containment and parts 
of the nuclear auxiliary and ancillary systems. The cylindrical reinforced concrete 
structure and its dome are designed to withstand the full pressure upon 
depressurization of the primary cooling system and to satisfy all requirements with 
regard to seismic events, aircraft crash and blast waves. 

Special precautions have to be taken to protect the system against the 
formation of combustible gas mixtures in the reactor building. These gas 
mixtures may occur as a consequence of a rupture of the process gas pipe in the 
containment or through a combination of depressurization accidents. Several 
designs for protection against inflammable gas release have been made. 

3.2.2.2. Reference to modular reactor concepts and HTR-450 
(Federal Republic of Germany) 

The plants described in section 3.1.3.3.2 are all suitable for cogeneration 
or process heat applications. The HTR-450 is specially suited for cogeneration 
of electricity and process steam. In this case process steam of nearly 420°C 
and 10 MPa is delivered to a Lurgi plant for conventional coal gasification. It 
should be mentioned that the efficiency of the HTR in this case rises from 
approximately 39 to 58%. 

In the case of using the HTR-100 for nuclear coal processing, the primary 
system components required for hydrogasification of lignite or steam gasification 
of hard coal, such as the steam reformer, the steam generator or the He-He heat 
exchanger, are arranged in the upper part of the reactor pressure vessel (Fig. 35, 
upper section). Power units up to 200 MW(e) are designed as twin plants 
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TABLE XXX. HTGR-SC/C DESIGN PARAMETERS (COGENERATION 
VERSION) 

a At full cogeneration potential. 

according to the concept described above. In principle, also larger power units 
can be established by combining smaller units. 

The modular HTR is also designed for cogeneration and process heat 
applications. The heat-exchanging components like steam generator, steam 
reformer or intermediate heat exchanger are also surrounded by a steel 
pressure vessel. This vessel is connected t o the reactor vessel by a coaxial 
duct. The arrangement of core and components is shown in Fig. 39. 

3.2.2.3. HTGR steam cycle/cogeneration (USA) 

As previously identified in section 3.1.3.3.1, a standardized nuclear steam 
supply system (NSSS) termed the HTGR steam-cycle/cogeneration concept is 
being developed in the USA for both electricity generation and for cogeneration. 
At present, the principal US design effor t is focused upon the cogeneration variant. 

In the cogeneration variant of the HTGR-SC/C, the reference variable 
cogeneration system, which is depicted in Fig. 57, permits the steam generated by 
the NSSS to be used for all electric generation or for various degrees of 
cogeneration, depending on the relative steam and electric demands. In the full 
cogeneration mode, 631 kg/s of steam at 5.86 MPa is provided to a process pipe-
line and 231 MW(e) (net) is generated. In the all-electric mode there is no high-
pressure process steam extraction and 820 MW(e) (net) is generated. A summary 
of the design parameters is provided in Table XXX. 

Nuclear steam supply system 

Power 

Primary flow 

Core inlet temperature 

Core outlet temperature 

Average fuel temperature 

Fuel cycle 

Power density 

Average burnup 

Electrical output (max./min.) 

Steam flow 

Steam conditions 

Net efficiency 

2240 MW(th) 

1176 kg/s 

319°C 
689°C 

877°C 

LEU/Th (Stowaway) 

5.8 W/cm3 

100 000 MW-d/t 

820/231a MW(e) 

631 kg/s 

5.86 MPa/538°C 

93% 



FIG.58. Flow diagram for 850°C indirect-cycle HTGR-PH plant. 
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3.2.2.4. 850°C indirect-cycle HTGR-PH plant (USA) 

In this variant of the process heat plant, the reactor thermal energy is 
transferred to the process plant via a secondary helium heat transfer loop, hence 

' the indirect cycle designation. The HTGR-PH plant design considered as a reference 
for evaluations envisages a nuclear-chemical process whose product , for example, 
may be hydrogen (or a mixture of hydrogen and carbon monoxide) generated by 
steam reforming of a light hydrocarbon mixture. The basic flow diagram for 
steady-state operating conditions is shown in Fig. 58 for that application. Within 
the primary circuit the thermal energy from the 1170 MW(th) reactor core is 
removed by four independent loops. Each loop includes an intermediate heat 
exchanger (IHX), an electric-motor-driven helium circulator, and related 
instrumentation and controls. 

The funct ion of the IHX is to transfer thermal energy from a primary coolant 
loop to a secondary loop and, in addition, to provide a barrier to the egress of 
fission products (circulating within the reactor primary coolant) into the secondary 
helium loop. This component has been designed as a straight-tube heat exchanger 
with the primary helium flowing in a single pass inside the tubes and the secondary 
helium flowing across the bundle in a multipass cross-counterflow configuration. 
The IHX is located entirely in the PCRV and is welded at the lower end to a liner 
extension support . The upper end of the unit is attached to a primary/secondary 
gas boundary dome via a bellows/seal assembly, which compensates for IHX axial 
thermal expansion. 

The primary helium temperature conditions (particularly the core outlet 
temperature of 850°C) were established to meet the requirements of the chemical 
process while staying within the structural limits of the Inconel 617 material 
used in the IHX. The pressure level of 5 MPa is consistent with approaches followed 
in the For t St. Vrain design. The pressure level of the secondary helium is 
maintained only slightly above that of the primary system (thus preventing 
leakage of reactor helium into the secondary circuit) in order to minimize the long-
term loading on the IHX, in which the combination of high temperature and 
material limitations requires a near-pressure-balanced operation for structural 
integrity. 

The four secondary helium loops each consist of an IHX, a reformer, a 
steam generator, a secondary helium circulator, and related piping, valves and 
instrumentation. During normal operation secondary helium is heated to 793°C 
in the IHX and routed outside the PCRV to the reformer and then to the steam 
generator, which extract the heat necessary for the process and auxiliary power 
generation. The secondary loop equipment (eight reformers, four steam generators 
and four circulators) is installed in four prestressed concrete pressure vessels 
(PCPVs). The PCPV closely resemble the PCRV with regard to structural and 
construction features. 
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PRIMARY HELIUM 260°C 
CIRCULATOR 20 MPa 

FIG.59. Flow diagram for 950°C direct-cycle HTGR-PH plant. 

3.2.2.5. 950° C direct-cycle HTGR-PH plant (USA) 

In this variant of the process heat plant the reactor thermal energy is 
transferred directly to the process in the primary system. In the only application 
examined to date the nuclear heat is used for the reforming process and to 
generate high-quality steam in sufficient quantities to satisfy both the process and 
electrical generation needs for operation of the nuclear plant and the reforming 
process. The concept is identified as the HTGR Reformer (HTGR-R). 

The basic flow diagram for steady-state operating conditions is shown in 
Fig. 59. To investigate the maximum potential of the HTGR, the direct-cycle 
reforming concept being discussed had a core outlet temperature of 950°C. 
This temperature increase from the 850°C indirect cycle necessitates the use of 
more advanced technology in the nuclear heat source, which implies a longer 
schedule for realization of the first commercial-size plant. 

In the direct-cycle plant all of the nuclear heat source equipment is installed 
in the PCRV. In the plant discussed, four reformers, two steam generators and four 
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circulators are used for the 1170 MW(th) variant. From Fig. 59 it can be seen 
that the reactor outlet gas flows directly to the convectively heated reformer, 
transferring 650 MW(th) to the process gas. After leaving the reformer the primary 
helium flows through the steam generator and, via the circulator, is transported 
back to the reactor inlet at a temperature of 500°C. The maximum primary 
system pressure of 4 .8 MPa is slightly less than the indirect-cycle case, and 
selection was based on process plant considerations (particularly the reforming 
operation). 

In the case of the 950°C direct-cycle process heat plant the higher system 
pressure loss (resulting f rom the incorporation of additional equipment in the 
primary system) can no longer be met by a single-stage centrifugal compressor. 
Recent studies have shown that a four-stage axial compressor could supply the 
necessary pressure rise. The technology base for this unit would be the For t 
St. Vrain circulator with its single-stage axial flow compressor. 

3.2.2.6. VGR-50 reactor ( USSR) 

In recent years work has been carried out in the USSR on determining the 
design parameters for an experimental chemical energy plant, which uses a 
VGR-50 high-temperature gas-cooled reactor (Fig. 20). The plant is designed to 
generate electricity and to use gamma radiation for radiation chemistry processes 
on an industrial pro to type scale. It will provide experience in the design, construc-
tion and use of HTGRs with spherical fuel elements and make it possible to design 
the main primary loop components , to carry out large-scale testing of spherical 
fuel elements to confirm the neutron physics and thermal physics characteristics 
of the reactor, to develop the helium technology and so on. The principal 
characteristics of the VGR-50 reactor plant are given in Table XXXI. 

Optimization calculations were carried out to determine the neutron physics 
and thermophysical characteristics of the channel-free core of the VGR-50 
reactor. 

The spherical fuel elements are loaded into a cylindrical space formed by the 
graphite reflector, the lower end of which has a conical shape with a central 
channel for discharging fuel elements. Studies on sphere dynamics and heat 
exchange carried out on experimental rigs have made it possible to determine 
the geometric parameters of the pylons and the discharge pipe, to decide on the 
configuration of the bo t tom graphite reflector and to develop an improved design 
for the reactor cooling circuit. 

The height to which the spherical fuel elements fill the core during reactor 
operation can vary, the range of variation being limited by the gap of 500 mm 
between the core level and the top end reflector. To reduce reactivity fluctuations 
caused by changes in core height, provision is made for monitoring the level and 
maintaining it within specified limits. To provide compensation for the 
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TABLE XXXI. DESIGN PARAMETERS OF VGR-50 REACTOR 

Power 50 MW(e) 

Helium temperature: reactor outlet/inlet 800/280°C 

Helium pressure 4 MPa 

Core size - D/H 2.8/4.0 m 

Fuel element diameter (sphere) 60 mm 

Number of fuel elements 125 000 

Fuel enrichment 21% 

Burnup 100 000 MW-d/t 

Number of control rods, reflector/core 24/4 

Number of power cooling loops 4 

Gamma-power of radiation loop 3 0 0 - 4 0 0 kW 

Number of radiation chemistry loops 4 

Steam parameters 9 MPa, 535°C 

Reactor pressure vessel steel 

effect of excess reactivity on fuel burnup about 10% absorbing elements are 
included among the fuel elements and the concentration of these in the core 
can be changed during the operational cycle. 

The absorbing rods of the control and emergency system in a reactor with a 
filled core are not confined to the reflector in the 'dry' channels; some of them 
are inserted directly into the pebble bed. A study of different means for inserting 
the rods (pneumatic or mechanical) is being carried out on the test facilities, which 
are also used for development work on the structural design of the rods. 

A characteristic feature of the chemical energy plant using the VGR-50 reactor 
is a radiation loop (irradiator) (Fig. 60) where various radiation chemical processes 
can be carried out (radiation modification of polyethylene and so on). The 
rapid transfer of the fuel elements that occurs from the reactor to the radiation 
loop means that it is possible to make a considerable (order of magnitude) increase 
in the gamma-radiation power over that obtained from traditional methods because 
the short-lived fission products are utilized. 

The spherical fuel elements are circulated between the reactor and the 
irradiator along a closed loop by means of mechanisms that ensure a turnover 
time of the order of 8— 10 h. Simulation studies of the wear resistance of the 
pellets and the durability of the circulation mechanisms have produced promising 
results. Particular attention has been given in the development of the circulation 
loop mechanisms to the design of, and choice of materials for the bearings, 
which operate in helium at a temperature of 300°C. 
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1. Centrifugal gas circulator 
2. Fresh fuel element and absorber element loading machine 
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FIG.60. Basic outline of combined power production and chemical plant with VGR-50 reactor. 

3.2.2. 7. VG-400 reactor ( USSR) 

This industrial pro to type energy plant, which uses a VG-400 reactor, is 
designed for the combined product ion of high-potential heat ( ~ 9 5 0 ° C ) and 
electrical energy and can be used for a number of energy-intensive processes 
in various branches of industry (chemical, petrochemical and so on). At the 
present stage a method is being developed for using the VG-400 high-temperature 
gas-cooled reactor in an industrial chemistry plant for the production of ammonia. 

The plant uses an intermediate helium loop to prevent radioactive fission 
products f rom entering the chemical loop and eliminate contamination of the 
primary loop by the chemical products. This intermediate loop increases the 
safety and reliability of the plant and makes it versatile: it can be used for a 
wide variety of industrial processes. Like the VGR-50, the VG-400 uses a reactor 
with spherical fuel elements. The fuel balls pass through the core once per 
campaign; this will make it possible to reduce the fuel element temperature 
and to load and unload fuel elements while the reactor is on power. Design 
characteristics of the VG-400 are given in Table XXXII, while the flow diagram 
is shown in Fig. 61. 
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TABLE XXXII. DESIGN CHARACTERISTICS OF THE VG-400 REACTOR 

Thermal power 1000 MW 

Helium temperature", core óutlet/inlet 950/350°C 

Helium pressure 5 MPa 

Core size - D/H 6.4/4.8 m 

Fuel element diameter (sphere) 60 mm 

Number of fuel elements in core 8 X 10~5 

Initial fuel enrichment 6.5% 

Average burnup 7000 MW - d/t 

Campaign period 320 eff. d 

Number of cooling loops 4 

Vessel — prestressed reinforced concrete 

Steam parameters: 

pressure 17.5 MPa 

temperature 535°C 

Studies have been carried out on improving the parameters of the fuel-loading 
process and the core design. 

Considerable at tent ion has been given to investigations of emergency 
operating conditions, to measures for ensuring the long life of the core elements 
and to establishing compatibility between the operational conditions of the 
reactor and the ammonia product ion unit . 

Theoretical and experimental studies have continued on the prestressed 
concrete reactor vessel, thermal insulation, pellet dynamics, determination of the 
forces needed to insert the control and emergency system rods into the pellet 
bed on 1:10, 1:3 and 1:1 scale models, helium coolant technology and so on. 

Construction of the VG-400 plant will make it possible to perform 
representative testing and to develop various items of equipment on an adequate 
scale so that they can serve as prototypes for future industrial process heat plants. 

3.2.2.8. Very high-temperature reactor ( VHTR) (Japan) 

The conceptual design of the 50 MW(th) experimental VHTR was completed 
in 1975 and the fundamental structure of the core determined. In March 1979 
the detailed design of the total plant system was started to secure and maintain 
safety. The detailed design was completed in March 1981 and main specifications 
of components were proposed. This work was performed under contract by 
Japanese nuclear industries for the Japan Atomic Energy Research Insti tute (JAERI). 
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The main specifications of the experimental VHTR are summarized in Table XXXIII, 
and the reactor plant is illustrated in Fig. 62. 

The reactor cooling system consists of two primary systems in symmetric 
arrangement on the right and left sides. They are connected to the secondary 
cooling systems through individual intermediate heat exchangers. The heat 
generated in the reactor is removed in the steam generators, transferred to the 
secondary systems or supplied to the heat utilization systems arranged in parallel 
to the steam generators. The helium gas temperature at the outlet on the 
secondary side of the intermediate heat exchanger was set at 930°C, based on the 
present consideration of the heat utilization systems attached. 

In order to construct the experimental VHTR earlier, JAERI is now doing 
such tasks as the assessment of reactor core outlet temperature of 1000°C to 
reduce R&D items, reexamination of safety design criteria and the incorporation 
of overseas experience with the HTGR. 

3.2.3. Process steam applications 

3.2.3.1. Application survey in the USA 

While substitution of nuclear energy for conventional fossil fuels in the 
USA as in other countries appears desirable, the expanded use of nuclear 
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TABLE XXXIII. MAIN SPECIFICATIONS OF THE JAPANESE 
EXPERIMENTAL VHTR 

1. Basic items 

Reactor output 

Reactor vessel outlet/inlet temperature 

Coolant pressure 

Cooling loops 

Fuel type 

Pressure vessel 

2. Reactor facility 

Core dimensions (diameter/height) 

Number of fuel blocks 
(column number/stage number) 

Number of control rods 

Pressure vessel inner diameter 

Power density (mean/maximum) 

Fuel loaded (mean enrichment) 

Burnup (mean) 

3. Cooling system 

Intermediate heat exchanger 

Auxiliary cooler 

Steam generator 

Helium circulator 

Auxiliary helium circulator 

50 MW(th) 

1000/395°C 

40 kg/cm2 G 

2 
Low-enriched uranium, coated particles, 
pin-in-block type 

Steel 

2.7/4.0 m 

511 (73/7) 

38 

6.0 m 

2.2/4.2 W/cm3 

1.74 t U (4 wt%) 

12 000 MW-d/t 

Helical coil type, 1 unit/loop, 
shell and tube type 

Tube type 

Shell and tube type 

Centrifugal 

Centrifugal 

energy beyond conventional electrical production will be subject to constraints 
imposed by the expected markets. A thorough understanding of these markets 
is, therefore, a first prerequisite to evaluating the prospects for nuclear energy in 
unconventional roles. In reflection of that fact, studies have been conducted 
in the USA to characterize the markets for industrial process heat and the 
related area of synfuels production. 

These studies have been undertaken at three varying levels of detail. At 
the most general level, current and projected requirements for process related 
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© REACTOR V E S S E L © BATTERY ROOM 

© INTERMEDIATE HEAT EXCHANGER © EMERGENCY ELECTRICITY 

© AUXILIARY COOLER © POWER CONSOLE 

© PRIMARY CIRCULATOR © CABLE DUCT 

© PRIMARY PIPING @ CONTROL ROOM 

© SECONDARY PIPING © F U E L STORAGE 

© PRIMARY H E L I U M PURIFIER © AIR CONDITIONING MACHINE 

© STEAM GENERATOR © HATCH 

© STEAM DRUM ® CRANE 

© C O N D E N S E R ® REFUELLING MACHINE 

© F E E D WATER PUMP ® AIR FILTER 

© SECONDARY CIRCULATOR © CRANE 

© ISOLATION VALVE @ REACTOR CONTAINMENT 

© DIESEL GENERATOR ® REACTOR BUILDING 

© BATTERY CONSOLE 

FIG.62. Experimental very high-temperature reactor. 
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TABLE XXXIV. US INDUSTRIAL ENERGY PROFILE (1977 DATA) 

E n e r g y r e q u i r e m e n t s as o u t p u t o f bo i le r s & f u r n a c e s 

T e m p e r a t u r e 

( ° C ) 

S t e a m 

( E J ) a (%) 
Direc t h e a t 

( E J ) (%) 

T o t a l 
( E J ) <%) 

175 3 .27 4 9 0 . 1 6 3 3 . 4 3 2 9 

1 7 5 - 2 6 0 2 . 7 4 4 1 0 . 1 7 3 2 . 9 1 2 5 

2 6 0 - 4 0 0 0 . 5 4 8 0 . 6 0 12 1 .14 10 

4 0 0 - 5 4 0 0 . 1 6 2 0 . 6 1 12 0 . 7 7 6 

5 4 0 - 9 2 5 0 0 1.27 2 6 1 .27 11 

9 2 5 0 0 2 . 2 2 4 4 2 . 2 2 ^ 9 

T o t a l s 6 .71 100 5 . 0 3 100 11 . 74 1 0 0 

E n e r g y r e q u i r e m e n t s b y p l an t t h e r m a l d e m a n d 

P lan t t h e r m a l 
r a t i ngs 
( M W ( t h ) ) 

T o t a l p l a n t s 1-shif t p l a n t s 
N o . % o f N o . (%) 

energy u s e 

3 -sh i f t p l a n t s 
N o . (%) 

2 305 5 0 0 7 2 8 7 5 0 0 3 1 1 4 5 0 1 

2 - 2 0 2 7 0 0 0 17 13 3 0 0 3 4 2 5 0 0 6 

2 0 - 5 0 2 0 0 0 9 9 0 0 13 5 0 0 6 

5 0 - 1 0 0 1 1 0 0 n " 4 0 0 13 2 0 0 6 

1 0 0 - 5 0 0 1 1 0 0 3 4 100 9 5 0 0 4 7 

5 0 0 - 1 0 0 0 7 8 12 0 0 8 4 2 0 

1 0 0 0 2 3 10 0 0 16 14 

T o t a l s 3 3 6 8 0 0 1 0 0 3 0 2 2 0 0 1 0 0 5 2 5 0 1 0 0 

E n e r g y use a s 
% of t o t a l : 100 14 58 

E n e r g y r e q u i r e m e n t s s f u e l i n p u t Indus t r i a l p r o c e s s h e a t p r o j e c t i o n s ( E J ) 

F u e l EJ (%) 1978 2 0 0 0 2 0 2 0 

G a s 8 . 1 2 4 7 Di rec t p rocess 
hea t 4 . 0 5 . 3 6 . 4 

P e t r o l e u m 6 .22 3 6 Ind i r ec t p rocess 
h e a t 6 .9 9 . 9 12.1 

Coa l 3 . 0 6 17 Metal lurgical 
coa l 2 .1 2.1 2.1 

T o t a l 17 .40 1 0 0 
R e f i n e r y , gas p l a n t , 

f ield use 4 . 9 4 . 3 LL 
T o t a l 17.9 2 1 . 6 23 .7 

3 1 e x a j o u l e = 1 0 1 8 J . 
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FIG. 63. Comparison of electric generation capability in HTGR versus PWR cogeneration 

systems. 

energy in the United States have been identified to define the upper limit of the 
overall market potential. The characteristics of the market were then addressed 
in terms of temperature, plant size, load factors, geographical distribution, current 
fuel types and other pertinent variables. At this level the specific potential for 
various HTGR concepts can be estimated. The most detailed level evaluated 
involved consideration of specific sites and applications and provided a basis 
for consideration of institutional issues such as financing arrangements, area-
specific energy costs, siting issues, and similar factors. A summary of results 
from the more general levels of detail is presented as Table XXXIV [106]. 

To allow maximum flexibility in exploiting the market opportunities 
for process steam, the USA has developed a variable cogeneration steam-cycle 
concept which has been described in section 3.2.2.3. This concept permits the 
steam generated by the NSSS to be used for all electric generation or for various 
degrees of cogeneration, depending on the relative steam and electric demands. 
In the full cogeneration mode 631 kg/s of steam at 5.86 MPa is provided to a 
process pipe-line and 231 MW(e) (net) is generated. In the all-electric mode there 
is no high-pressure process steam extraction and 820 MW(e) (net) is generated. 

Note that to obtain the efficiency benefits of cogeneration, the energy in the steam 
must be used in series, with electrical generation being basically a topping cycle. 
For this reason, temperature-limited reactor systems such as the LWR are 
practically constrained to the cogeneration of very low quality steam (typically 
175°C, 1 MPa). The relative cogeneration capabilities of the HTGR and LWR 
are illustrated in Fig. 63. Market studies indicate that approximately half of the 
industrial steam market requires steam temperatures in excess of 175°C. 
Accordingly, the HTGR-SC/C provides enhanced electric generation capability 



TABLE XXXV. HTGR APPLICATIONS SURVEY (USA) 
a 

Commercial 
plant size 

Process steam 
requirements 
(MW(th)) 

Pressure and 
steam temperature 
(MPa/°C) 

Electrical power 
requirements 
(MW(e)) 

Existing industries 
Petrochemical plants 

(Geismar, LA) 

Refinery plant 

Aluminium mill 
(Grammercey, LA) 

Steel mill 

Petroleum products recovery 
In situ heavy oil recovery 

In situ oil sands recovery 

In situ shale oil recovery 

Synfuel processes 
Catalytic coal gasification 

— High-Btu gas (e.g. Exxon process) 

Coal liquids — H-Coal 

Coal liquids — Donor 
Solvent (Exxon) 

Syngas (slagging Lurgi) 
— methanol add-on 

62 000 m 3 /d 

720 Gg/a 

6 500 Gg/a 

5 600 m3/d 

7 300 m3/d 

5 200 m3/d 

6 800 m3/d 

12 900 m3/d 

9 500 m3/d 

11 400 m3/d 

2745 

1929 

317 

296 

993 

1090 

1090 

1116 

755 

577a 

371 

2 / 2 6 5 - 7 / 4 0 9 

1 .6 /248-9 .5 /452 

5/365 

4/250 

11/540 

0 .86 /230-11 /510 

10/410 

582 

111 

94 

240 

1 

83 

187 

251 

260a 

105 

H W 
Ci 
a 
z 
o > 
r 
VI H > 
H 
C vi 

Preliminary. 
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while serving the larger fraction of the industrial steam market. At temperatures 
in excess of approximately 260°C the capabilities of the HTGR become unique 
among thermal reactor systems. This aspect is a key inducement to the electric 
utility seeking to add generation capacity and to capitalize on the economic 
benefits of cogeneration. 

Relative joint-product cost characteristics for the equilibrium HTGR-SC/C 
system are illustrated in Fig. 5. Lines 1, 2 and 3 in the figure correspond to plant 
operation in the all-electric mode, at 50% of the maximum cogeneration potential 
and at maximum cogeneration potential respectively. Note that each line 
corresponds to the possible allocations of cost between electricity and steam for 
a given plant under the specified operating conditions. The cost of single-product 
competing technologies is indicated for both electricity and steam. 

For illustrative purposes, the dashed lines represent the lowest cost alternatives 
for all electricity generation (all-electric HTGR) and for all industrial process 
steam (125 MW(th) atmospheric fluidized bed boiler). The relative costs for the 
current prevalent systems (coal-fired electricity generation and natural gas steam 
production) are also indicated. Allocating costs from the diagonal cogeneration 
lines within the dashed-line rectangle indicates that there are economic benefits 
for the cogeneration plant in comparison to both of the lowest-cost single-use 
systems. As indicated in the figure, the evaluated economic incentives for the 
HTGR-SC/C system are most significant, particularly when compared with the 
current gas and coal options. 

Table XXXIV shows various categories of energy-intensive industries/operations 
in the United States and their energy requirements. Most of the applications 
require substantial process steam at high-pressure superheated conditions. The 
availability of information on the energy requirements for each application was a 
key factor in determining its merit for consideration. In some cases the commercial 
plant energy data were obtained by appropriate scaling of data from pilot or test 
plants. These were included for consideration when the energy requirements 
appeared promising. 

A review of the energy requirements of the applications surveyed suggests 
that gas-cooled reactors are the only nuclear energy source capable of supplying 
industrial high-temperature steam requirements. The light-water reactor primary 
steam is limited to 288°C. 

The applications shown in Table XXXV currently use or propose to use oil, 
gas and coal as the source of thermal energy. The petroleum products recovery 
operations use 30 to 50% of recovered product (crude oil). Synfuel processes 
will use mostly coal for thermal power, supplemented by the use of the fuels 
produced. For many of these applications electrical power is purchased. Brief 
descriptions of the applications surveyed, as outlined in the table, are presented 
below. 

The petrochemical complex (Geismar, Louisiana) application demonstrates the 
use of HTGR plants at sites where several energy-intensive industrial plants are 
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concentrated in the area and are suitable for process -steam distribution from a 
centralized source. Three 1170 MW(th) HTGR plants at a single site (or one 
3360 MW(th) HTGR-SC/C plant) could supply process steam and electrical power 
to four user plants located within 4.8 km of the HTGR site. In addition to 
providing all of the process steam and electrical power required by the user plants, a 
surplus of electrical power is available for export or other uses. Process steam 
requirements vary from 2 MPa/265°C to 7 MPa/409°C, but the most commonly 
required is 5 MPa/360°C [107]. 

In the refinery complex application the use of the HTGR plant to supply steam 
and electrical power to a 62 000 m3/d refinery complex was studied. Two 
1170 MW(th) HTGR plants are required to supply electrical power and steam 
at several pressure/temperature conditions. An excess of electrical power 
(~216 MW) is available for other uses internal or external to the plant. Process 
steam supplied to the refinery ranges from 9.5 MPa/452°C to 1.6 MPa/ 248°C. 

In the aluminium mill application, at Grammercey, Louisiana, a plant that 
produces bauxite was studied. For the 720 Gg/a .alumina plant considered the 
1170 MW(th) HTGR supplies all of the process steam and electrical power requirements 
of the alumina plant and, in addition, produces a surplus of process steam, which 
can be used for other process users or for electrical power production. With 
the integration of an 1170 MW(th) HTGR unit in a commercial alumina plant the 
excess electrical power available (—233 MW(e)) could be used for the electrolysis 
of alumina in a combined plant. 

The application of an 1170 MW(th) HTGR plant to a 6500 Gg (liquid steel) 
per year typical commercial steel mill was studied. For this size plant the HTGR 
could supply all of the steel mill thermal energy and electrical power requirements 
and produce a surplus of energy for other users. This surplus could be in the 
form of either process steam (~395 MW) or electrical power C—115 MW). Steam 
is provided to the steel mill at 5 MPa/ 365°C. 

The petroleum product recovery schemes studied include heavy oil, oil (tar) 
sands, and shale oil by the in situ injection method. In situ heavy oil recovery 
by steam injection has been commercially developed, whereas oil sands and 
shale oil are at the developmental stage in the United States. 

Energy requirements for the latter two recovery schemes were obtained 
by scale-up of the pilot plant data. Depending on the oil field development 
by the user, a good potential exists for the use of several 1170 MW(th) HTGR 
plants in all three schemes. Steam requirements vary from 4 MPa/250°C in heavy 
oil fields to 11 MPa/540°C in the in situ shale oil recovery projects. The HTGR 
plant can supply all of the process steam and electric power requirements for the 
petroleum product recovery schemes and, in most cases, has excess energy 
available. This excess energy can provide for on-site crude oil up-grading. The 
HTGR plant, as an alternative energy source, eliminates the present practice of 
burning recovered crude oil and produced fuels in the boilers. 
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TABLE XXXVI. COST COMPARISON FOR HTGR-SC/C AND COAL AND 
OIL-FIRED PLANTS (M$) 

HTGR Coal Existing 
multipurpose multipurpose No. 2 oil 

Heat input to cycle (MW) 

Heat output in process steam (MW) 

Net electrical power output (MW) 

Total capital cost (1995 $) 

Annual costs (mills/MJa ) 
(1995 - 30 a levelized) 

Fixed charges, fuel plus 
operation and maintenance 

Credit for electric power 

Total annual costs 

Ratio (normalized to HTGR) 

3 One mill = $0,001. 

A study was carried out for the application of the HTGR as an energy source 
for the Exxon catalytic coal gasification process, which is currently under 
development. For a 13 Gg/d coal processing plant the HTGR plant 
could supply all of the plant energy requirements, except for a small 
portion (~10%) needed for feed preheating at very high temperatures (~540PC). 

The coal liquids processes studied included the H-Coal and Donor Solvent 
(Exxon) processes. Commercial plants are planned to process about 27 Gg of coal 
per day. Energy requirements for commercial operating were obtained by scale-up 
of either pilot plant or demonstration plant data. Process steam conditions range 
from 0.86 MPa/230°C to 11 MPa/510°C. A considerable amount of steam is 
required for heating the coal slurry feed. One 1170 MW (th) HTGR plant can 
supply all of the process steam and most of the electrical power requirements 
of a 27 Gg/d coal liquefaction plant. Steam (thermal) power requirements 
constitute about 70% and electrical power (not thermal equivalent) about 30% 
of the total power requirements for the coal liquefaction processes studied. 

An additional coal liquids process was also studied in which the syngas 
produced by a slagging Lurgi process is further treated to produce methanol. An 
1170 MW(th) HTGR plant can supply all of the steam and electrical power 
requirements for such a plant processing about 18 Gg/d of coal. A surplus of 
energy (~240 MW(e)) is also available. 

Table XXXVI shows an economic comparison of the HTGR-SC/C with 
a coal-fired cogeneration plant of comparable size and a No. 2 oil-fired plant 

1170 

1000 

150 

1517 

18.6 

<7.1> 

11.5 

1230 

1000 
157 

972 

23.1 

<7.4> 

15.7 

1.37 

1000 

1000 

Insignificant 

Insignificant 

57.5 

57.5 

5.00 
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TABLE XXXVII. LOSS OF ELECTRICAL OUTPUT AND UTILIZATION 
FACTOR 

Type of plant 
Plant rating (MW(e)) 

LWR HTR H HT (with intercoolers) 
1200 1200 600 1200 

Loss of elec. output in 
MW(e) when extracted heat = 

100 MW(th) 15 15 

500 MW(th) 75 75 

1000 MW(th) 150 150 

Overall utilization factor 
in % when extracted heat = 

100 MW(th) 34 41 
500 MW(th) 43 51 

1000 MW(th) 55 65 

none 

43 

48 
73 

none 

none 

86 

45 
59 
73 

(non-cogeneration); both units are configured for multipurpose applications. 
The comparison indicates that the HTGR-SC/C has a significant (37%) steam 
cost advantage over the reference coal plant when both operate at 70% capacity 
factor. At an 85% capacity factor the HTGR advantage is 67%. For large plant 
sizes this advantage is considerably greater. The advantage in comparison with 
small oil or gas-fired units is substantially larger (500+ %) [108]. 

3.2.3.2. Application for district heating 

In Switzerland interest in HTGRs as a heat source has focused on the utilization 
of heat f rom HTGR-GT plants for district heating. It was shown that the heating 
power that can be utilized without any loss of power not only depends on the size 
of the nuclear power plant, but also on the design of the cycle, the arrangement 
of the heat-extraction process and the temperature of the returning warm water. 
In large plants with ratings of the order of 1200 MW(e) equipped with inter-
coolers it amounts to about 500—800 MW(th). By raising the inlet temperature 
of the compressor, the heating power that can be utilized can be increased still 
further , whereby a loss in electrical output has to be accepted. 

Typical values for the loss of electrical output and the overall utilization 
factor (electrical power plus heating power related to the thermal ou tput ) for 
HTGR-GT plants and for LWR and HTGR plants are given in Table XXXVII. 
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TABLE XXXVIII. ANNUAL SAVING FROM USE OF HHT PLANTS 
INSTEAD OF HTR PLANTS 

Base heating load 
(MW(th)) 5 Pf/kW-h 

Electrical loss valued at! 

Saving (DM) 

i 

7.5 P f / k W h 

100 4 X 106 6 X 106 

250 10 X 106 16 X 106 

500 21 X 106 31 X 106 

100 Pf (Pfennig) = 1 DM. 

As a rule, the power plant is only employed to cover the base load on the 
district heating system (e.g. 50% of the peak for heat). We may therefore assume 
a figure of 5500 full load hours per annum. In the majority of applications the 
heating power obtained from the power plant will probably be between 50 and 
500 MW(th) (representing a peak heat demand by the district heating system of 
100 to 1000 MW(th)). There are very few district heating systems in existence 
whose peak demand exceeds 1000 MW(th). 

The economically justifiable distance for the transport of heat increases 
with the thermal power demand and, at present-day oil prices, may amount 
to 50 km or more for large heating systems. 

A guide to the economic advantage of utilizing heat from HHT plants 
over plants with a steam cycle can be obtained by attaching a financial value 
to the annual loss in electrical output . With the above-mentioned figures and 
5500 full load operating hours, the comparison in Table XXXVIII is obtained. 
As a guide it may be mentioned that a heating power of 1000 MW of which 
the nuclear plant supplies only the base load, say 500 MW, would be sufficient 
to meet the demand for heat for some 300 000 persons. 

At maximum load the temperature of the outgoing warm water in a modern 
district heating system is between 110 and 130°C, the return temperature being 
60—70°C. With decreasing demand for heat the outgoing temperature is generally 
reduced gradually down to about 60°C and the return temperature to about 
40°C. This means that an outgoing temperature of 9 0 - 1 0 0 ° C would be sufficient 
if the nuclear plant were only used to cover the base heating load. The necessary 
temperature increase to 110—130°C when peak demand has to be satisfied could 
be left to fossil-fired boilers. However, higher outgoing temperatures (e.g. 120°C) 
reduce the cost of transporting the heat and for this reason are aimed at when 
long distances are involved. 
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In nuclear power plants with a steam cycle (light water reactor, steam-cycle 
high-temperature gas-cooled reactor) the waste heat is transferred to the environment 
at a temperature of about 3 0 - 4 0 ° C . In order to use this heat for heating purposes, 
the temperature at which the heat is transferred has to be increased, and this is 
only possible when a considerable loss of electrical output is accepted. 

In direct-cycle high-temperature reactor plants using a helium turbine, on 
the other hand, the heat is transferred continuously to the environment at 
temperatures between about 120 and 150°C, or 220°C, depending on whether 
the plant in question is equipped with intercoolers. Since heat obtained above 
60—70°C can be utilized for heating, this means that a major proport ion of the 
heat produced can be utilized without involving any loss of electrical output . 

The plant features of a HTGR-GT plant may be found in section 3.1.4. 
To compare the product ion costs of heat in steam-cycle and direct-cycle 

plants, it is permissible, as a first approximation, to ignore the additional 
investments, as well as the personnel and maintenance costs. In LWR and HTGR 
plants a loss of electrical output of at least 0.15 MW(e) per MW of thermal 
output must be expected, whereas in HHT plants high thermal ou tpu t can be 
obtained without loss of electrical output . 

If the electric energy is valuated at 5 P f / k W - h (or 7.5 Pf/kW-h), the annual 
saving resulting f rom the absence of any loss of electrical output in HHT plants 
- assuming that the extracted nominal heat power is utilized for 5500 h/a — 
works out at 4 million (or 6 million) DM per 100 MW of nominal heat output 
from the power plant. 

3.2.3.3. Processes in organic chemistry and petrochemistry 

In modern chemical industries great quantities of process steam are used. 
Possible applications are demonstrated in Table XXXV. High-pressure, high-
temperature steam is utilized today in petrochemical plants [107] , refinery plants 
and aluminium and steel mills, where oil, gas and coal are used as the source of 
thermal energy. Possible processes for the use of steam from HTGRs are petroleum 
products recovery processes, such as in situ recovery of heavy oil, oil sands and 
shale oil. 

3.2.3.4. Extraction of heavy crude oil 

An interesting example of delivering process steam is a proposal to use 
gas-cooled reactors as a source of injection steam for heavy oil recovery, a process 
that requires steam pressures in the range 12—16 MPa [109] . The economics 
of this process are strongly dependent on how much steam is required to produce 
a given amount of oil and the cost of such steam. 
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Where only a small quanti ty of injection steam is required it would be 
normal practice to generate this by burning a proport ion of the oil produced. 
Many deposits, however, require a large quanti ty of injected steam, increasingly 
so as extraction proceeds and recovery would be uneconomic because of the need 
to burn a major proport ion of the product . In these situations, the very much 
lower fuel cost of generating steam by nuclear heat would allow economic 
production with an adequate margin to repay the additional capital cost of the 
reactor. 

Typical parameters for a suitable plant with a Magnox reactor would be: 

Reactor inlet pressure 27 MPa 
Reactor inlet temperature 240°C 
Reactor outlet temperature 400°C 
Reactor power 100 MW(th) 
Reactor pressure vessel Prestressed concrete 
No. of coolant circuits 12 
No. of boilers 24 
Process steam delivery 1.1 X 106 kg/h 

at 15 MPa/342°C 

3.2.3.5. SNG production by Lurgi coal gasification 

Using nuclear process steam for coal gasification has the advantage that the 
gasification process is commercially available. Development work in this area 
is therefore confined mainly to the HTGR. Since 1980 a group of Federal German 
companies have worked together in a project aimed to coupling a 900 MW(e) HTR 
with a pressurized Lurgi gasification process. To minimize the lead time and the 
development risk, the reactor design is conservative. It takes great advantage of 
the construction experience gained with the power-generating proto type plant 
THTR-300. 

The results of this project confirmed the technical feasibility and the licen-
sing capability of the reactor. In a next step the detail engineering and supple-
mentary R&D work have to be performed. In the final project stage 1.8 G m 3 /a 
SNG will be produced f rom 3 M't/a of coal in three gasification routes. As the 
lead time for the HTGR is expected to be larger than that for the gasification 
plant in the first years of operation, the energy and process steam supply of the 
Lurgi plant could be ensured by a stand-by fossil unit station or a coal power 
station. The greatest share of the HTGR power production will be fed into 
the public network, because for the energy supply of the gasification plant only 
approximately 200 MW(e) are required (Fig. 64, [ 101 ] ). Process steam 
requirements are 620 MW(th) between 0.84 MPa/230°C and 11 MPa/510°C. 
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FIG.64. Energy flow of a Lurgi plant. 

3.2.4. Process heat applications 

3.2.4.1. Synthesis gas 

3.2.4.1.1. SNG production by hydro-gasification of coal [110] 

The Rheinische Braunkohlenwerke AG is developing a hydro-gasification process 
for coal gasification with nuclear process heat. The basic chemical relations 
for this process referred to pure carbon ( the reaction enthalpies refer to 
char carbon) are: 

Gasifier: 

2C + 4H 2 2CH 4 ; AH = - 1 7 2 . 5 k J (1) 

Methane steam reformer and shift conversion: 

CH4 + 2 H 2 0 ^ C 0 2 + 4 H 2 ; AH = +163.7 kJ (2) 

Steam generator: 

2 H 2 0 ->• 2 H 2 0 ; AH = +87.9 kJ (3) 

Total process: 

2C + 2 H 2 0 -*• CH4 + C 0 2 ; A H = + 7 9 . 1 k J (4) 
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FIG. 65. Hydro-gasification of lignite. 

The coal is gasified with hydrogen in an exothermic reaction (1). Part of the 
produced methane is steam reformed and shift-converted to hydrogen and carbon 
dioxide (2). The heat for these processes, including steam generation (3), is 
delivered from a high-temperature nuclear reactor. The net theoretical heat 
demand for the process is given by the summarizing reaction (4). 

Most of the heat required for the hydro-gasification process is derived from 
the nuclear loop by a helium-heated steam reformer, in which methane is reformed 
with steam in an endothermic reaction into a mainly carbon monoxide and hydrogen 
containing synthesis gas. In this process step, on the one hand, the supply of 
process heat for the gasification is achieved while, on the other, the hydrogen balance 
of the gasification process is closed here. The reformed gas is fed together with 
the carbon monoxide from the low-temperature gas separation unit into a shift 
conversion unit and finally as hydrogen into the gasifier. 

A general scheme of the hydro-gasification process applied to lignite as feed 
is shown in Fig. 65 and design data of a commercial gasification plant are given 
in Table XXXIX. The corresponding data of a steam reformer are listed in Table XL. 

In the Federal Republic of Germany the Rheinische Braunkohlenwerke AG 
is testing hydro-gasification in a semi-technical pilot plant under pressure in a 
fluidized bed. This plant was built on the basis of many years of operation 
experience in conventional gasification processes in fluidized beds. The plant 
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TABLE XXXIX. DESIGN DATA OF A COMMERCIAL GASIFICATION 
PLANT 

has been designed to test the gasification on essential process parameters like 
pressure, temperature, residence time of gas and solid material, and also type, 
pretreatment and input of the feed coal. Furthermore, components of the plant 
for which no operation experience has been available so far are being studied. 

The experiments have shown that a homogeneous fluidized bed can be 
realized using dry brown coal with a particle size of 0—1 mm at gas velocities 
of only 2—3 cm/s. Even up to gas velocities of more than 10 cm/s and a bed 
height of 400 cm the fluidized bed still shows a good homogeneity and only 
a small formation of bubbles. 

This semi-technical pilot plant has a capacity of 200 kg/h dried lignite and 
has been in operation since May 1975. 

3.2.4.1.2. SNG production by steam gasification of hard coal [110, 111] 

In the Federal Republic of Germany another gasification process, the steam 
gasification of coal with nuclear heat, is being developed in the process heat 
project. The basic equation of this process is: 

A general flow scheme of the process is shown in Fig. 66. 
The heat is derived from the primary helium circuit of the nuclear reactor 

by an intermediate heat exchanger to a secondary helium circuit. This secondary 
helium gas passes a heat exchanger immersed in the fluidized bed of coal using 
steam as fluidizing and gasifying agent. This heat exchanger provides the heat 
necessary for the gasification of the coal. It is advantageous that the primary 
helium loop, the secondary gas circuit and the fluidized bed operate at nearly the 
same pressure of about 4 MPa. The steam required is generated and superheated 

Reactor power 

Feed rate of lignite 

Methane production 

Net electric power generation 

Output of residual char 

Carbon gasification degree 

Total efficiency rate (basis higher heating value) 

3000 MJ/s 

2200 t /h 

380 000 m3/h 

110 MW 
270 t /h 

63% 

68% 

C + H 2 O ^ C O + H2; AH = +162.9 kJ 



TABLE XL. PROCESS DATA OF STEAM-METHANE REFORMING 

Data of heat flow sheet Gas analysis 

Thermal reactor power 

Temperature region for high-temperature 
process heat (reformer tube furnace) 

Low-temperature region (steam generator) 

Hydrogen production (95%) 

Electrical net power after deduction of 
the nuclear reactor (own) consumption 

Methane consumption 

Feedwater consumption 

Inlet temperature of reformer tube furnace 

Inlet pressure 

Initial steam/methane ratio 

Reforming temperature 

Reforming pressure 

Methane conversion 

Feedwater inlet temperature 

Feedwater inlet pressure 

Steam temperature 

Steam pressure 

3000 MW 

1.35 X 106Nm3/ha 

370 MW(e) 

3.5 X 10sNm3/ha 

2060 t/h 

450°C 

4.5 MPa 

3/1 

825°C 

4 MPa 

64.6% 

180°C 

22.5 MPa 

540°C 

19.5 MPa 

Volume ' Volume% 
(moist) (dry) 

H2 42.4 68.4 

CH4 6.7 10.8 

CO 6.7 10.8 

c o 2 5.8 9.5 

H 2 0 38.4 -

100.0 100.0 

Heat balance of reformer 

Heat for reaction 130.9 GJ 

Heat for preheating (450-"825°C) 67.8 GJ 

Heat coming from inner tube 
(825->-600oC) 44.3 GJ 

Total heat for steam reformer 
(at high temperature level) 154.4 GJ 

w 

Vi 
H 
m > 
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SC 
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Z 

1 Nm3 = 1 m3 at 0°C and 760 torr. oo 



TABLE XLI. PROCESS DATA OF A STEAM GASIFICATION PLANT OF HARD COAL 

Prototype plant Commercial plant 

Thermal power (MW) 250 3000 

Temperature reactor outlet (°C) 950 950 

Number of gasifiers 1 12 

Coal throughput (t/h) 49.5 594 
(106t /a) 0.371 4.46 

Gasification temperature (°C) 753 753 

Amount of coal gasified (%) 95 95 

Amount of steam splitting (%) 36.9 36.9 

Production of raw gas (10 3 m 3 N/h) 150 1802 

(10 9 m 3 N/a) 1.126 13.5 

Efficiency of gasification compared with raw gas (%) 115.6 115.6 

Efficiency of gasification with methanation (%) 98.4 98.4 

Production of SNG (10 3 m 3 N/h) 41.3 495 
(10 9 m 3 N/a) 0.309 3.71 
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FIG. 66. Hydrogen production by steam gasification of coal using nuclear heat. 

with helium at a lower temperature level. In the steam gasifier coal and steam 
are converted into water gas via a strong endothermic reaction. It consists mainly 
of H 2 , CO, CH4 and C 0 2 and can be used directly as an energy carrier or as a 
reducing gas. By a well-known synthesis methanol can be produced, which 
subsequently could be used as fuel for motor cars, and by a CO shift hydrogen is 
obtained, which is regarded as the energy carrier of the future. Finally, partial 
methanation leads to domestic gas and complete methanation to CH4 as 
synthetic natural gas. 

The transformation of water gas into other products involves only exothermic 
reactions that are performed at a temperature far below that of gasification. 

An industrial gasifier for 50 t /h coal throughput needs a heat-exchanging 
area of about 4000 m*. The gasifier is a horizontal cylinder about 30 m long 
and 7 m in diameter. The fluidized bed will be operated in a tub containing 
the heat exchanger through which the hot helium flows. Coal is fed in through 
an inlet and ash can be withdrawn through an opening at the bottom. The bed 
is fluidized by high-temperature steam, injected from below. The gas generator 
has an effective volume for the fluidized bed of 318 m 3 . One of the priority 
tasks is the development of a suitable alloy for the heat exchanger that can with-
stand corrosion, show sufficient creep rupture strength and allow tube forming. 
Experiments underway have shown promising results for these aspects. 

The relevant data based on experimental results at laboratory scale and in 
a bench-scale high-pressure fluidized bed gasifier are listed in Table XLI. 
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FIG.67. Nuclear long-distance energy, closed-circuit system. 
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3.2.4.1.3. SNG production by steam-methane reforming and thermochemical 
long-distance energy transport by gases [112] 

Interest in steam-methane reforming and thermochemical pipe-lines is found 
in several countries. Most work on this subject is being done in the Federal 
Republic of Germany, the Unites States of America and the USSR. 

The main characteristic of the nuclear-based system of long-distance energy 
transport is the combination of an endothermic chemical reaction taking place 
at the location of the high-temperature nuclear heat source and the reverse exo-
thermic chemical reaction at the location of an area of energy and heat consumption. 
Or in other words, the energy of a high-temperature nuclear reactor is transported 
as latent bound chemical energy. 

A technically and economically applicable way for such a system is the 
combination of the endothermic reaction of the methane-steam reforming to a 
mainly carbon monoxide and hydrogen containing reformer gas and the reverse 
exothermic methanation of this gas. The reformer gas can be transported to a 
location at a distance of about 70—100 km where by methanation the energy and 
domestic or industrial heat needed are released. The fundamental equation of 
such a system is [110, 112]: 

CH4 + H 2 0 - CO + 3H2 ; AH = +249.1 kJ 

Such a system can be conveniently accommodated into the existing infrastructure 
of town heating systems. Figure 67 shows the basic flow scheme of such a 
closed circuit. 
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FIG.68. Nuclear long-distance energy, open-circuit system. 

For a constant reactor power and helium outlet temperature, the nuclear 
thermal efficiency available for the steam reforming plant depends considerably 
on the reactor inlet temperature of helium. At a reactor inlet temperature of 
350°C in Fig. 67 nearly 60% of the reactor power can be converted into long-
distance energy. Typical process data are listed in Table XL. 

In this concept the remaining part of the reactor power can be used exclusively 
for electricity production or for a combination of electricity production and 
district heating. This closed long-distance energy system can be advantageously 
transformed into an open-circuit system, as illustrated in Fig. 68. In this case 
there is no need for a special methane pipe, as methane can be fed into the 
natural gas network in the vicinity of the methanation plants. On the other hand, 
the methane necessary for the steam reforming process could be taken from such 
a network, if one exists in the vicinity of the reactor site. 

A combination of this system with coal gasification processes is also possible. 
Thus, energy as well as raw material could be transported by such pipe-line 
systems. The surplus methane in methanation plants could be supplied to the 
natural gas network. Furthermore, an interconnected operation of methanation 
stations with other synthesis gas consumers (e.g. methanol production or ore 
reduction plants) is possible. Such a system gives the possibility for an integrated 
supply of substantial gaseous products and energy in densely populated areas on 
the basis of coal and nuclear energy. 

In the USSR studies have been made on long-distance heat-supply complexes 
(LHCs) based on long-distance nuclear heat plants (LNHPs) with HTGRs. 
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Preliminary technical and economic estimates made of the comparative efficiency 
of such LHCs and heat-supply systems based on heat from organic fuel sources 
(OFS) such as gas and oil-fired district heating boilers (OH) and dual-purpose 
heat and electricity generation stations (OHE) have shown that, depending on the 
structure of the complex envisaged, the technical and economic characteristics 
of the LNHPs and their operating modes, the range within which LHCs of this 
type might be able to compete with organic fuel systems is 4 5 - 7 5 roubles per 
tonne of hard coal equivalent [113]. 

The typical parameters of a long-distance heat-supply complex (LHC) 
supplying consumers with heat within a radius of some 240 km (the mean area 
density of the thermal load would be of the order of 0.05 Gcal/h-km"2) are given 
in Table XLII as example for the USSR. The data in this table were 
calculated for the period 1975 — 1980. It is interesting to compare 
two possible systems for supplying heat to consumers: a system using as fuel 
natural gas supplied by a long-distance pipe-line on the one hand, and a long-
distance heat and power supply complex based on an HTGR and a chemoheat 
long-distance heat transfer system (CTS) on the other (Table XLIII). 

As can be seen from Table XLII, the capital investment in the construction 
of a long-distance gas pipe-line is some 450 million roubles more than the 
construction costs of an LNHP and chemoheat transfer system (CTS) gas pipes, 
while the metal content of gas pipes for the two versions differs by almost 
700 000 tons. 

Estimates of a very provisional nature thus show that the introduction of 
nuclear power for the supply of heat and electricity to widely dispersed consumers 
using chemoheat systems for the transfer and storage of thermal energy and 
HTGRs as primary energy sources would constitute a promising development and 
could be of considerable benefit to the economy. 

The benefits of such a system of a thermochemical pipe-line (TCP) have also 
been evaluated in the United States and it has been shown that the TCP energy system 
concept has the potential to compete with nuclear electricity and with fossil-
energy systems such as SNG and local fluidized-bed coal combustors for one and 
two-shift process heat operations. Energy delivery cost projections show that at 
distances of approximately 50 km or greater the TCP may be the lowest-cost 
system for delivery of energy including direct transmission of nuclear-generated 
steam. This relationship continues for distances as great as 320 km. 

3.2.4.1.4. Demonstration plant EVA II/ADAM II for long-distance heat 
supply [114] 

In the Federal Republic of Germany an electrically heated demonstration 
plant for a closed-cycle, nuclear long-distance energy system went into operation 
in 1981. 
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The methane reforming plant, EVA II, has a helium-heated reformer tube 
assembly. It consists of 30 tubes, with a steam generator, also supplied by the 
helium circuit, generating the steam necessary for reforming the methane. There 
are also several heat exchangers to ensure reasonably economic heat management 
within the plant. The helium is heated electrically using around 10 MW. At a 
pressure of 4 MPa the helium first circulates through the reformer tube assembly 
where it cools down from 950°C to about 600 C. It then enters the steam genera-
tor, leaving it at a temperature of about 350°C and is then returned to the electrical 
heater for reheating to 950°C. About 9.5 t of methane and steam are fed into 
the reformer tubes per hour. After the chemical conversion process, the 
energy-rich gas mixture is cooled in several heat exchangers down to ambient 
temperature. During this part of the process surplus steam condenses and is 
removed from the system. Under these conditions the resultant gas mixture — 
about 4.4 t/h - is led to the methanation plant, ADAM II, which also comprises 
three stages, each with an adiabatic reactor. The plant is designed for a gas tempera-
ture of 650°C after the first reactor. The heat released by methanation is fed into the 
heating station of the Nuclear Research Centre Jülich. The thermal output is about 
5.4 MW, which would be sufficient to heat between 700 and 750 average house-
holds. However, this demonstration plant is not designed for optimum energy 
utilization but for experimental research purposes. 

One of the main aims of the experiments on the EVA II/ADAM II plant is to 
provide information on the behaviour of the reformer tube assembly in various 
operational modes such as start-up, partial load operation, and during rapid 
load fluctuations in relation to the other components of the plant. In 
addition, various design features of the reforming plant have to be tested 
for their suitability to allow their later coupling with a nuclear high-temperature 
reactor. These experiments acquire further significance as the steam reforming 
of methane is an important stage in the gasification of coal with hydrogen, a 
process which will utilize nuclear process heat from the endothermic conversion 
of methane with steam. 

Furthermore, methanation is an important stage in the production of synthetic 
natural gas, SNG, from carbon monoxide and hydrogen produced by various coal 
gasification systems currently under development. In addition to the experimental 
plants described, this research project includes other development work, such as 
extensive materials tests on high-temperature resistant alloys in atmospheres of 
helium and of process gases. 

3.2.4.1.5. SNG production by the Exxon catalytic coal gasification process 

In incremental potential of an HTGR-PH coal gasification system may be 
illustrated by a typical example that was explored during 1981 in the United 
States of America. In this example the HTGR facility was configured to provide 
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TABLE XLII. TYPICAL PARAMETERS OF AN LHC 

No. Characteristic Version A 
(LNHP replaces OH) 

Version B 
(LNHP replaces OHE) 

1. Total installed thermal capacity of LNHP (GW) 10 19 

2. Total base thermal load for area served 
(without nearby consumers) (103 Gcal/h) 

6 6.4 

3. Thermal load of an individual CHB (Gcal/h) 100 640 

4. Annual supply of heat to consumers (106 Gcal) 
- of which nearby consumers take ( 106 Gcal) 

34.5 
4.5 

41.5 
9.5 

5. Capital investment in LNHP (10® roubles) 0.6 (1.0)a 1.14(1.90) 

6. Capital investment in HPD (109 roubles) 0.18 0.80 

7. Annual operating costs for LNHP and CHB (109 roubles) 
— of which catalyst costs amount to (10® roubles) 

0.129 (0.169) 
0.051 

0.219 (0.367) 
0.097 

8. Annual fuel costs ( 109 roubles) 0.050 0.095 

9. Length of gas pipe-lines (without return streams) (km) 
Diameter 400 mm 
Diameter 600 mm 
Diameter 1200 mm 

1200 
480 
720 1400 

10. Capital investment in gas pipe-lines 
(without taking compressor stations into account) (109 roubles) 

0.260 0.490 
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No. Characteristic 
Version A 
(LNHP replaces OH) 

Version B 
(LNHP replaces OHE) 

11. Annual operating costs on gas pipe-lines (109 roubles) 
— of which costs of gas transfer by pumping amount to (109 roubles) 

0.038 
0.017 

0.066 
0.027 

12. 

13. 

Adjusted costs of heat transfer to nearby consumers 
(L < 40 km) (109 roubles/a) 

Average cost per unit of heat supplied to consumers (roubles/Gcal) 

0.020 

11.4 (14.3) 

0.038 
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CHB: Chemoheat boiler 
CTS: Chemoheat (long-distance heat) transfer system 
HTGR: High-temperature gas-cooled reactor 
LHC: Long-distance heat supply complex 

LNHP: Long-distance nuclear heat plant 
OFS: (Heat supply system based on heat from) 

organic fuel sources 
OH: (Gas and oil-fired) district-heating boiler 

(organic heat) 
OHE: Dual-purpose heat and electricity generating station 

(organic heat and electricity) 

Possible capital investment for LNHPs of smaller unit power are shown in brackets. 

w 
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TABLE XLIII. COMPARISON BETWEEN A LONG-DISTANCE 
HEAT SUPPLY COMPLEX (LHC) BASED ON A LONG-DISTANCE NUCLEAR 
HEAT PLANT (LNHP) AND A LONG-DISTANCE GAS PIPE-LINE 

No. Characteristic Pipe-line LHC and LNHP 

1. Thermal capacity ( 103 Gcal) 6 6 

2. Length of pipe-line (km) 

Diameter 1200 (1400) mm 3000 720 

600 mm 3000 480 

400 mm - 1200 

3. Capital investment (109 roubles) 

- in gas pipe-lines and 

compressor stations 
1.26 0.39 

- in LNHP 0.42 

4. Metal content of gas pipe-lines (106 t) 1.0 0.32 

both process energy (in the form of direct heat and steam) and electrical energy 
for the Exxon catalytic coal gasification (ECCG) process [115]. The product 
of the ECCG process is methane (called substitute natural gas or SNG). 

The ECCG process uses alkali metal salts as catalysts mixed directly with the 
feed coal to promote low-temperature gasification. These catalysts also increase 
the rate of steam gasification, reduce agglomeration of caking coals, and promote 
the achievement of gas compositions closely approaching gas-phase methanation 
equilibrium. The process uses a fluidized-bed gasification system that operates 
in a well-mixed mode approaching isothermality, the fluidizing gas being steam and 
recycle hydrogen and carbon monoxide. 

Figure 69 shows the ECCG process heat requirements that have potential 
for HTGR coupling. Up to 997 MW(th) of energy at temperatures ranging from 
245 to 855°C could be coupled to a plant designed to gasify 10.9 Gg/d of coal. 
This process also consumes 190 MW(e) electrical power. Four process steps show 
potential for coupling: (1) the gas preheat furnace for the gasifier; (2) the coal/ 
catalytic drier (second drying stage); (3) the raw coal drier (first-stage drier); 
and (4) off-site boilers supplying process steam. 

The use of HTGR-derived heat to replace combustion in the ECCG process 
results in a significant savings to the environment and of coal and product gas 
including: 

2670 Mg/d of coal not burned 
210 Mg/d of product methane not burned 
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FIG.69. Process heat requirements as a function of temperature, Exxon-catalytic coal 
gasification process. 

240 Mg/d of ash not generated 
6270 Mg/d of carbon dioxide not emitted. 

3.2.4.2. SNG as raw material in the chemical industry 

The steam reformer is used to convert different sorts of light hydrocarbons such 
as natural gas, methane, gasoline and refinery gases with steam to hydrogen or a 
mixture of hydrogen and carbon monoxide. Steam reforming is an endothermic 
catalytic process with a large heat demand at temperatures in the range 750—850°C 
and a pressure of up to 3 MPa in today's plants. There are two main reactions 
in the steam-reforming process. The gas analysis is dependent on temperature, 
pressure and the s team/hydrocarbon ratio in the reformer tubes: 

The product gas f rom steam reforming is then fed to various processes. 
The production of ammonia is achieved by the synthesis of a mixture of 

hydrogen and nitrogen (H 2 /N 2 ~ 3/1) . A common process would be to produce 

CH4 + H 2 0 -»• 3H2 + CO, 
CO + H 2 0 C 0 2 + H 2 , 

AH = 205.2 kJ/mol 
AH = 41.87 kJ/mol 
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a gas with a high hydrogen content in the steam reformer and then to add air 
in a secondary reformer to obtain the required gas mixture in the synthesis. The 
raw material is methane or gasoline. 

Methanol synthesis is achieved by using a mixture of hydrogen and carbon 
monoxide (H2/CO ~ 2/1). Again, the raw material for this process is natural 
gas or gasoline. 

The direct reduction of iron ore [ 116] with gas is done in an exothermic (CO) 
or an endothermic (H 2 ) reaction: 

The reducing gas for this process is produced in the steam reformer using CH 4 , 
natural gas, gasoline or refinery gases as the raw material. The reduction itself 
can be achieved following the Korf-Midland-Ross process at a temperature of 
800°C and a pressure of 0.3 MPa. The reducing gas must be purified beforehand 
and reheated by a small amount of gas f rom the reducing furnace. 

Furthermore, hydrogen is used to convert coal to gasoline (coal hydrogénation) 
[117] . The byproducts of the hydrogénation process (Ci -C4 hydrocarbons) are 
the raw materials for the steam-reforming process. Hydrogénation is a high-pressure 
catalytic process (T ~ 400°C, p ~ 30 MPa). 

Fischer-Tropsch synthesis (6CO + 13H2 C 6 H 1 4 + 6 H 2 0 ) produces a broad 
spectrum of hydrocarbons by a catalytic process. The raw material for the 
steam reformer could be methane made in a coal hydro-gasification process. 

Hydrogen is used to convert he;avy, sulphur-containing oils to light hydro-
carbons or gases such as H 2 , H 2 /CO mixtures or CH4 (hydrocracking). The by-
products of the process (Ci-C4 hydrocarbons) are used as feed for the steam 
reformer. The conversion process of the heavy feedstock is accomplished in 
several hydrocracking stages; these are also high-pressure catalytic processes 
(T ~ 400°C, p ~ 10 MPa). 

3.2.4.3. Hydrogen production by thermochemical splitting of water and high-
temperature electrolysis [118—120] 

All modern product ion methods for hydrogen can make use of nuclear 
energy in the form of heat and/or electricity. The use of nuclear energy increases 
the amount of hydrogen produced per unit of fossil fuel consumed and decreases 
the environmental pollution. With increasing fossil fuel costs, it will also improve 
the economy of hydrogen production. 

The following four production methods may be considered: 

F e 2 0 3 + 3H2 2Fe + 3 H 2 0 , 
F e 2 0 3 + 3 C 0 2Fe + 3 C 0 2 , '2. 

AH = 816 kJ/kg Fe 
AH = 288.9 kJ/kg Fe 

( 1 ) Nuclear steam reforming of natural gas (methane) 
(section 3.2.4.1.3) 
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FIG. 70. Electrolysis at higher temperatures. 

(2) Nuclear coal gasification 

(section 3.2.4.1.1) 

(3) Electrolysis of water or steam 

(4) Nuclear water splitting by thermochemical processes. 

The first two methods can be used in combination. 

The electrolysis of water at low temperatures is an available technology. Its 

drawback is the relatively high energy consumption of 4.5 kW-h(e) per m 3 

of hydrogen, which means great energy losses in this transformation process and 

relatively high product costs. Therefore, development work in the area of water 

electrolysis is being carried out . The overall efficiency may be increased by 

operating at higher temperatures, because with increasing temperature part of 

the energy can be supplied as heat (Fig. 70). 

A first step on this way is advanced alkaline (KOH) electrolysis at 1 2 0 - 1 4 0 ° C . 

Here the electricity consumption can be reduced to 3 . 5 - 3 . 6 k W - h / m 3 H 2 . This 

method can probably be developed to an industrial scale within 10 years. The 

second step will be the fused salt electrolysis of steam, which would typically 

operate at 350°C with the potential of reducing the electricity demand to 

3.2 k W - h / m 3 H 2 . In this techniqué, which is under development at KFA Jülich, 

fused sodium hydroxide is used as the electrolyte (Fig. 71). At present only small 

cells have been built. Scaling-up and technical optimizations will require a period 

of about five years, so tha t hydrogen production at an industrial scale with this 

method can only start in the middle of the ninties. 

Another method, which is in principle attractive, is the high-temperature 

(Hot Elly) method of the Dornier System, which operates at temperatures of 
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up to 1000°C and which would further reduce the electricity demand to 
3.0 kW-h/m3H2 • The Hot Elly process uses a solid electrolyte of zirconium 
oxide and yttrium oxide (Fig. 72). This development is still in the laboratory 
scale. 

As already indicated, the 'electrical' efficiency as the ratio of the enthalpy 
(high heating value) of the hydrogen produced compared with the electrical 
input increases with higher operating temperatures: in fused salt electrolysis 
about 100% is achievable and the Hot Elly process may reach even values of 100% 
in adiabatic operation to about 120% in the endothermic operation. The total 
efficiency (high heating value of hydrogen/heat + electricity) is then in both 
processes near 100%. The overall efficiency of the conversion of nuclear energy 
into hydrogen (high heating value/nuclear energy) can then reach values of up 
to 50%, if an HTR is used for heating and electricity production. 
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Nuclear water splitting by thermochemical or by combined thermochemical-
thermoelectrical processes has to be seen as a more futuristic solution. R&D 
work here is still in an early stage, concentrating mostly on the sulphuric acid 
process (Fig. 73). In this process sulphuric acid is split into water, sulphur dioxide 
and oxygen in a high-temperature step, and water and sulphur dioxide in an 
aqueous solution are converted electrochemically into sulphuric acid and hydrogen. 
The sum of both these basic reactions is the splitting of water into hydrogen and 
oxygen. The development work is concentrated at present on engineering problems 
and a semitechnical plant is planned to be erected in the Ispra Research Centre. 
The solution of material corrosion problems is a prerequisite for progress in 
this field. 

The prospects of the various methods for hydrogen production will largely 
depend on the future development of the prices for the various primary energies. 
Judging from our situation today, we expect that the first two processes, i.e. 
nuclear steam reforming and coal gasification, will first reach competitiveness. 
In these processes nuclear energy is mainly used as high-temperature heat. 

In view of the growing demand of hydrogen for the production of liquid 
hydrocarbons, the HTR can play a major role in the energy supply system of the 
next century. Worldwide a market potential for 2025 of 2 0 0 0 - 5 0 0 0 X 1 0 ' m 3 

hydrogen per year is seen, corresponding to a nuclear capacity of 500—2000 GW(th), 
i.e. hydrogen production may open a large new market for nuclear power. 

1 H 2 S0¿ - H 2 0 + S 0 2 + 1 0 2 

2 2 H 2 0 + S 0 ^ H 2 S ( V H 2 

H2O - H 2 + | O 2 

Electro 

Chemistry 

700- l000°C 

FIG. 73. The sulphuric acid hybrid process. 





4. SPECIAL FEATURES OF GAS-COOLED REACTORS 

4.1. TECHNICAL PERFORMANCE 

4.1.1. Magnox stations 

4.1.1.1. Magnox stations in the United Kingdom [121] 

Since the initial operation of Calder Hall in 1956 these stations have built up 
a record of reliable and predictable operation. This is exemplified by the high load 
factor currently being achieved by Oldbury, which has risen steadily from 77.8% 
in 1975—76 to 90.2% in 1980—81. Major factors in this achievement have been 
the very low failure rate of the fuel elements (less than 0.1%) and the reliable 
performance of the fuel-handling equipment, which charges and discharges fuel 
without reduction of reactor ou tput . Even the small quanti ty of defective fuel is 
usually removed on load. The greater part of the period for which the station is 
not available is accounted for by the planned maintenance period, which can be 
adjusted to suit the requirements of the system, and statutory inspections. It should 
be noted that most of the planned maintenance period is required for corrosion 
inspection and this will be considerably reduced in designs that use 9% Cr steel for 
components at the top gas temperature. 

Magnox reactors have proved to be very easy to operate, mainly on account 
of their stability and slow response to any form of disturbance. Their stability 
of power ou tpu t is largely due to the strongly negative temperature coefficient 
of reactivity of the fuel, which operates much more rapidly than the positive 
moderator temperature coefficient. The slow response times are the result of 
conservative fuel ratings and the large thermal capacity of the core structure, 
particularly the graphite moderator. Control of the reactor is via regulating rods 
operating in nine sectors. The reactor characteristics, however, are so favourable 
that manual control is possible, although automatic control is normally used. 

Use of a prestressed concrete pressure vessel provides a high-integrity pressure 
boundary and contains all the sources of radiation and contamination, apart f rom 
the gas-treatment plant area. The gas coolant is also of low activity. Thus radiation 
levels to personnel are low and access is possible to many parts of the plant outside 
the pressure vessel during operation. This in turn has a favourable effect on 
maintenance procedures and plant reliability. 

4.1.1.2. Magnox-type reactors ( UNGG) in France 

Mar coule reactors. Although the G 2 and G3 had initially been designed for 
ten years of operation, their life was extended to 15 years. Actually, the first one 
to be shut down was the G2, and this was af ter running for more than 21 years. 

201 
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There is no major incident to report , except that at the end of its lifetime 
there was a Wigner swelling of the graphite moderator of the G2, as a result of 
which the service life designed at the time of construction reached its limit. 
Wigner swelling is a radiation damage effect in graphite at cooling-gas temperatures 
below 350°C. This incident, together with difficulties in fuel handling and the 
ageing of the primary circuit piping, led to the decision to shut the reactor down 
under good safety conditions. Because of the different nature of the graphite 
blocks, the Wigner problem was less crucial in the case of the G3 and steps were 
taken to minimize this effect. 

Chinon reactors. The first power reactor prototype, the Chinon A l , had 
a slow start-up — there were 529 days between the first at tainment of criticality 
and the first grid connection. The annual load factors rarely exceeded 60% and 
the cumulative value after nine years was 40%. This was basically due to numerous 
outages for refuelling, which could not be done on load. Moreover, the low 
performance in the seventh and eighth years resulted f rom load decreases demanded 
by the Grid Control Centre on account of the cost of a kilowatt-hour generated 
being considered too high. That was the reason why the reactor was shut down 
in the tenth year of its life, although it could have operated beyond the initially 
planned period of ten years f rom the technical point of view. 

The Chinon A2 operated satisfactorily until the time when inspections of 
the primary circuit became more and more intensive and required increasingly 
longer outages. Nevertheless, the cumulative load factor for 16 years of operation 
is 66%, which is satisfactory. 

The Chinon A3 went through all sorts of troubles and its performance was 
consequently mediocre. The following incidents may be mentioned in order of 
occurrence: 

Two months af ter the first grid connection, made in August 1965, there was 
need to overhaul the cladding failure detection circuits damaged by vibration 
(10-month outage); 
Replacement of the steam generators following detection of a manufacturing 
defect in the tubes; 
Failure due to vibrational fatigue of fuel element centralizers (power ou tpu t 
limited to 50% for nine months); 
Installation of anti-resonant cavities in the primary circuit; 
Reconstruction of the primary circuit after discovery of cracks in pipe bends 
(19-month outage); 
Deterioration of the upper internal structure due to corrosion of steels by 
hot C 0 2 (full photographic examination and shut-down for five months). 

The external primary circuit still requires prolonged periodic outages for 
thorough inspection. However, the basic problem with this reactor at present is 
the corrosion of steel by C 0 2 . The repair of the upper internal structures is now 
under study and will necessitate a shut-down for several months. 
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St. Laurent and Vandellos reactors. While the overall results for the 
St. Laurent Al and A2 were highly favourable, we should mention two accidents 
and a generic problem relating to steam generators. 

The accident at the St. Laurent Al occurred eight months after start-up — 
a handling error in the fuel channel led to the latter being blocked by a graphite 
piece during insertion, resulting in the melt-down of three fuel elements (shut 
down for one year). The accident at the St. Laurent A2 also arose f rom the melt-
down of fuel elements due to the blocking of a channel by a 'streamlining sheet ' 
of pressure-measuring tubes. In this case, after ten years of operation the two fuel 
rods affected had been highly irradiated and the cleaning of the channel and the 
vessel has taken two years including the time required to add adequate temporary 
filters to the carbon dioxide circuit. 

The two St. Laurent reactors and the one at Vandellos have steam generators 
integrated into the PCRV which are subject to the phenomenon of erosion-corrosion. 
These are heat exchangers with hair-pin tubes having a single crossed current pass. 
The 180° bends located at the extremities of the finned right-hand parts erode to 
the extent of leakage. A 15% reduction in power decided on for both the reactors 
as f rom 1976 has slowed down this phenomenon for the time being. However, the 
chemical t reatment of the water also appears to be an important factor. 

In spite of the above, the annual load factors are good and although, with 
a cumulative load factor of 55%, the St. Laurent Al has never quite recovered f rom 
its original accident, the A2 had reached 71% before its accident in 1980, and 
Vandellos has had a cumulative load factor of 76% for six years. 

Bugey 1 reactor. Although the results for this reactor on the nuclear side 
are excellent, it has unfortunately been handicapped f rom the outset by its turbo-
alternators. The latter have rarely ever been capable of operating at full power 
and require very long outages for maintenance. The cumulative load factor of 
65% does not reflect high operating stability of this facility. Its best year seems 
to have been the eighth year, with more than 4000 million kW-h generated, 
corresponding to a load factor of 86%, a maximum net power ou tpu t of 545 MW(e), 
and an operating period of 298 days without a shut-down. 

Its weak point is the graphite block, which is affected by radiolytic corrosion 
on account of its temperature (above 550°C at certain points), the C 0 2 pressure 
(4 MPa) and the f lux it is subjected to (maximum specific power of fuel 13 W/g). 
For the purpose of reducing the corrosion, CH4 is injected into the C02 to produce 
a CO/CH4 ratio representing a compromise between corrosion and the formation 
of hydrogenated deposits, since the latter impair heat exchange in the fuel and 
also affect core reactivity. 

4.1.1.3. Magnox reactor in Italy [29] 

The operation of the plant at Latina has been very satisfactory, and this 
good result has been achieved with a reactor that belongs to the 'first generation' . 
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The reactor was the first in Europe to have an output above 200 MW(e). Electricity 
generation from the beginning of commercial running in 1964 has been consistently 
high with annual load factors as high as 88.9% and an average lifetime load factor 
of approximately 70%. Because of the satisfactory behaviour of the plant, no 
major modifications have been undertaken. Only a few improvements were carried 
out after the discovery of the oxidation of the steel structures, these included: 

(a) Seismic trip protections for earthquakes, with two out of three logic. 
The purpose of the protection is to immediately insert the control 
rods into the reactor in case the core restraint cage should be damaged 
during a subsequent tremor; 

(b) Ultimate protection with boron powder by insertion of B4C in particles 
up to 50 /im, by means of pressurized C 0 2 . This is to give the ability 
to control any criticality in the hypothetical event that after a trip the 
control rods were only partially inserted into the core. 

Other improvements concerning safety were: 

(c) The modification of the trip protection for high temperature of the 
fuel by margin following auto-reset trip amplifiers with one fixed high 
level; 

(d) The replacement of the original nuclear instrumentation by transistorized 
equipment. 

Fuel management using continuous refuelling, with the reactor on load, 
provides present discharge limits of 3600 MW-d/t maximum channel irradiation 
and six years for dwell time. The behaviour of the fuel-handling equipment has 
been in general satisfactory. The number of burst elements discharged every year 
reached a peak in 1969 during restart of the plant. These failures were found to 
be due to the presence of moisture in the coolant and to thermal cycles. Up to 
1970 the average of damaged elements discharged per year was 15, but during 
1970 a high-temperature fuel element was loaded in the fourth position of each 
channel, instead of the previous low-temperature element, and the average number 
of damaged elements discharged was then reduced to one a year. 

During the years of operation of the reactor, a potentially dangerous 
situation for the workers or the population has never been experienced. Safety 
devices and logic, together with good operational practice, have always been 
adequate to prevent dangerous situations from developing; it has never been 
necessary to shut down the reactor manually by means of the emergency push 
button because of a failure of safety circuits. 

Health physics aspects cover active effluent, environmental surveillance, 
and dose rates. Active liquid effluent, 95% of which comes from the fuel decay 
pond, is released, after treatment, into the sea at the discharge culverts. The 
release procedure complies with a 'discharge formula' which restricts the amounts 
discharged in given time intervals. 
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The active gaseous eff luent is also controlled by a discharge formula, and 
releases have never exceeded the permit ted limits. To maintain the surroundings 
of the station under constant supervision a periodical environmental survey is 
provided, taking into account the type of plant releases and the critical population 
group. 

Doses to the critical group, which, because the release of the majority of 
the liquid active eff luent is into the sea, is composed of fishermen, are 0.17 m r e m / a 
(to the whole body). The average individual dose rate for the workers on the 
reactor station is 0.23 rem/a. In no case has internal contamination exceeding 
0.002 of the maximum body burden been detected in total-body investigations. 

4.1.1.4. Magnox reactor in Japan [30\ 

The performance of the plant at Tokai-Mura has been very good, as indicated 
by the high load factors that have been attained since the station became oper-
ational in 1966. In 1978 the only shut-down was the annual maintenance outage. 

The reasons for major periods of unavailability were the following [121 ]: 

(a) The repair of the following gas circuit components which failed due to 
flow-induced vibration: 

the steam-raising unit heat exchanger tubes immediately after power 
raising, 
the main gas duct elbow flow splitter in 1967, 
the bellow units at the gas circulator inlet in 1967, 
the reactor gas out let duct nozzle thermal insulation in 1968; 

(b) Reduction of the reactor gas outlet temperature as a countermeasure 
to the steel oxidation problem since 1970; 

(c) Repair of the steam-raising unit tubes for steam-side erosion in 1970. 
The steam flow conditions and the material and configuration of the 
tube at the curvature were modified and repaired. 

Maintenance work is performed under fairly good conditions with regard to 
the radiation dose level. 

4.1.2. AGR stations [122] 

The development of the commercial AGR stations was based on the 
experience gained f rom the experimental AGR at Windscale (WAGR) and the 
commercial Magnox stations. The Hinkley Point B and Hunterston B AGR 
stations came into operation in 1976 and, like the Magnox stations, they have 
built up a reactor of reliable and predictable operation. 

The operation of the AGR has proved to be easy because it has many of the 
attractive features present in the Magnox stations, such as their stability and slow 
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response to any form of disturbance. The slow response times are based on features 
like the large thermal capacity of the core structure, and the use of a single-phase 
coolant. 

The prestressed concrete pressure vessel provides a high-integrity pressure 
boundary and gives personnel a high degree of protection f rom radiation. The 
gas coolant is also of low activity and access to many parts of the plant outside 
the pressure vessel is possible during operation, which results in improved mainte-
nance procedures and plant reliability. 

4.1.3. High-tempera ture reactors 

4.1.3.1. Technical performance of AVR [<5£] 

The results gained with the construction and operation of the AVR experi-
mental reactor, which started operation late in 1967, have successfully demonstrated 
its feasibility. The operability during the first ten years of operation was approxi-
mately 76%. This availability, which is extremely high for an experimental reactor, 
was achieved in spite of numerous plant shut-downs in the course of experimental 
programmes. In the years 1973 and 1976 a maximum annual availability of more 
than 90% was achieved. 

After about 6 years of operation the coolant gas temperature was raised from 
850 to 950°C, which is 100 degrees above design temperature, without affecting 
the availability and the low coolant gas activity of 0.9 Ci/MW(th). Operation at 
950°C, which has been continued for several years, has demonstrated the HTR's 
capability to provide heat at the high temperatures required for the heat market, 
e.g. for coal gasification. 

The coolant gas activity [123] and the radiation exposure of the operating 
and maintenance personnel were very low. The mean collective dose measured 
for the AVR plant personnel and outside personnel over 12 years was not higher 
than 70 man-rem/a. This value includes the natural radiation dose of approxi-
mately 20 man-rem/a. By the end of 1980 more than 1.5 million fuel elements 
had been circulated through the AVR core, showing only negligible surface damage 
in very rare cases (one out of 10 000 spheres). The effective utilization of the 
fuel has also been demonstrated. The maximum burnup achieved was higher than 
180 000 MW-d/t. 

The favourable accident behaviour of the HTR was confirmed for the AVR 
by the 'rod jamming' test. In this demonstration test the coolant flow was inter-
rupted at full power and insertion of all absorber rods was prevented. The 
reactor immediately shut down automatically, remained subcritical for about 
1 day and then balanced ou t at a power level in the kW range corresponding to 
the heat removal to the internals enclosing the reactor core [124], 

In May 1978 a steam generator was damaged resulting in a prolonged shut-
down. Substantial quantities of water and steam had penetrated into the primary 
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circuit through a leak in a steam generator tube. After removal of the water and 
completion of the repair work, the AVR could be restarted in August 1979 without 
exchanging the fuel elements, which showed only negligible surface damage. This 
event confirms the excellent characteristics of this reactor type against water 
ingress. 

In early 1982 it was decided that the AVR would continue operation until 
the end of 1986. 

4.1.3.2. Technical performance of the Dragon reactor [52, 55] 

The experimental nature of the DRE programme necessitated f requent 
stops to change experiments, to recharge the driver fuel and to open the pressure 
vessel to remove and monitor the behaviour of primary circuit components as well 
as carry out routine maintenance. In the best years of operation 1971, 1972, 1974 
and 1975 an average utilization factor (percentage of time at full power) of 66% 
was achieved. Considerable time was lost between February 1967 and April 1970 
due to waterside corrosion problems in the mild steel primary heat exchangers 
which necessitated the actual replacement of two complete HEX sets. The problem 
was resolved by correcting the water treatment and no fur ther tube failure was 
encountered in the ensuing years. However, there was serious loss of time in 1973 
resulting f rom unforeseen difficulties which arose during the planned replacement 
of the inner live reflector columns. 

Severe conditions in terms of temperature and power density obtained under 
operation in the DRE core. However, despite the high helium temperatures at 
core exit and in the hot plenum and ducts to the primary heat exchangers, no 
problem, either of a physical or chemical nature, was encountered arising f rom 
these conditions. Metal alloy surfaces exposed to the hot helium over an accumu-
lated period exceeding 40 000 hours showed no detectable deterioration. The 
mean core power density, just over 14 MW per cubic metre, was approximately 
double that likely to be encountered in any large commercial HTR and more than 
five times that in commercial AGRs. Graphite fuel element structures, subjected 
to cumulative fuel cycles, did no t suffer serious distortion and there was no case 
of rupture f rom either thermal or irradiation-induced internal stresses. 

The triplex (TRISO)-coated fuel particles, incorporated in dense resin-bonded 
carbon matrices and developed by the project and its collaborators, behaved well 
in meeting the full service requirements for fission product retention. The primary 
circuit contamination by radioactive species, both gasborne and deposited, was 
remarkably low, always well below a curie per MW (thermal). It may be noted, 
in fact, that the release to birth ratio (R/B) of the mobile fission products was at 
least an order of magnitude less than the estimated fraction of fuel particles with 
broken coatings in the core at that time, except in the case of silver isotopes, 
which are known to diffuse through intact triplex coatings at temperatures greater 
than about 1150°C. Moreover, because of the almost exclusive use of oxide fuel 
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kernels, the amounts of strontium isotopes deposited in the DRE circuit were 
negligible, confirming the fact that these are tenaciously retained in oxide 
granules below about 1400°C. 

4.1.3.3. Technical performance of the Peach Bottom Unit No. 1 [125] 

Peach Bot tom Unit No. l was placed in commercial operation in June 1967 
and operated by the Philadelphia Electric Company until 31 October 1974 when 
it was shut down for decommissioning. 

Two cores have been used at Peach Bottom Unit N o . l . The first core 
operated for 450 equivalent full power days before it was prematurely removed. 
Cracks began to appear on many fuel elements. The existence of the cracks was 
detected by monitoring an increase in primary system activity. Although the 
activity level only reached 270 Ci, the core was replaced because the rate of 
cracking continued to accelerate. 

The fuel particles in this first core were coated with a single layer of pyrolytic 
graphite. This coating cracked and became distorted and caused the compacts to 
distort and swell. The radial expansion of the compacts caused the sleeves to crack. 
A total of 90 elements out of 804 developed cracked sleeves. 

A second core was inserted and its fuel cycle design was similar to the first 
core, i.e. the core would operate for 900 equivalent full-power days before it would 
be entirely replaced. The second core contained fuel particles coated with a double-
layer pyrolytic carbon (BISO) which consisted of an inner layer of low-density 
carbon and an outer layer of high-density carbon. No cracked elements occurred 
after reaching the end of life of 897 equivalent full-power days. Although the 
helium purification system was designed for an inlet activity of 4540 Ci/kg helium, 
the total activity level of all the fuel element purge streams during operation with 
the second core remained less than 1.5 Ci/kg helium. This compares with a high 
of 34 Ci/kg helium experienced on the first core. At end of life the gaseous activity 
in the primary system remained at less than 1 Ci, which is insignificant when 
compared with the design activity of 4225 Ci. 

After final plant shut-down the radiation levels in the general area around 
the steam generators and on contact with the main coolant piping were, respectively, 
about 100 m R / h and 5 0 - 3 0 0 mR/h . Analysis by 7-ray spectrometry has shown 
the activity to be predominately f rom plateout of 134Cs and 137Cs. These low 
radiation levels have resulted in minimal radiation exposure doses to plant personnel 
and the release of activity to the environment that is a very small fraction of the 
limits prescribed by the Nuclear Regulatory Commission. 

Several other items of interest concerning plant performance are the following: 

(1 ) During plant construction the superheater tubes in the steam generator 
developed cracks f rom chloride stress corrosion. All the superheater tubes 
were replaced with tubes made of Incoloy and they have since remained in 
excellent condit ion; 
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(2) Both main helium circulators have operated without failure over the life 
of the plant; 

(3) The overall plant availability with the first core was 58%. Much of the down-
time was spent removing broken fuel elements. If this time is excluded, the 
plant availability was 88%; 

(4) The overall plant availability with the second core was approximately 66%. 
The NSSS availability was approximately 69% but if the outage time due to 
removal and insertion of test fuel elements, as part General Atomics' fuel 
programme, was eliminated, the NSSS availability would be 85%. 

Peach Bottom Unit No. 1 has been used extensively for developing fuel 
elements for future HTRs. A total of 33 test elements have been irradiated in the 
reactor. One of the test elements contained 17 g of plutonium. Other fuel types 
tested in this programme included: 

(1 ) Fort St. Vrain type fuel rods 
(2) Candidate fuel for large HTRs 
(3) Fuel for recycle process demonstration tests at Oak Ridge National Laboratory 
(4) Moulded fuel manufactured by HOBEG/KFA-Jiilich of Germany 
(5) Fuel manufactured by UKAEA/RFL-Springfields of Great Britain. 

The Peach Bottom Reactor has successfully demonstrated the practicality 
of the high-temperature gas-cooled reactor for power generation and has provided 
the information required by the programme. It has demonstrated the excellent 
safety characteristics, high thermal efficiency and low radioactive waste levels 
of high-temperature gas-cooled reactors. 

4.1.3.4. Technical performance of Fort St. Vrain HTGR [126, 127] 

The Fort St. Vrain Nuclear Generating Station, one of only two HTGRs 
operating in the world today, reached 100% power on 6 November 1981. At that 
level it achieved an operating efficiency of 38.5%, the highest yet achieved by a 
commercial nuclear facility in the USA. The operator conducted full-power tests 
until 9 November, when the plant was shut down for scheduled maintenance and 
modification of the helium circulator buffer system. All HTGR systems and 
components performed at or near design conditions, and there is every indication 
that the plant can continue to operate at full load. 

As mentioned in section 2, construction of this 330 MW(e) HTGR started 
in September 1968 at a site 35 miles north of Denver, Colorado. An operating 
licence was subsequently granted by the US Nuclear Regulatory Commission 
(NRC) in December 1973. Since that time the plant has been undergoing start-up 
testing, modification, and operation for power generation. It has generated over 
3000 G W h of electric energy since December 1976. 
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Fort St. Vrain embodies several advanced features that are unique in United 
States reactor construction: 

(a) A PCRV containing the entire primary coolant system; 
(b) An all-ceramic core of hexagonal graphite block fuel elements and 

reflectors; 
(c) On ce-through steam generators producing 538°C main steam at a 

pressure of 16.9 MPa and 538°C reheat; 
(d) Steam-turbine driven, axial helium circulators. 

Primarily because of the prototype nature of many of its components and 
systems, the start-up and initial operation of Fort St. Vrain proved difficult at 
times, and delays were encountered in bringing the plant to full power. Most of 
the problems causing major delays were unrelated to the nature of the nuclear 
heat source and were corrected with appropriate modifications to the original 
systems and components. 

One unexpected phenomenon, core outlet temperature fluctuations, occurred 
during the plant's rise above 50% power. Small temperature changes over a period 
of 5 to 20 minutes were observed on instruments reading core outlet, steam-
generator module inlet, and main steam temperatures. The most probable 
explanation is small movements of fuel elements and reflector columns, which 
were probably induced by a combination of non-uniform fuel column temperatures 
and pressure differences in the gaps between blocks and columns. It was primarily 
because of this temperature fluctuation phenomenon that the NRC maintained 
a 70% reactor power limit on Fort St. Vrain. After much analysis, modelling 
and testing, region constraint devices were added to the top of the core in 1979 
to restrict these fuel element movements and thus reduce or eliminate the tempera-
ture fluctuations. The core power limit was lifted for testing purposes and during 
operation up to 100% power the fluctuation phenomenon was no longer observed. 
At higher power levels (i.e. 83-86%), however, the core does experience a slight 
redistribution of the fuel element as power is increased, resulting in small changes 
in the core outlet coolant temperature. This redistribution is not cyclic at constant 
load and is well within permissible operating parameters. 

Testing and evaluation of this demonstration plant's systems have been an 
ongoing process since initial construction. Inspection and evaluation of the reactor 
components indicate that the graphite fuel blocks have retained their structural 
integrity through many plant evolutions, and the fuel blocks were found to be in 
excellent condition when examined during two refuelling operations. Of particular 
note has been the performance of the coated-particle fuel which has far exceeded 
expectations. The equilibrium activity in the primary coolant at 100% power has 
been measured at 439 Ci. This compares with an expected valve of 2630 Ci and 
a design value of 30 900 Ci. Correspondingly, occupational exposure to plant 
operations and maintenance personnel has been approximately two orders of 
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magnitude lower than for comparable light-water reactors. Over the last four 
years the combined total personnel exposure at Fort St. Vrain averaged less than 
1.5 rem despite a relatively high level of maintenance and modifications to the 
primary system. In 1981 the combined total personnel exposure was less than 
1/2 rem. To date solid waste accumulation at Fort St. Vrain has been so low 
that no shipment has yet been made. Routine unlimited access is provided into 
the reactor building during plant operation [128], 

The PCRV, which houses the entire nuclear system, has been problem free 
since the plant began producing power in 1976 [83]. 

As expected with most demonstration plants, there have been a number of 
shut-downs to repair or modify equipment. Most of 1975 was devoted to rerouting 
electric cables found to be in non-compliance with safety separation and segregation 
criteria and the design and installation of upgraded fire detection and protection 
measures. These changes were newly required by the United States Nuclear 
Regulatory Commission (NRC) in the aftermath of the cable fire in the Tennessee 
Valley Authority's nuclear plant at Brown's Ferry. 

The four first-of-a-kind main helium circulators have required several major 
modifications, primarily to their auxiliaries. Three circulators were removed and 
replaced because of failure of a shut-down seal or of a small pressure pipe for 
actuating the seal. Major plant delays were required during preoperational and 
low-power physics testing to resolve metallurgical and cavitation problems 
associated with the water-driven Pelton wheel backup circulator drive. A sub-
sequent NRC-required circulator inspection in the spring of 1979 did not 
disclose any additional difficulties. At 100% power the circulators achieved more 
than 100% of their design flow of helium and have performed within approximately 
2% of predicted values. 

The once-through steam generator modules have operated continuously at 
rated steam conditions of 538°C at both the main and reheat steam outlets. 
A steam generator tube leak occurred in November 1977, shortly after the plant 
reached 60% power. This incident demonstrated the capability of the reactor 
moisture-monitoring equipment to detect small amounts of moisture. However, 
this small leak did not require automatic protective system action. After an orderly 
plant shut-down the leak was located and the failed tube was plugged. No access 
was required to the PCRV and the plant was back at power in 44 days with no 
radiation exposure to workers. This has been the only steam generator leak 
through the time of this report. 

The reactor was shut down for two regularly scheduled refuelling outages 
from February through April 1979 and May through July 1981. Fort St. Vrain 
refuelling requires replacing six or seven fuel regions ( ~ l / 6 of the core) with fresh 
fuel every 200 effective full-power days for the first two cycles and every 
300 effective full-power days thereafter. During each of the refuelling shut-downs 
one helium circulator was replaced and the main steam turbine was partially 
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disassembled for inspection and preventive maintenance activities. The fuel-
handling equipment developed especially for Fort St. Vrain experienced minor 
operational and maintenance difficulties but on the whole performed well in 
handling over 800 fuel and reflector blocks. 

The inherent safety of the HTGR was brought into focus on a number of 
occasions, primarily during the rise-to-power testing programme when all forced 
circulation of the helium coolant was lost. The operators returned circulation to 
the core in all cases within 20 minutes with no fuel degradation. The high heat 
capacity of the graphite makes core temperatures change very slowly under 
accident conditions. If forced circulation to the core is terminated at 100% power, 
operators have up to 5 hours to recover it. After 2 hours there would be concern 
about other components in the reactor.system. The core would continue to be 
cooled by radiative heat removal using the PCRV liner cooling system during and 
following depressurization of the primary coolant. 

Following the full-power run, the plant was shut down for a four month 
scheduled outage to modify the buffer helium system associated with the four 
main helium circulators. Interaction among the circulators through the buffer 
system has been a cause of circulator trips, resulting in lowered plant availability 
and capacity factor. It is expected that separation of the buffer helium systems 
will improve plant performance. 

In summary, Fort St. Vrain is fulfilling its role of demonstrating the basic 
performance and safety of the HTGR concept. The achievement of full power 
at Fort St. Vrain is an important milestone in the development of HTGR 
technology and confirms that this advanced nuclear power system can play an 
important role in the world's future energy supply. The lessons learned during 
the extended rise to power have pointed the way to improved designs now being 
detailed for the next large HTGR. 

4.2. FUEL UTILIZATION 

4.2.1. Natural uranium (Magnox and UNGG) 

There have been considerable improvements in Magnox reactor fuel element 
utilization; irradiation limits have gradually increased from an original channel 
average irradiation of 1600 MW-d/t [63] through the range of 3600 to 4000 MW-d/t 
in 1970, up to about 5500 MW-d/t today [129], When the first Magnox reactor 
at Calder Hall started up in 1956 a target irradiation level of 3000 MW-d/t channel 
average irradiation had been set and post-irradiation examination of Magnox fuel 
elements had begun. Initial operation enabled limits based on the principal failure 
modes to be established. Two of the most important of these concerned fretting 
movements caused by the turbulent coolant flow and irradiation and temperature 
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limits based on the uranium metal fuel bar. Experience indicated that a number 
of stabilizing structure modifications were required if the target was to be achieved, 
but that uranium swelling was not yet limiting. Target irradiation levels for the 
commercial stations that came on power in 1962 stood at 3000 MW-d/t channel 
average irradiation, although by 1964 Berkeley 'replica' fuel elements in Calder Hall 
reactors were achieving 5000 MW-d/t and the possibility that the ultimate potential 
of Magnox fuel might by governed only by reactivity was beginning to be considered. 

By 1971 all nine British commercial stations were commissioned, but target 
irradiation limits had only risen to 3600-3800 MW-d/t channel average irradiation, 
despite the fact that irradiation levels at which the swelling criterion would be 
reached were considerably higher. However, at the South of Scotland Electricity 
Board (SSEB) Hunterston A Station it was decided on the basis of the good 
performance shown by results of post-irradiation examination to establish a limit 
closer to the swelling criterion, viz. 4600 MW-d/t. Changes in fuel composition 
introduced in 1971 were observed over a number of years and in 1975/76 it was 
possible to make more exact calculations of irradiation limits. As a result, by 1976 
it became clear that fuel then reaching irradiation levels of about 4000 MW-d/t 
should be capable of achieving levels in the range 5000-5500 MW-d/t. At the 
present time sufficient data have been obtained to support increases in irradiation 
limits to these values for fuel manufactured since 1971. Moreover, it is possible 
to support proposals for limited numbers of channels to be taken to levels in the 
range 5500-6000 MW-d/t [130] in order to determine the ultimate irradiation 
limit for this kind of fuel (Fig. 74). At these irradiations reactivity limits are 
being approached in most stations. By 1985 the fuel cycle at all the Magnox 
stations will probably have been based on irradiation up to about 5500 MW-d/t 
for several years and many will include schemes for improved fuel utilization. 
The older Magnox stations will then be approaching their final fuel cycles, and 
there may well be special incentives to adopt novel fuel utilization schemes during 
the final fuel cycles, for which the results of post-irradiation examinations carried 
out before 1985 will be used. 

Figure 75 illustrates the typical uranium requirements and plutonium 
production for Magnox and AGR fuel cycles compared with those for a typical LWR. 

In the UNGG reactors G2 and G3 in France a large number of fuel-cladding 
failures occurred (114 and 62, respectively). Apart from 'teething troubles', it is 
the very principle of handling the fuel (pushing the chain of cartridges) that causes 
cladding failure. Considering the fact that these reactors are plutonium producers, 
the number of failures is small in comparison with the quantity of fuel used. In the 
Chinon Al there were 15 cladding failures, including three in experimental fuel 
elements and six attributable to operating incidents. Thus six failures occurred 
in the regular fuels out of 51 000 elements loaded, i.e. the failure rate was 1 /8500. 

In the case of the U-Mo alloy tubular fuel in the Chinon A2 and A3 and the 
St. Laurent A2 22 failures were recorded out of 211 400 elements used (1/9600). 
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FIG. 74. Magnox fuel element irradiation levels for commercial nuclear power stations in the UK. 

This type of fuel was replaced by Sicral F l with a graphite core, which is 
used for refuelling the Chinon A2, A3 and St. Laurent Al reactors and has been 
used from the beginning for the St. Laurent A2 and Vandellos. There were five 
failures out of 432 000 elements used (1/86 500). 

Lastly, in the annular fuel for Bugey 1 only one cladding failure was found 
in the reactor out of 68 050 elements used (1/68 000). 

4.2.2. HTR fuel 

The two present fuel element designs for HTGRs, the prismatic and the 
fuel ball, are very similiar in reactor physics respects. They contain the same 
types of coated particles and they may be designed for a similiar range of 
moderation ratios and burnups. 

The HTGR may operate either on U/Pu, Th/U or a combination of both. 
The main work of development has concentrated on the Th/233U cycle (HEU). 
In the last years, following the discussions of the International Nuclear Fuel Cycle 
Evaluation (INFCE), extensive core studies and fuel testings have been performed 
for the low-enriched (LEU) and a medium-enriched (20% or less) uranium cycle 
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FIG.75. U3Os requirements and plutonium discharge rates. 

(LEU/Th). The neutron characteristics of the bred materials show that 239Pu and 
241 Pu do better in a fast neutron spectrum, whereas 233U is superior in a thermal 
core. 

All HTGRs built or designed to date utilize a uranium-thorium fuel cycle 
(HEU/Th) in which fully enriched uranium (93% 235U) is the initial fuel and 
thorium is the fertile material. The 233U produced from the thorium is recycled 
in subsequent loadings to reduce 235U makeup requirements. This fuel cycle 
will be discussed later in this section. 

The two present fuel element designs are described in sections 3.1.3.2 
(block-type fuel) and 3.1.3.3 (fuel balls). 

The HEU/Th cycle has the best economics and resource utilization of the 
various fuel cycles. However, the high-enriched uranium (HEU) used to fuel the 
thorium cycle is of concern in view of potential nuclear weapons proliferation, 
and this concern has prompted the consideration of alternative fuels in the HTGR. 
These alternative cycles use uranium at 20% or lower 235 U enrichment (designated 
LEU and LEU/Th for low and medium-enriched, respectively) and are designed 
to minimize the availability of the fissile material for diversion at any point in 
the cycle. 

Studies show that the flexibility afforded by the HTGR coated-particle fuel 
design allows a variety of alternative cycles, each having special advantages and 
attractions under different circumstances. Moreover, these alternative cycles can 
all use the same fuel shape, core layout, control scheme and basic fuel-zoning 
concept. They can also be designed to fit within the HEU core performance 
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FIG. 76. Non-proliferation fuel cycles for HTGRs. 

envelope so that the effect on plant operation is minimized. This means that 
HTGR conversion from one fuel cycle to another can, in principle, be effected on 
a normal refuelling schedule by reloading each segment with fuel blocks containing 
the alternate fuel or by filling in fuel balls with the chosen fuel until a complete 
changeover is accomplished. Plant operation before, during and after the conversion 
remains within the design envelope, i.e. the power, efficiency and reactivity control 
margins are unchanged. This point has been confirmed with detailed design studies 
on conversion of the Fort. St. Vrain HTGR core from HEU to 20% enriched 
uranium-thorium fuel (LEU/Th), and of the THTR-300 core to LEU fuel. Since 
May 1982 LEU fuel elements have been loaded in the AVR without any change in the 
plant. At the end of 1982 24 000 fuel balls with low-enriched fuel had been 
loaded in the AVR core. 

The basic fuel cycle alternatives to the HEU cycle in an HTGR are shown in 
Fig. 76. Essentially, these include the LEU cycle at approximately 10% enrich-
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FIG. 77. U3On requirements and plutonium discharge rates. 

ment, rather than the 3% used in LWRs, and LEU/Th cycles at just under 20% 
enrichment. Variations on these cycles involve once-through cycles (throwaway 
or stowaway) or recycle of all or part of the discharged fissile material. The bred 
material, mainly 233U, can either be denatured in situ by combining thorium and 
uranium in a single particle or produced in separate thorium-only particles where 
the high gamma activity of the associated bred 232U provides a natural deterrent 
to illegal diversion. 

From the standpoint of core neutronics and resource utilization, HEU/Th 
is the most efficient fuel cycle. High conversion ratios are possible with the 
graphite moderator because of the low parasitic neutron absorption. The bred 
fuel, 233 U, is the best thermal neutron fuel, with a neutron-produced-per-neutron 
capture about 20% greater than 239Pu. Furthermore, 233U has nuclear properties 
much closer to 235 U than does 239 Pu. This means that burnup changes are 
minimized and fuel zoning and power shaping are simplified. 

The LEU/Th systems are the second most efficient cycles for HTGR use 
(depending on the availability of 233U recycle) and LEU or uranium/plutonium 
fuel cycles are the least efficient. Figure 77 graphically compares the U 3 0 8

 ! 

requirements versus plutonium discharge rates for an LWR and various HTGR 
fuel cycles. Comparison of thé closed HEU/Th fuel cycle with the closed LEU • 
fuel cycle for an HTGR shows a substantial decrease in consumption of natural 
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uranium. The plutonium discharge rates are included because of proliferation 
concerns. These rates roughly demonstrate the problems inherent in making a 
given cycle diversion-proof. 

4.2.2.1. Uranium I thorium cycle (HEU/Th) 

Since the most attractive fuel cycle for the HTGR is the HEU/Th fuel cycle, 
it is the only fuel cycle on which comprehensive development work has been done 
till now. The technology can, however, be readily applied to the LEU cycle or 
to plutonium utilization. Developments of process technology and equipment 
for the HEU/Th fuel cycle are described below [131 ]. 

In principle 238U is replaced by 232Th in the HEU/Th fuel. 232Th is transformed 
by neutron capture and following decay to 233U which, from the neutronic stand-
point, is more valuable than 239 Pu and 235 U. 

Figure 78 shows the principal operations and nuclear material flow in the 
HEU/Th fuel cycle for the HTGR. 

The fuel of the HTGR is contained in coated particles, which have a (U-Th)02 

mixed-oxide kernel or, in the feed-breed concept, which is used for block-type fuel 
in the United States, U02 as fissile and Th02 as fertile particles. 

The kernel fabrication for the various particle types is performed as a wet 
process by gel precipitation or by hydrolysis. After kernel preparation, barrier 
coatings are applied to the particles [132, 133]. 

The reference design in the Federal Republic of Germany for AVR and 
THTR fuel is particles of mixed oxide with coatings of pyrolytic carbon (BISO 
coating) [134], For advanced HTGRs as for the direct-cycle (HHT) or the process-
heat HTGR (PNP) particles with an additional SiC layer were developed (TRISO 
coating). With the fuel elements produced with standard HEU-BISO particles 
excellent results were obtained. 

The testing and qualification of particles and fuel elements have been carried 
out under normal and transient conditions in the test reactors as well as statistically 
(more than 3000 fuel elements per variant) in the AVR reactor. Up to now burn-
ups of nearly 185 000 MW • d/t of heavy metal have been achieved in the AVR 
without significant fuel element damage. The quality of BISO particles is fully 
sufficient for HTR steam-cycle plants. For HHT and PNP applications it would 
probably be necessary to utilize the TRISO coating in order to decrease the heavy 
metal contamination and provide for adequate retention of fission products, in 
order to allow maintenance of the primary circuit components. Meanwhile, 
because of non-proliferation aspects, a changeover to LEU fuel with TRISO 
coating for PNP applications was decided on in the Federal Republic of Germany. 

The HEU/Th fuel cycle is complicated by the fact that 232U is also generated 
in HTGRs and the 232U has a relatively short half-life, decaying to 228Th and, 
in a series of short-lived intermediates, to stable 208Pb. The most significant of 
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FIG. 78. Operations and material flow in the HTGR 233 U-Th fuel cycle. 

the intermediates are 220Rn, which, being a gas, can be transported through filters, 
and 208T1 and 212Bi, both of which emit energetic gamma rays. The gamma 
activity associated with these intermediates must be accommodated in the 
refabrication facility, since it is not possible to separate the 233U chemically from 
232 U. Although the decay chain can be broken by use of an ion exchange cleanup, 
the activity grows back sufficiently fast so that shielded facilities are required for 
refabrication. In reprocessing, the problems associated with 232U decay product 
activity are obscured by the activity of the fission products that must be handled. 

Other activities of key importance in the fuel cycle are shipping, fabrication 
of fresh fuel and finally waste isolation in a repository. After fixation of the 
waste, the problems in waste isolation are very similar to those encountered in 
the fuel cycles for other reactors. 
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4.2.2.2. Low-enriched uranium cycle (LEU) 

As mentioned in the introduction to section 4.2, the requirement of natural 
uranium is higher for an HTGR fuelled with LEU fuel than with HEU/Th fuel. 
Consequently, the HEU/Th fuel cycle was the reference fuel for HTGRs up to 
1979, especially in the Federal Republic of Germany and in the United States 
of America. 

Non-proliferation aspects, envisaged difficulties in the long-term supply of 
high-enriched uranium plus expected R&D cost savings when utilizing PUREX 
technologies in spent fuel reprocessing were reasons for a change into a uranium 
oxide fuel with an enrichment of about 10%. Based on the experience accumulated 
with high-enriched uranium fuel manufacture and testing over many years, processes 
and equipment for low-enriched uranium fuel manufacture and spent fuel treat-
ment have been developed, and a qualification test programme was started. 
Because of the excellent results with HEU/Th particles in the Federal Republic 
of Germany, the same coated-particle design data such as geometry, coating etc. 
were adopted for the new LEU fuel standard reference [135], Because fission 
yield of silver in the LEU fuel cycle is nearly ten times higher than in the HEU/Th 
fuel cycle, a TRISO coating is chosen for LEU particles, for this coating shows 
an excellent retention of silver. Adoption of the design data of HEU/Th particles 
allowed modifications in the coating process for LEU particles to be kept very 
small and confined to buffer layer coating, where the higher density of U02 

kernels (10.9 g/cm3 compared with the 10 g/cm3 of the mixed oxide or Th02) 
accounts for slight differences in the fluidization behaviour. Having introduced 
these minor modifications, the quality standard previously reached with mixed 
oxide and thorium oxide was easily reproduced. Main data for LEU-TRISO fuel 
elements under development in the Federal Republic of Germany are given in 
Table XLIV [136, 137], 

A well-defined irradiation programme was initiated for qualifying the LEU 
fuel element in the Federal Republic of Germany [137], Experiments have started 
in two directions: 

(1) Measurements on the release of radionuclides and set-up of input data for 
accident calculations by variation of test parameters; 

(2) Performance demonstration on fuel elements manufactured under production 
conditions. Irradiation conditions will be representative of nuclear process 
heat reactors (PNP), but will also cover requirements for steam-cycle plants. 

In particular the experiments will: 

(a) Render figures on the irradiation-induced particle breakage. U02 

fuel will — at the same conditions — generate a higher gas pressure in 
the particle than does (Th, U)02 fuel. Target burnup, however, is 
smaller for LEU fuel than it is for HEU fuel; 



4.2. FUEL UTILIZATION 2 2 1 

TABLE XLIV. DATA OF FUEL ELEMENTS WITH LEU-TRISO PARTICLES 

Design parameter LEU-UOj 

Coated particles 

Kernel diameter 
Coating layer sequence 
Coating layer thicknesses 
Total coating thickness 

500 jum 
Buffer/PyC/SiC/PyC 
90/40/35/35 ptm 
200 ßm 

Fuel element 

Heavy metal loading 
Enrichment, U-235 
Number of particles 
Volume loading of particles 
Volume loading of overcoated particles 

8 - 1 2 g/element 
7 - 1 3 % 

13—20 X lo ' /e lement 
10-15% 
ca. 2 5 - 3 5 % 

Operating requirements 

Operating time, mean ca. 750 d 
Fast neutron dose, max. (E > 0.1 MeV) 3.3 X 1021 cm"2 

Burnup, max. 90GW-d / tHM 
Centre fuel temperature, max. 1030°C 
Power/element, max. 2.7 kW 

(b) Give figures for fission product retention in the kernel: though coatings 
may be defect, the kernel retains the main load of fission products. 
For HEU fuel these data are available, for LEU fuel they have still to 
be measured. A specific experiment will render results with respect to 
temperature; 

(c) Demonstrate fuel element performance under normal and upset 
conditions: operating transients, e.g. temperature ramps, temperature 
excursion, power transients; 

(d) Include mass testing with a total of 24 000 LEU fuel elements in the 
AVR core. 

Both the R&D work on fuel fabrication and the irradiation test programme 
will - by the end of 1985 - yield all necessary data for the design and con-
struction of a production line and for the licensing procedures. 

4.2.2.3. Spen t fuel treatment [137] 

During the 15 years of operation with the Jülich Experimental Power Plant 
(AVR) much experience has accumulated on spent fuel handling. More than 
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100 000 fuel elements, mostly of HEU mixed-oxide and mixed-carbide fuel type 
in a wide range of burnup states, have been discharged from the reactor into small 
stainless steel canisters with a capacity of 50 fuel elements each. These small 
canisters have been racked in a pool facility at KFA Jülich since 1973, the canis-
ter seals being replaced at 4-year intervals. The maximum capacity of this storage 
facility is 65 000 fuel elements, but further space for 28 500 fuel elements has 
been added in another pool facility at KFA. 

All planning for interim storage of spent HTR fuel elements in the Federal 
Republic of Germany is for dry facilities with air cooling systems taking account 
of the relatively small decay heat production per volume unit, which is more than 
one magnitude less than with LWR fuel elements (typically 1.6 mW/cm3 against 
about 30 mW/cm3 with spent LWR fuel 1 year after discharge). Therefore natural 
air convection may be applied after about 100 days of cooling time. Typically, 
the decay heat of a spent HTR fuel ball of full burnup, e.g. about 100 000 MW/t 
heavy metal, was reduced to 0.03 W after 10 years from reactor discharge. 

Unlike the AVR spent fuel canisters, the THTR canisters for 2100 fuel 
elements are manufactured from boiler sheet material. Tritium tests with 
representative samples were carried out. These indicated that any release from 
the canisters in the temperature range 150°C occurred through canister leakage 
rather than through the canister wall [138], 

In the Federal Republic of Germany there is a tendency towards long-term 
storage of fuel balls. This long-term storage is an attractive solution for the back 
end of the fuel cycle especially when HTRs with LEU fuel are operated in a high 
burnup mode and/or when the number of HTRs remains small, making the 
additional investments for reprocessing not worthwhile. This is reasonable, 
because for high burnup the 23SU contained in the fresh balls and the bred 
plutonium are nearly completely burnt in the reactor core. 

The embedding of the fuel, and thus of the fission products, in the coated 
particles and in the corrosion-resistant graphite matrix of the fuel elements, which 
also acts as a diffusion barrier for all solid fission products, will allow additional 
conditioning steps for final waste disposal to be kept to a minimum. New 
attempts are also being made to utilize the old test field for AVR fuel balls in the 
Asse salt mine. 

4.2.2.4. Reprocessing and facility requirements 

Although long-term storage is an attractive solution for the back end of the 
fuel cycle, much work has been done on solving the technical problems associated 
with fuel recycle facilities. Figure 79 summarizes the principal flows to and from 
such a HTGR reprocessing plant for prismatic fuel elements. Such a facility could 
provide the recycle needs for approximately 20 GW(e) installed HTGR capacity. 

Spherical fuel elements could be handled with only slight modification of 
the reprocessing flowsheet and by changing the fuel element fabrication equipment. 
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FIG. 79. Nominal annual material flow for a central HTGR fuel recycle facility. 

In reprocessing, spent fuel elements are removed from storage at the facility 
and are first prepared for burning by crushing (primary burner feed preparation) 
or by milling. Primary burning eliminates most of the moderator and the outer 
coatings of particles. Particles are then classified by size in the feed-breed cycle 
(see 4.2.2.1) to separate 23SU from the thorium and 233U. Particles with silicon 
carbide coatings and intended for recycle are then crushed and burned in a 
secondary burner. The uranium-thorium oxides are then dissolved and processed 
by solvent extraction. Large-scale operations are involved in the reprocessing 
flowsheet to handle the offgases and the liquid and solid waste. 

Pilot-scale LEU burning tests at HEU operating conditions were carried out 
in the GA 20 cm burner system during autumn 1981 [139, 140], The first run 
lasted 30 hours, during which 278 kg of carbon were burned from breed plus 
feed material composed of 42 kg LEU particles and 1300 crushed LEU fuel 
spheres. These tests demonstrated the basic suitability of fluidized bed burning 
as a head-end treatment of LEU fuel elements. 

Further pilot-scale tests at KFA and GA will concentrate on burning broken 
particles only. For this type of operation the modified head end of the KFA 
Jupiter facility is well equipped [141 ]. The fact that the 30 cm burner system 
of Jupiter is designed for remote operation and its location in a hot cell provides 
the option for head-end process work on irradiated fuel in a follow-up action. 
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Data on the release of volatile and semivolatile fission products and on burner 
product characteristics are needed before starting such 'hot' tests on a pilot scale. 
These data were to become available during an exercise in 1983 with about 400 
irradiated spheres of the AVR6 reload (BISO-coated LEU fuel) on KFA 
laboratory equipment. 

In refabrication, which must be done remotely because of the 232U (see 
4.2.2.1 ), 233U is introduced from reprocessing storage. It is decontaminated by 
ion exchange if necessary, made into high-density UCO particles by a sol-gel 
technique, and then coated with various layers of pyrolytic carbon and silicon 
carbide. Following particle coating, the fissile particles are mixed with coated 
fertile particles prepared in direct manual contact facilities and fed to the fuel-rod 
fabrication step, where the particles are bonded together with a carbonaceous 
matrix. The fuel rods are placed into a premachined graphite fuel block, and the 
complete assembly is then cured in place at high temperature. Substantial opera-
tions in the refabrication flowsheet are involved with scrap treatment and waste 
treatment for offgases, liquids, and solids. Remote fabrication of spherical fuel 
elements will also be possible with adequate equipment. 

The operations for fresh fuel (23SU and ThO2) fabrication are similar to 
those for refabrication, except that they are performed in contact facilities. 

4.2.2.5. Fuel performance 

In the AVR reactor nearly 200 000 fuel elements of different types (HEU 
and LEU) have been burnt and have shown excellent irradiation behaviour. 
Equally, the performance of fuel blocks in the Fort St. Vrain reactor is very good. 
Nevertheless, intense fuel testing is still being carried out and is planned especially 
for LEU and LEU/Th fuel [137]. The diffusion of caesium, barium, strontium 
and fission gases in oxide kernels is of interest to both LEU and HEU fuel systems. 
Data are available from fuel kernels of different enrichment, density and 
composition [U02, (Th, U)02 and Th02]. 

Because of the higher inventory of silver in irradiated LEU fuel particles 
and its hard gamma radiation, silver release is much more important in LEU fuel 
than in HEU fuel. Silver release from BISO (pyrocarbon only) coated particles 
is much higher than from TRISO particles. Silver, however, is released from 
TRISO particles to various degrees at irradiation temperatures above 1200°C [142]. 
A development programme has been initiated which includes studies of silver 
transport in SiC, improvement of SiC coating for silver retention, and determi-
nation of the sorption characteristics of silver in graphite. 

The LEU fuel particles, in general, are larger than the HEU fuel particles 
because of neutronic and fuel-cycle cost requirements. There are indications that 
coatings of larger diameter have lower strength and higher failure probability. 
Stable fission gas release, which is contributing to pressure vessel failure of the 
fuel particle, is a problem of interest to both LEU and HEU fuel systems. 
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The CO pressure in irradiated LEU fuel particles is higher than in the 
corresponding HEU fuel. This can lead to pressure vessel failure and kernel 
migration with amoeba failure. The amoeba effect is the migration of the fuel 
kernel into the coating material in a temperature gradient which weakens the 
coating and increases the probability of failure [143-146]. The formation of 
CO in coated-particle fuel and the influence of irradiation temperature, burnup 
and fuel composition on gas pressure are described in Refs [147, 148]. 

The most important factors influencing kernel migration are: irradiation 
temperature, asymmetric temperature, asymmetric temperature gradient across 
the particles, and, for oxide kernels, the amount of free oxygen within the 
particle. During fission oxygen is liberated that cannot be bound completely by 
the fission products. The oxygen reacts with the carbon of the buffer layer to 
form C0/C0 2 . This is the reason why the amoeba motion cannot be produced 
by out-of-pile annealing in a temperature gradient. Results from several irradiation 
experiments show that the amoeba effect starts after a certain burnup (48% FIMA)4 

and accelerates with increasing burnup. Stability against the amoeba effect also 
depends significantly on the kernel type. U02 fissile kernels show lower stability 
than UC2 kernels. HTR fuel element concepts with adverse operating conditions 
may therefore require the choice of UC2 kernels, although their fabrication costs 
are higher. In the pebble bed reactor the fuel temperatures and the temperature 
gradients across the particles are low enough to avoid damage by the amoeba 
effect. Amoeba motion in coated particles has never been observed in post-
irradiation inspections of AVR fuel elements, even for elements with the high 
burnup of 17% FIMA. Moreover, the (U, Th)02 kernels in fuel elements for the 
THTR-300 showed no amoeba attack in irradiation tests simulating THTR con-
ditions. This is due to the high stability of (U, Th)02 against amoeba attack and 
the low fuel-temperature gradients. 

Complete understanding of the U02 migration mechanism is still lacking. 
Oxygen getters and buffers (SiC, UC, ZrC) promise to reduce the oxygen potential 
in LEU fuel particles, which will diminish the amoeba effect and lower CO 
pressure. 

The localized attack of the SiC coating by the noble metal fission product 
Pd may put a limit on fuel performance. More work is needed to determine 
whether the release of Pd varies with kernel composition (carbide, oxide or 
oxycarbide). 

The cooling-gas impurities H 2 0 , C02 and H2 cause corrosion of the graphite 
fuel elements and the graphite structure material of the HTR. The rate of 
corrosion depends upon the concentration of impurities in the cooling gas, the 
temperature of the graphite and the impurities in the graphite, and the type and 
porosity of the graphite. In high-pressure He, between 750 and 1200°C, 

4 Fission per initial metal atom. 
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corrosion occurs in the outer 5 mm of exposed graphite, i.e. the chemical reactivity 
is sufficiently high that all of the oxidant is consumed before it diffuses more 
than 5 mm into the graphite. 

Moulded fuel elements have been irradiated in tests designed to provide 
a proven element for the THTR and for future power reactors requiring higher 
heavy metal loadings and/or higher temperatures. Because of their small size, 
a large number of complete fuel elements could be tested, and various fuel 
cycles, fuel compositions, fuel coatings and volume loadings of particles in the 
element have been examined [149, 150], 

Most of the elements were irradiated in the reactors R2 Studsvik, Dragon 
and AVR. AVR irradiations of a great number of elements (more than 1000 
per type) have been performed under realistic core conditions that have allowed 
investigation of property changes over a wide range of burnup and fast neutron 
fluence [151], 

No deterioration in the homogeneity of complete fuel elements as a result 
of irradiation has ever been observed. Very close contact has been maintained 
between particle surface and overcoating, between the overcoating and matrix, 
and between the fuelled and fuel-free zones where gaps would hinder the flow 
of heat from fuel to element surface [150]. The R/B ratio of caesium-137 has 
always been below 5 X 10~4. 

All shrinkage values were below 2% up to the highest fluences investigated 
(9.4 X 1021 cm-2, E > 0.1 MeV) with the exception of a single element with a 
high volume loading of BISO particles. There is an anisotropy factor of up to 
about 1.3 (increasing with increasing fast neutron fluence) in the shrinkage values 
perpendicular and parallel to the pressing direction, respectively. The crushing 
strength - the most important mechanical property for THTR elements - seems 
not to be influenced by irradiation, i.e. the post-irradiation values are within the 
statistical spread of the pre-irradiation values [152], 

4.2.3. GCFR fuel cycle 

The low absorption cross-section of gases such as helium used as coolant 
in GCFRs makes it possible to achieve breeding ratios of 1.4 or better. This value, 
about 0.2 higher than for present sodium-cooled fast breeder reactors, may be 
ascribed to the lower neutron absorption and the resulting harder neutron 
spectrum with helium. This outstanding performance can be reached with annual 
refuelling and a fuel residence time in the reactor generally of the order of three 
years. System doubling time with helium is in most cases between 8 and 11 years. 
Special technical development of GCFR fuel may lead to breeding ratios antici-
pated to be even higher up to 1.75 with advanced carbide fuels. 

The most promising results have been calculated in the USSR with nitride 
fuels prepared with nitrogen enriched at 99% in its isotope 15 (15N). This variant 
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shows the possibility of achieving a high power density in the core (690 MW/m3), 
a reduced fuel inventory, a breeding ratio as high as 1.85 and a doubling time of 
4.1 years [153]. This work shows that when substituting natural nitrogen 
(99.63% 14N, 0.37% 1SN) with nitrogen 99% enriched in 1SN, the production rate 
of surplus plutonium increases by approximately 120 kg for a 1 GW(e) plant 
operated for one year. 

The experience gained with LMFBR fuels is directly applicable to most 
proven GCFR designs and suggests that fuel burnup values of 100 GW d/t are 
probably feasible. The 'vented' design of fuel pins for cladding pressure balance 
is specified for certain helium-cooled variants and, when fully developed, should 
contribute to the reliability of the fuel behaviour. The 'sealed' pin with plenum, 
also specified by some designers, requires further confirmation that high burnups 
can be achieved without economic breeding or safety penalties. 

From the results obtained from the different development and design 
programmes it appears that GCFRs have outstanding features with respect to 
reactor physics and plutonium generation (high breeding ratio and low doubling 
time). With regard to these features, GCFRs could constitute a valuable alternative 
to the sodium fast breeder reactor line already under commercialization. 

4.2.4. Symbiosis 

From its conception the equilibrium HTGR fuel cycle was assumed to be 
based on 233U generated partially in situ in fertile particles containing thorium 
and partially from fast breeder reactors using thorium in their breeding blankets. 
This symbiosis between converter-reactors and fast breeder reactors takes advantage 
of the fact that, from the neutronic standpoint, 233 U is the best fissionable fuel 
for thermal reactors and plutonium is the best fissionable fuel for fast breeders. 

This symbiotic relationship can occur between any thermal reactor and any 
fast breeder reactor. However, there are special advantages when it is applied to 
the HTGR and the GCFR [154], First, the HTGR has a much higher conversion 
ratio than the light water reactors because of its all-graphite core and, secondly, 
this same feature confers the high temperature capability necessary for versatile 
application. From the standpoint of the breeder, the GCFR has a much higher 
breeding ratio than the LMFBR. In addition, there would be significant 
commonality between the systems and components of the HTGR and the GCFR. 
It is also anticipated that the GCFR will have a considerably lower capital cost 
than the LMFBR. 

How can these two reactors, the HTGR and the GCFR, be best associated 
to form a self-sufficient power-producing complex making fullest use of ore 
resources? 

The thorium cycle is chosen for the HTGRs to make use of the exceptional 
merits of uranium-233 in thermal spectrum cores and thus requires the use of 
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Annual growth rate (%) 

FIG.80. Converter and breeder inventories generated. 

thorium rather than uranium in the associated breeder blankets. However, if this 
substitution were made in the breeder cores, it also would entail sacrifice of a 
substantially beneficial fast fission bonus peculiar to uranium-238 as a fertile 
material and, furthermore, the superior neutron yield of uranium-233 relative 
to the other fissile materials in thermal fission is not maintained in the hard 
spectrum of a fast reactor. Therefore natural (or depleted) uranium and plutonium 
are the most suitable breeder core constituents. 

To avoid the necessity for a plutonium feed, it is further stipulated that 
these cores should internally breed fresh plutonium in the amount necessary to 
sustain its consumption and losses, which is in fact quite readily achieved in the 
large cores of high-powered breeders. Thus, what is being considered is a breeder-
HTGR combination that is self-sufficient in that it can operate indefinitely on 
natural fuel supplies alone, needing neither an isotope separation plant nor spent 
fuel from other reactors. 
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FIG.81. Converter inventories only generated [146\. 

The important point is that typically several HTGRs, for example three, 
can be serviced by one breeder of the same thermal power. What is of most 
practical interest is the number of HTGRs that can be fed per breeder, when this 
is given the added duty of providing the fissile material needed for the inventories 
of new reactors required to meet desired industrial expansion rates. 

Figure 80 shows the effect of allowing for industrial expansion for the 
particular case of a 0.90 conversion ratio HTGR. Producing the necessary 
plutonium for the breeder's expansion programme, at the expense of uranium-233 
which might otherwise have been produced, is clearly not the best policy when this 
is available in more than sufficient quantity from coexistent LWR reactors. When 
the breeders are relieved of the duty of this excess plutonium production, the 
annual growth rate can be increased by a factor of nearly three for a 1 to 1 ratio 
of converters to breeders or the ratio can be increased to 2 to 1 at the same 
industrial expansion rate. This is shown in Fig. 81. Improving the breeding ratio 
would allow a single breeder to supply a larger number of converter reactors. 
This appears to be a reasonable expectation for the GCFR. This symbiotic 
scenario could continue for many centuries. 
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4 .3 . S A F E T Y C H A R A C T E R I S T I C S 

4.3.1. Magnox reactor stations 

The first Magnox stations were designed when there was still inadequate 
experience of nuclear reactors to permit the formulation of comprehensive codes 
of practice as used in other fields which if adhered to would leave an ample, but 
not excessive, margin of safety [157], It was, therefore, necessary to extrapolate 
from the existing and extensive background of conventional engineering, with the 
aid of theoretical analysis, general scientific information and analogy, at the same 
time taking into account the growing experience of reactor operation. The safety 
assessment of the early stations was based on two procedures. The first, that 
detailed safety arguments should be submitted to a separate body of experts, and 
the second, that theoretical estimates be made of the course of events following 
certain extremely improbable, but not completely impossible, failures of equip-
ment, or as a result of human error [155]. 

The underlying principle of the United Kingdom legislation is that the 
Operator is responsible for the safety of his nuclear plant during design, construc-
tion and subsequent operation [156, 157], 

The introduction of probabilistic analysis at a later date enabled the safety 
assessment of reactor designs, based on the 'credible accident' approach, to be 
supported by additional safety analysis in specific areas. 

The approach to licensing that has evolved in the United Kingdom does not, 
therefore, primarily depend upon a framework of written regulations. It is the 
duty of the licensing authority, the Nuclear Installations Inspectorate, to judge 
whether a particular nuclear plant is safe and the highly experienced and completely 
independent officers of this body, advised also by other independent experts, will 
not allow operation of any plant until assured that this is the case. To reach this 
assurance, the Nil have the power to request any additional experimental or 
analytical work, and the extent to which this is required in practice depends upon 
the complexity and novelty of the particular plant. This results in an approach 
built on precedent and experience in which the written regulation has a relatively 
minor role. This flexible approach is well suited to the safe evolution of nuclear ' 
power installations in a densely populated country like the United Kingdom. 

In all designs there are basically three independent barriers preventing the 
release of radioactivity into the atmosphere during steady and transient operation. 
These are the fuel itself, the fuel can and ultimately the primary circuit. Features 
that reduce the chance of failure of these barriers are: 

(1) The arrangement of the reactor core, boilers and gas circulators entirely 
within a prestressed concrete vessel ensures a high integrity boundary for 
the primary coolant; 
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(2) The large heat capacity of the graphite moderator helps to limit overheating 
during faults with low coolant flow; 

(3) Use of a single-phase coolant allows complete understanding of conditions 
throughout the reactor in fault situations so that safe.corrective action may 
be taken; 

(4) There is no risk of explosive evaporation of the coolant or exothermic 
fuel/clad coolant interaction; 

(5) Reactivity changes during refuelling and power changing are low; potential 
reactivity faults do not have serious consequences. 

Other features are intended to facilitate easier and quicker maintenance of the 
reactor during shut-down: 

(a) On-load refuelling enables prompt removal of failed fuel, if this should be 
necessary; 

(b) Low radioactivity of the coolant circuit shortens routine maintenance and 
repair procedures and also reduces concern for accidental releases of coolant; 

(c) Internal shields allow access for visual inspection of much of the reactor, 
boiler and gas circulator structures; 

(d) The indirect steam cycle means that the steam turbine circuit is free from 
radioactivity. 

The safety record of Magnox reactors, which have now been in commercial 
operation for over 18 years, has been very good [63]. There have been very few 
failures [129, 158] and, in fact, up to the end of 1980 out of 1 844 825 elements 
loaded at UK stations less than 0.1% had failed, and only 33 failures had 
necessitated reactor shut-downs [63]. A small number of 'fast bursts' occurred 
in the early days because of manufacturing faults in endcap welds, but operating 
techniques were introduced to enable such faults to be detected immediately 
after loading and before a 'fast burst' could occur [130]. 

Operator exposure to radiation showed low levels in all the Magnox stations, 
especially in the later ones using concrete pressure vessels [82]. 

4.3.2. UNGG reactor stations 

The safety of UNGG reactors is characterized by the double-barrier concept 
ensuring fission product containment: the fuel cladding and the reactor vessel. 
The measures taken to safeguard the integrity of the barriers and to make the loss 
of the first barrier acceptable are the essential components in the safety of these 
reactors, namely: 

(1) Independence and redundancy of the core cooling loops, of which one 
is sufficient to ensure the removal of the afterheat; 
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(2) Stability of the one-phase primary fluid; 

(3) Protection against reactivity accidents; 

(4) Monitoring of each of the fuel channels by means of a cyclically operating 
system for the detection of cladding failures: 

(5) Reactor shut-down by either of the two independent systems for detection 
of generalized cladding failures; 

(6) Control of localized losses of the leak-tightness of the vessel; 

(7) Depressurization of the PCRV through high-efficiency filters. 

The design basis accident is depressurization of the vessel through a refuelling 
hole or as a result of total and instantaneous rupture of C02 piping. The proba-
bility of failure of the vessel or one of its larger penetrations was considered 
negligible. 

In addition, some other accidents were analysed in detail. These were: 

(a) Total interruption of forced cooling. This does not raise any problem for the 
Chinon reactors, where the afterheat is removed by natural convection. In 
the St. Laurent, Vandellos and Bugey 1 controls as, for example, emergency 
heat-exchangers and standby motor-driven blowers were provided; 

(b) Leakage in the water supply to the steam generators; 
(c) Failure of steam generators; 
(d) Irradiation-fuel-handling accidents. 

The radiological consequences of release were evaluated as a function of the 
contamination of the primary circuit in the following cases: 

(1) Design basis accidents; 
(2) Opening of the vessel safety valves; 
(3) Failure of C02 pressure regulation; 
(4) Melt-down of a fuel channel for the maximum specific burnup and 

depressurization of the PCRV through filters. 

In all these cases the radiological consequences are not severe. The most 
severe result is obtained in the case of depressurization of the vessel through 
filters 50 hours after channel melt-down: 

External irradiation due to gas plume at 500 m: 20 mrem 
Irradiation of the thyroid at 500 m: 20 mrem 

Iodine deposit at 500 m : 5 X 107 Ci/m2 

The only significant incidents to occur had in fact fewer consequences: 
extrapolation of the results of measurements made after the melt-down of five 
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fuel elements in the St. Laurent Al in October 1969 and depressurization of the 
vessel gives values that are lower by several factors of ten. Depressurization of 
the PCRV in the St. Laurent A2 in March 1980, ten days after the melt-down 
of four highly irradiated fuel elements, did not have a measurable effect on the 
environment. It appears that the graphite block acts as a very efficient trap 
for fission products, especially iodine. 

During normal operation the dose equivalents received by the personnel 
are low. In the case of the St. Laurent-des-Eaux power plant, comprising two 
reactors, the following figures were recorded as a whole for the operating staff 
and the contractor personnel carrying out various jobs, especially during annual 
maintenance outages: 

Number of persons exposed to radiation 

Year Between 0.5 Above Above the maximum Total exposure 
and 1.5 rem 1.5 rem permissible dose received (man-rem) 

1977 24 1 0 129 
1978 25 3 0 159 
1979 25 2 0 95 

In 1980 and 1981 the St. Laurent Al had more and longer maintenance 
outages than usual, and since March 1980 the A2 has been under repair inside 
the vessel as a result of the melt-down of four fuel elements. 

The total exposure received was 139 man-rem in 1980 and 214 man-rem 
in 1981, and in neither case was the maximum permissible dose exceeded. During 
the five years considered above the average dose per person for the 400 persons 
directly involved in work with exposure to radiation varied between 100 and 
200 mrem/a. 

4.3.3. Advanced gas-cooled reactor stations 

The advanced gas-cooled reactor shares the favourable safety features of 
the Magnox reactor given in section 4.3.1. The advanced gas-cooled reactor 
stations have a higher fuel rating than Magnox but this is balanced by the improved 
strength of the fuel can at high temperatures so that the chance of a transient 
leading to fuel damage is extremely low. The C02 coolant does not react chemi-
cally with the fuel or the cladding material. 

It is evident that the AGRs with their prestressed concrete pressure vessels 
are maintaining, and even improving on, the good record of low operator exposure 
to radiation [82] found on the Magnox stations in the United Kingdom. The 



TABLE XLV. KEY INHERENT AND PASSIVE SAFETY CHARACTERISTICS OF THE HTGR 

Inherent or 
passive feature 

Relevant properties Safety significance 

Reactor core 

Fuel 

Helium coolant 

PCRV 

High heat capacity 

Lower power density 

Strong negative temperature coefficient 

Graphite cannot melt, but may 
locally sublime 

Coated-particle ceramic fuel 

Single-phase gas 

Neutronically transparent 

Chemically inert 

Low stored energy 

Multiplicity of tendons 

Tendons shielded by concrete 

Concrete under compression 

Massive structure 

Slow transient response 

Allows adequate time for remedial measure, 
both within and external to plant 

Fast-acting shut-down system not required 

Structural integrity of core maintained 
for days following loss of cooling 

Slow release of volatile nuclides under 
no-cooling conditions 

No boiling, bubbles, liquid level, or pump 
cavitation problem; no added coolant 
inventory needed for core cooling, only 
forced circulation 

Negligible reactivity effects 

No chemical fuel cladding-coolant interactions 

Reduced containment damage potential 

Failure of individual structural members 
inconsequential 

Neutron embrittlement and subsequent 
fracture eliminated 

Cracks self-sealing, do not propagate 

Effective retention of radioactivity; retains 
great fraction of heat escaping core 
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plants are designed to protect the public to standards better than the radiation 
dose limits recommended by the International Commission on Radiological 
Protection (ICRP) [159, 160], 

4.3.4. High-temperature gas-cooled reactor (HTGR) 

The HTGR concept has inherent and passive safety features [161] that make 
gas-cooled reactors a low risk to the public and to the operating personnel. Inherent 
safety features relate primarily to fundamental laws of nature. These features 
are the first lines of defence in maintaining the integrity of the barriers against 
the release of radioactivity. An additional characteristic of critical importance 
is that the consequences of HTGR accidents develop slowly, allowing time for 
the operators to take deliberate and planned actions. 

The main inherent safety characteristics of the HTGR are: 

(a) A negative temperature coefficient of the core; 
(b) Coated-particle ceramic fuel that releases fission products slowly even under 

extreme temperatures; 
(c) A graphite moderator/reflector that responds slowly to transient temperature 

while maintaining structural integrity at very high temperatures; 
(d) Helium coolant that remains a single-phase gas under all conditions and is 

neutronically transparent and chemically inert. 

Engineered features that contribute to low probability of serious accidents 
and low consequences, should accidents occur, include: 

(a) The triply redundant core auxiliary cooling system (CACS), which is used 
when main loop cooling is unavailable; 

(b) The reserve shut-down system, which can bring the reactor to cold shut-down 
in the absence of control rod insertion; 

(c) The plant protection system, which initiates various safety actions, such 
as reactor trip, steam generator isolation and dump, and CACS start-up. 
Table XLV summarizes the key safety features inherent to the HTGR 
concept. 

Other features of safety significance are the five passive fission product 
barriers of the HTGR: 

(1 ) Fuel kernel, which under normal conditions retains virtually all fission 
products; 

(2) Fuel-particle coatings, which are highly resistant to pressure and stress 
and constitute a diffusion barrier for most fission products; 
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TABLE XLVI. AVERAGE POWER DENSITY OF DIFFERENT 
REACTOR TYPES 

Reactor type Reference Power density 
plant (MW/m3) 

Pressurized water reactor 

Boiling water reactor 

Fast breeder reactor 

Krümmel 

Biblis B 

SNR-300 375 

92 

51 

High-temperature reactor THTR-300 6 

HTR-1160 8.5 

(3) Graphite matrices of the fuel zones and the fuel element (block or ball). 
The carbon matrix acts as a fission product trap, which does not melt; 

(4) Prestressed concrete reactor vessel (PCRV); 
(5) Reactor containment, which withstands inside pressures and meets licensing 

requirements to withstand outside impacts (aeroplane crash/pressure wave). 

4.3.4.1. Normal operation 

In normal operation the HTGR shows a high stability and very good self-
regulating properties. The high heat capacity of the graphite moderator and the 
comparatively low power density retard all temperature transients whatever 
their cause may be (Table XLVI) [162], 

The function of the fuel and coolant temperatures do not create safety 
hazards. The permissible fuel temperatures are determined by the long-time 
behaviour of the fuel, i.e. they are limited to such values that even after several 
years of fuel irradiation the fission products are still safely retained (see 
section 4.2.2.5). Even considerable increases in temperature do not result in 
any abrupt or irreversible changes in the physical properties of core components 
such as melting or evaporation (Table XLVII). 

An impressive demonstration of the large safety margin was the increase in the 
coolant outlet temperature of the AVR from the original design value of 850°C to 
950°C, which proved to be possible without any major changes to the system. 
The inherent safety characteristic of the negative temperature coefficient of the 
core has been tested in the AVR, too [124, 163], When the reactor was at full 
power all cooling was stopped and the reactor core was allowed to undergo an 
unrestricted heatup with the control rods removed from the core. The reactor 
became subcritical within a very short time. It took 23.5 hours before the reactor 
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TABLE XLVII. CHARACTERISTIC OPERATING TEMPERATURE AND 
FAILURE TEMPERATURE OF SPECIFIC REACTOR COMPONENTS 

Material Operating Failure 
temperature temperature 
(°C) (°C) 

Graphite 770 3600 

uo2 1100 2800 

Coated particle 1100 1800 

Shut-down rod 600 1350 

B4C 600 2400 

Insulation (upper) 340 815 

Liner 50 950 

became critical again. After 26 hours an equilibrium reactivity was reached with 
the reactor being at a power level of less than 1%. 

Safety problems could arise from maintenance work on the primary circuit, 
especially the steam generators. A part of the gasborne radioactivity circulating 
in the primary circuit plates out on the walls of the circuit or on components and 
partly diffuses into the material particularly in those parts of the circuit operating 
at high temperature [164, 165]. Judging from the experience gained with small 
HTRs [163] operated so far and the Fort St. Vrain plant [166], it is to be expected 
that radiological doses resulting from maintenance and repair work are well below 
the doses regarded as acceptable today [166]. Moreover, a further reduction of 
the contamination of the primary circuit by improving the retention of fission 
products in the fuel seems both possible and desirable. 

4.3.4.2. Design basis accidents and component safety [167] 

All power reactors are designed in such a manner that design basis accidents 
do not cause any serious damage to the public. Design basis accidents therefore 
are not very well suited for a judgement of the safety of a specific type of plant. 

For HTRs three different types of design basis accidents are discussed: 

(1) The depressurization accident, sometimes not quite correctly referred to as 
loss of coolant accident, 

(2) The air ingress accident; 
(3) The water ingress accident. 
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The design basis depressurization accident (DBDA) 

The fast depressurization of the primary circuit is the counterpart of the 
classic loss of coolant accident of an LWR. For a modern design of an HTR such 
as, for example, the HTGR-1160 or the HTGR-SC (see section 3.1.3.4.1), which 
has a prestressed concrete reactor vessel and pod boilers, a double-ended rupture 
of the primary circuit is physically impossible. What has to be envisaged is the 
failure of the closure of one of the external openings of the primary circuit at 
the surface of the PCRV. Design features such as flow restrictors are introduced 
to ensure that in this case the maximum free cross-section does not exceed a few 
hundred cm2. 

The gas left in the primary circuit after a depressurization is sufficient to 
remove the afterheat from the core using the normal blowers and steam generators. 
The efficiency of the primary cooling circuit is decreased to a few per cent as a 
result of the pressure loss, but so is the heat production, too. This, together with 
the high heat capacity of the core, which slows down the temperature rise of the 
core to a few degrees centigrade per minute, are the reasons why core cooling 
has to be restored after one hour or more. For the THTR-300 the licensing 
authorities accepted a restart of the core cooling after three hours. 

The design basis steam and air ingress accidents 

The graphite-steam reaction is stopped by the cooling of the shut-down core, 
heat being removed by the main or the auxiliary loops and by the endothermic 
reaction itself. The supply of water is cut off by water monitors, backed by 
pressure and flow sensors, acting to close the faulty secondary system. Even in 
the case of the longest delay in this action, the release of gas to the containment 
through the pressure relief valves contains not more than about twice the gaseous 
activity of the DBDA release, the concentrations of H2 and CO are far below the 
flammability limit and the positive reactivity increase is trivial [168], 

Air ingress is potentially more dangerous because the reaction is much 
faster and is also exothermic [169]. However, air can enter the primary circuit 
only by convective gas exchange following a depressurization, i.e. with the reactor 
shut-down and cooling in progress. 

The conclusions of the analyses of this range of accidents are that all the 
oxygen that enters the primary circuit in the first hours will be converted into 
carbon monoxide but that at no time will the reaction heat be more than a few 
per cent of the decay heat and the total will never exceed the cooling capability. 
Sustained combustion is therefore impossible. 

The prestressed concrete reactor vessel 

The prestressed concrete reactor vessel (PCRV) [83] determines to a large 
extent the inherent safety properties of the HTR. The primary coolant gas is 
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contained by a comparatively thin-walled steel vessel, the liner, which transmits 
the forces exerted by the gas pressure to the concrete. As the liner is not exposed 
to internal strains and is operated at temperatures of about 50°C, the probability 
of a liner rupture is very low. The internal stresses in the concrete are taken up 
by a highly redundant system of several hundred vertical and circumferential steel 
tendons. The design also takes into account 'pressurized' cracks, so that in normal 
operation a considerable safety margin exists. The tendons are not exposed to 
radiation or to high temperatures and may be easily inspected. It is therefore 
generally accepted that a catastrophic failure of the PCRV under normal operating 
conditions can be excluded. 

The critical points of a PCRV are the plugs closing the large openings of the 
PCRV. If the fastening of a plug fails, the plug may be accelerated to such a 
velocity that the containment may be damaged. For future PCRVs the plug will 
be integral with the prestressing system of the main vessel. 

4.3.4.3. Accident initiation and progressive analysis (AIPA Study) 

The usefulness of probabilistic risk analysis has been demonstrated with 
LWRs in the well-known Rasmussen Study. A similar study for the 
HTGR-1160 MW(e), the AIPA Study, was published in 1976. It should be 
mentioned that this reactor is one with prismatic fuel elements. The main 
results of this study are: The risk caused by an HTGR is extremely low and 
mainly due to three different types of accidents, namely 

(a) A loss of off-site power; 
(b) A leak in the reheater; 
(c) An earthquake far exceeding the 'safe shut-down earthquake'. 

The mechanism by which a loss of off-site power may develop into an accident 
is not only characteristic for an HTGR, but also plays an important role with other 
reactors. If the off-site power is lost, the electrical output of the plant must 
be rapidly reduced to the power consumption of the plant itself. This may cause 
the turbine to trip, so that the reactor must be shut down. 

The reactor then depends on the diesel generators for the supply of the 
electric power needed for the core auxiliary cooling system. If the diesel genera-
tors do not start, the consequence may be an unrestricted heat-up of the whole 
core eventually resulting in a massive liberation of fission products into the con-
tainment. A failure of the containment as a consequence of this accident is not 
conceivable. 

The reheater leak accident is typical for a specific HTR design. If the design 
pressure of the steam in the reheater is lower than the coolant pressure in the 
primary circuit, coolant may penetrate into the secondary cooling circuit and be 
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Population Zone Boundary (2.5km) 

FIG.82. Probability consequence diagram from the AIPA study. 

released to the atmosphere. As only a small part of the gasborne activity of the 
primary coolant may escape, the radiological consequences remain moderate. 

The AIPA Study presents its results in the form of a probability versus 
consequence diagram, where the consequence is defined as the individual whole-
body gamma dose received in thirty days at the outer boundary of the zone of 
low population density. For all accidents with a probability of more than 10"9/a — 
below this limit the method becomes questionable — the consequences are so low 
that immediate somatic effects are not to be expected. There are no early casualties. 
The risk - expected dose per year — is several orders of magnitude smaller than the 
permissible doses per year for normal operation (Figs 82, 83). 

Looking for the reasons of the very low total risk, one finds two major 
causes: 

(1) The slow process of fission product release gives competing processes such 
as decay, absorption, plateout, and chemical reaction a chance to decrease 
the concentration of fission products, especially of the iodine isotopes; 
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Boundary 12 5kml 

FIG.83. Probability consequence diagram from the AIPA study. 

(2) The low amount of energy released during a depressurization accident and 
the integration of the primary circuit into the PCRV make a containment 
failure as a result of a depressurization accident a very unlikely event. 

4.3.4.4. Hypothetical accidents 

A probabilistic risk analysis investigates hypothetical accident [170, 171 ] 
with an extremely low occurrence probability only so far as to make sure that 
they do not contribute significantly to the total risk. However, there is ample 
justification for the detailed analysis of at least some characteristic hypothetical 
accidents. Such an investigation not only improves our understanding of the basic 
safety properties of a reactor type but it also provides reasonable answers to some 
of the questions that are permanently raised by the public. 

In the case of large HTGRs the dominant accident in the hypothetical range 
has proved to be a core heat-up accident [172] in which overheating of fuel 
particles may lead to failure of the coating and thus to release of radioactivity. 
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FIG.84. Core heat-up temperature transients of PNP-500 with pebble bed core. 

This can be initiated by various causes. Core heat-up accidents are characterized 
by spontaneous or delayed failure of the forced cooling of the reactor core. As 
a result, fuel element temperatures will rise and as long as the primary circuit 
remains closed the circuit pressure also increases. However, as a result of the 
large heat capacity of the core, even in the case of high power and high power 
density, the primary circuit relief valves will only exceed the pressure at which 
they open after several hours. The failure temperature of the fuel particle coating 
will be exceeded only after hours or even days. The radioactivity thus released 
into the containment will, with the exception of unavoidable leakage, be retained 
in the containment, which is closed and has a high probability of remaining intact. 
A failure of the containment may arise at the earliest after several days [167]. 

In the case of an HTGR plant of medium power — about 500 MW(th) — 
the maximum core temperatures are clearly lower. In core heat-up accidents, 
initiated by a failure of forced convection, decay heat can be removed by natural 
convection inside the core and by the liner cooling system. In the PNP-500 reactor 
with pebble bed core (see section 3.2) the design pressure for the primary circuit 
of 5 MPa will not be reached. As a result of the efficiency of the heat transport 
mechanisms in this power range, core temperatures do not exceed 1650°C. There-
fore, the fission product barriers remain intact (Fig.84). In the case of the more 
improbable accident sequence, however, where the liner cooling system fails, a 
pressure loss in the primary system cannot be excluded. In the core heat-up 
sequence with depressurization maximum core temperatures of 2150°C will be 
reached. Safety limits may be exceeded for the coated particles, depending on 

\x\ 
Core nía* i num Iba rl 

-^IncrîQsed Failure Rat 
' of TRISO-Particles 

e 

Core naxi num n o t arl 

— m 
w 

OX 0 
thou 

PCR 
Lin 

PCF V v 
sr Co 

th 
olint — m 

w 
OX 0 
thou 

PCR 
Lin >r Coolinc " Lin 

V v 
sr Co 

th 
olint 

V v 
sr Co 

nrr. "ZiRelease of Crystal Water 
1 I I ' | = = = 



4.3. SAFETY CHARACTERISTICS 2 4 3 

1 = 
2 = 
3 = 

Scheme of the 
Reactor core 

5 min 
0 . 6 4 h 
4 .5 h 

4 = 1 2 . 3 h 
5 = 1 8 . 4 h 
6 = 26 .2 h 300 500 700 900 1100 

Fuel element temperature (°C) burn-off i 

FIG.85. Calculated fuel element temperatures and chemical burnoff rate in the axis of the 
pebble bed core of the PNP-500 reactor during hypothetical air ingress. 

particle performance, for the top reflector, and for concrete structures especially 
with regard to the release of crystal water inside the PCRV (Fig. 85). 

In connection with increasing interest in hypothetical accidents, research 
effort in the Federal Republic of Germany in recent years has been focused on 
massive air ingress and combined air and water ingress accidents [169, 173], The 
effect of massive air ingress was studied in the form of parameter calculations for 
the PNP-500 reactor with a pebble bed core. Figure 85 shows some results of a 
calculation where it was assumed that following the depressurization and reactor 
trip, the afterheat removal system was running with a flow rate of 1.5% of the 
normal operation rate and the gas exchange rate between primary circuit and 
containment was taken as 20% of the actual flow rate. 

The temperature reaches its maximum after 30 minutes at 1300°C. Later 
on the temperature decreases, the peak following the direction of the cooling gas. 
This means that the core is cooling down. Figure 85 also shows the burnoff of 
graphite after air ingress. At the beginning the peak of corrosion is very broad 
and oxygen has completely reacted at a core depth of 5 m. Later on, because 
of the lower temperatures and the growing chemical reactivity, the corrosion is 
limited to a core zone of 1 m depth. The reacting zone moves towards the core 
bottom and the corrosion peak is lower. This tendency is increased by the decrease 
of oxygen in the containment atmosphere and by the decrease of afterheat. It can 
be seen that even with very unlikely high oxygen ingress rates the reactor can be 
safely cooled down and that the carbon burnoff of the pebbles is limited to the 
fuel-free zone. 

By appropriate design of an HTR, total power, mean power and core geo-
metry may be adjusted in such a manner that a temperature-induced release of 
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fission products from the fuel can safely be excluded [174]. By selecting a slender 
core and limiting the mean power density to 3 MW/m3 and the total power to 
approximately 200 MW(th) [27, 89], the maximum fuel element temperature 
due to a failure of forced cooling is restricted to values that will not result in a 
release of fission products from the fuel. The core heat-up accident, the dominant 
risk contributor for large HTGRs, thus loses its significance for small HTRs. 
Consequently, some engineered safeguards, which in larger HTGRs are required 
to avoid or cope with core heat-up accidents, are not necessary in a small HTGR. 

Probabilistic risk analysis as well as investigations of hypothetical accidents 
have demonstrated the good safety properties of the HTGR. There can be no 
reasonable doubt that the high degree of safety is an inherent property of the 
system. The main reasons for this are: 

(a) The exclusive utilization of ceramic materials in the core and in the reflector 
ensuring a high structural stability and the preservation of a coolable geometry; 

(b) The negative temperature coefficient of the core; 

(c) A simple cooling mechanism whose functioning continues even in the event 
of a rupture of primary circuit or the reactor vessel; 

(d) An equally simple afterheat removal system whose functioning and efficiency 
can be tested under accident conditions; 

(e) The high heat capacity of the reactor core, which remains under accident 
conditions and prevents a destruction of the core by a fast temperature rise; 

(f) The low energy stored in the primary circuit, which cannot cause serious 
damage to the containment if the primary circuit breaks. 

4.3.4.5. Fort St. Vrain experience 

The safety of the HTGR concept has been demonstrated at Fort St. Vrain 
[126], too. As mentioned in section 4.1, on a number of occasions all forced 
circulation of the helium coolant was lost. The operators returned circulation to 
the core in all cases within 20 minutes with no fuel degradation. In fact, a loss of 
forced circulation situation, if corrected within 1 hour, will not result in exceeding 
any component design limit temperatures. The long time afforded for status 
evaluation in response to abnormal conditions is demonstrated by the fact that 
the technical advisors required by the Nuclear Regulatory Commission following 
the Three Mile Island accident to be on-site for all water-cooled reactors are 
permitted to be on 1 hour call at Fort St. Vrain. 

4.3.5. Gas-cooled fast reactors 

Any reactor concept can be made safe enough but the cost of doing so varies 
with the type of system. The gas-cooled fast reactor, however, has the advantage 
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of using current gas-cooled thermal reactor engineering and safeguards practices 
and a coolant can be selected that is inert, non-radioactive and single-phase. Thus 
the conditions in accidents can be predicted with certainty and the requirements 
and cost of special safeguards can be defined precisely. Nevertheless, emergency 
cooling provisions have to be more secure than on thermal gas-cooled reactors 
because of the fast reactor's limited core heat thermal capacity and the greater 
pressure ratio between working pressure and atmospheric pressure. Risk analyses 
provide a good basis for establishing the necessary degree of diversity and 
redundancy in the safety provisions. 

Even with helium natural convection of the coolant can be invoked as a 
diverse safeguard in the event of failure of forced circulation. When the coolant 
is gaseous full advantage can be taken of the large over-temperature margin avail-
able with steel-clad fuel. 

Helium has a very low void coefficient of reactivity but in any case local 
voidage in a fuel assembly is impossible with a single-phase coolant. The core 
coolant can never be lost totally; cooling at atmospheric pressure is a design 
basis condition which can be achieved with the required reliability. The small 
size of the steel penetrations in the wall of the prestressed concrete pressure vessel 
would restrict the accidental rate of fall of gas pressure to a safe value. 

Ingress of water by leakage from heat exchanger tends to cause a decrease 
in core reactivity; furthermore, no significant chemical reactions would arise in 
this event. 

It can be concluded that the overall safety risk associated with the gas-cooled 
fast reactors of appropriate design would compare favourably with that for other 
reactor systems and, consequently, that there are excellent prospects for the future 
licensing of this type of reactor. 

4.4. ENVIRONMENTAL IMPACT 

As a result of the joint efforts of industry and state institutions it has been 
possible to develop an extremely high standard of environmental compatibility of 
the HTR. This high environmental compatibility of the HTR results in the following 
positive characteristics: 

Resource requirements 
Low heat rejection 
Low coolant gas activity 
Low activity release 
Low radiation exposure of personnel 
Low pollution from coal gasification. 
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4 . 4 . 1 . Resource requirements 

In section 4.2, Fig.75 illustrates the typical uranium requirements and plu-
tonium production for Magnox and AGR fuel cycles compared with those for a 
typical LWR. In Fig.77 the U 3 0 8 requirements and plutonium discharge rates for 
an LWR and various HTGR fuel cycles are compared. It can be seen that the 
uranium conservation of GCRs, especially of HTGRs, is much better than of 
LWRs. The HTGR could therefore stretch available uranium reserves. 

Present LWRs require 45% more uranium ore over the forty-year life of the 
plant than the reference HTGR. However, the HTGR has the potential to reduce 
substantially further its uranium ore requirement with relatively small changes in 
the reactor and fuel design. With current technology its ore requirements can be 
as low as half of those of an LWR. With additional development the HTGR is 
expected to require as little as one third of that of an LWR. The reference 
1160 MW(e) HTGR requires 2200 metric tons less U308 over a forty-year reactor 
life (at 75% plant capacity factor) than an LWR of the same capacity [166, 175]. 
The oil equivalent of this saving resulting from only one 1160 MW(e) HTGR is 
30 million tons. 

4.4.2. Heat rejection 

In the HTR a relatively high percentage of the generated heat is converted 
into usable energy. This is a direct consequence of using exclusively ceramic 
materials in the reactor core, which permit high helium temperatures. Thus the 
efficiency of the THTR is 39% compared with 33% for pressurized water reactors. 
With this efficiency HTGRs are equivalent to modern fossil-fired units in thermal 
efficiency and hence in rejection of heat to the ambient atmosphere. 

The high efficiency of electricity-generating high-temperature reactors results 
in a correspondingly low environmental impact from non-usable heat. Thus an 
HTR releases approximately 25% less waste heat than a pressurized water reactor 
of the same electrical power. 

In addition, the HTR is particularly suitable for an environmentally compatible 
release of waste heat via a dry cooling tower, as has been realized at the THTR 
power plant. This avoids heating-up of river water and the formation of steam 
clouds. Some studies have shown that obtaining adequate supplies of cooling 
water for evaporative use by power plants in some parts of the United States will 
be a problem by the period 1990 to 2000. The potential capability of the HTGR 
to alleviate this problem is significant. In addition, the potential siting flexibility 
through not being dependent on large supplies of cooling water would be an 
important advantage. 
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4 . 4 . 3 . Coo lant gas act iv i ty 

The coolant gas activity in the HTR primary circuit is extremely low since 
the fuel elements essentially consist of numerous small particles covered by a 
coating which effectively prevents the release of fission products up to high 
temperatures. The AVR has extremely low coolant gas activities even in spite 
of the fact that it has been used as a test bed for various different types of spherical 
fuel elements with coated particles [123, 176]. 

The increase of the AVR coolant gas outlet temperature from 850 to 950°C 
in 1974 had no substantial effect on the coolant gas activity. With intact coated 
particles and a gas outlet temperature of 950°C the coolant gas activity was 40 Ci, 
which is not more than 0.9 Ci/MW(th). 

4.4.4. Activity release to environment [177, 178] 

The values of the radioactive emissions, which are the bases of the licensing 
procedures for the HTRs currently being developed or under construction, are 
lower than the emissions of existing power plants of a comparable size (Table XLVIII). 
These values originate from calculations based on conservative models and data from 
fission product release experiments. Considerably lower values are obtained by 
extrapolating the measured emissions from experimental HTRs. In principle, the 
emissions may be further reduced by improving the gas purification plant and the 
fission product retention in the coated particles. This also holds for tritium [179], 
which is considered by some to be a problem. 

Tritium is produced in the HTGR by ternary fission and is mostly retained 
in the fuel particles and the graphite matrix. Tritium is also produced by neutron 
activation reactions with helium (3He) and with lithium and nitrogen impurities. 
These last two are the main source of tritium in the coolant. It is removed from 
the coolant by the hydrogen getter (absorber) unit in the helium purification system, 
through which a small fraction of the helium passes instead of going through the 
reactor. 

The krypton and xenon isotopes will also be removed from the coolant in 
the helium purification system by using a low-temperature absorber delay bed. 
Rather than being released after regeneration of the low-temperature delay bed 
(mostly long-lived 85Kr since the other radionuclides have decayed), the gas can 
be bottled for off-site disposal [180], 

Liquid wastes will be accumulated at the HTGR from decontamination 
operations or as a result of equipment failure such as a steam generator tube leak. 
Under normal conditions the liquid radioactive waste is expected to be about 
10 Ci/a. Treatment systems using devices such as those used in LWRs will keep 
liquid releases as low as practicable. 
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TABLE XLVIII. RADIOACTIVE EMISSION FROM HIGH-TEMPERATURE 
REACTORS 

Reactor THTR-300 HTR-1160 

Design values Expected 
(Ci/a) values 

(Ci/a) 

Design values Expected 
(Ci/a) values 

(Ci/a) 

Gaseous 

Noble gases 25 000 
(continuously) 

2000 1000 
(continuously) 

160 

6 000 
(discontinuously) 

5000 
(discontinuously) 

Tritium 

Iodine 
(+ Cs + Sr) 

10 

10- -106 

10 

4 X 10"3 

(without 
filter) 

~ 3 X 10~6 

(with filter) 

Liquid 

Tritium 

Solids 
(mainly 
Fe-55 and Fe-59) 

1 000 

0.5 

400 

0.2 

2000 

0.5 

800 

0 . 2 

Compared with the LWR, the HTGR produces a somewhat lower volume of 
solid wastes to be shipped to a repository or burial grounds. This is mainly owing 
to the higher thermal efficiency of the reactor, the elimination of cladding hulls, 
and the relatively high amount of thermal energy extracted per unit mass of fuel 
material in the HTGR. 

Experience with Fort St. Vrain has confirmed the low levels of radioactive 
release anticipated. For example, even though significant plant operation has 
occurred since 1976, Fort St. Vrain has yet to make its first shipment of low-level 
radioactive solid waste [181]. The combined total activity of this accumulated 
waste radioassayed to date is less than 1 Ci. The noble gas airborne effluent 
released from Fort St. Vrain in 1978 totalled 332 Ci, whereas the average BWR 
and PWR releases in 1977 were 120 000 and 6600 Ci, respectively [177]. 
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TABLE XLIX. FORT ST. VRAIN (FSV) HTGR PERSONNEL 
EXPOSURE DATA 

Data for 1978 

Average number personnel monitored 930 

Average number personnel with measurable doses 34 

Per cent personnel with measurable doses 3.7 

Average collective dose (man-rem) 0.87 

Average man-rem exposure per GW(e) (7) 11.5 

Data for 1980 

Average man-rem 1.32 

Average man-rem exposure per GW(e) (7) 17 

The mean annual radioactive release from the AVR to the atmosphere 
amounts to about 20 Ci by noble gases, about 25 Ci by tritium and about 0.2 Ci 
by aerosols. This results in a whole-body dose of approximately 10"3 mrem/a at 
the location of maximum radiation exposure. Compared with the natural radiation 
exposure of about 110 mrem/a, the dose mentioned before is negligibly small. 

4.4.5. Radiation exposure 

Fort St. Vrain and AVR provide the best evidence of one of the major 
advantages of the HTGR: low radiation exposure of the plant personnel. 
Table XLIX gives 1978 personnel exposure data for the Fort St. Vrain Reactor 
[177]. Fort St. Vrain's total man-rem exposure in 1980 was less than 2 rem. This 
extremely low personnel exposure level is even more significant in view of the fact 
that Fort St. Vrain does not have a containment and virtually unlimited access is 
provided into the reactor building for all operation, maintenance and construction 
personnel. The collective dose of station and contractor personnel (approximately 
160 persons in total) recorded at the AVR plant during 12 years of operation is 
exceptionally low and amounts to an average value of about 50 rem/a. 

Figure 86 compares the radiation exposure of operating and maintenance 
personnel of different reactor types and shows the low radiation exposure of 
personnel working at HTGR plants. This characteristic feature of low personnel 
radiation exposure in HTR plants should be of special interest to utilities. 
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FIG.86. Comparison of radiation exposure of operating and maintenance personnel of 
different reactor types. 

TABLE L. COMPARISON OF ENVIRONMENTAL IMPACT OF COAL 
POWER STATIONS AND GASIFICATION PLANTS 

Process Waste heat 
(%) 

co2 
(%) 

so2 NOx 

(%) 
Dust 
(%) 

Coal power station 100 

Gasification 

Autothermal 53 

Nuclear process 63 
steam 

Nuclear process 37 
heat 

100 

57 

31 

31 

100 

20 

100 

25 

100 

20 
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4 . 4 . 6 . Air po l lu t ion f r o m coal gas i f icat ion 

An important point is the fact that by nuclear coal gasification the environ-
mental pollution can be reduced considerably compared with electricity produc-
tion from coal or autothermal gasification processes. As shown in Table L, 
all S0 2 , NOx and dust pollution can be reduced to zero. In connection with the 
high safety potential of the HTR these new gasification technologies should there-
fore be accepted more easily by the public than power generating or autothermal 
gasification plants [101]. 





Annex 

THE INTERNATIONAL WORKING GROUP ON 
GAS-COOLED REACTORS 

Over the past decade the International Atomic Energy Agency has organized 
various meetings on the technology of gas-cooled reactors. In 1977 it was decided 
to formalize the information exchange role of the Agency in this field by the 
formation of an International Working Group on Gas-Cooled Reactors (IWGGCR). 
The objectives of the IWGGCR are: 

(a) To assist the Agency in carrying out activities in accordance with its statute 
and programme and to provide its Member States with information and 
recommendations on technical and economic aspects of gas-cooled reactors; 

(b) To promote an exchange of information on national programmes, new 
developments and experience, to identify and review problems of importance 
and to stimulate co-operation, development and practical application of gas-
cooled reactors. 

The gas-cooled reactor programme considered by the IWGGCR includes 
carbon-dioxide-cooled thermal reactors, helium-cooled thermal high-temperature 
reactors for electricity generation and heat production and gas-cooled fast reactors. 
At present 12 IAEA Member States (Austria, Belgium, France, Federal Republic 
of Germany, Italy, Japan, Poland, Sweden, Switzerland, USSR, UK, USA) and two 
International Organizations (CEC, OECD) have nominated members for the 
IWGGCR. The following meetings were held within the framework of the 
IWGGCR: 

(1) Specialists Meeting (SM) on Vessel Concepts for Gas-Cooled Reactors 
(Lausanne, Switzerland, 23—25 October 1978) 

(2) SM on Mechanical Behaviour of Graphite for HTRs (Gif-sur-Yvette, France, 
11-13 June 1979) 

(3) SM on Process Heat Applications Technology for HTRs (Jülich, Federal 
Republic of Germany, 2 7 - 2 9 November 1979) 

(4) SM on Gas-Cooled Reactor Safety and Licensing Aspects (Lausanne, 
Switzerland, 1 - 5 September 1980) 

(5) SM on Coolant Chemistry, Plate-out and Decontamination (Jülich, Federal 
Republic of Germany, 2—4 December 1980) 
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(6) SM on High-Temperature Metallic Materials for Application in Gas-Cooled 
Reactors (Vienna, Austria, 5 - 7 May 1981) 

(7) Technical Committee on Gas-Cooled Reactors (Minsk, USSR, 12—16 October 
1981) 

(8) SM on Gas-Cooled Reactor Core and High-Temperature Instrumentation 
(Bowness on Windermere, Cumbria, UK, 15-17 June 1982) 

(9) SM on Gas-Cooled Reactor Seismic Design Problems and Solutions (San Diego, 
California, USA, 30 August - 1 September 1982) 

(10) SM on Gas-Cooled Reactor Fuel Development and Spent Fuel Treatment 
(Moscow, USSR, 18-21 October 1983). 

Meeting reports of every meeting can be requested from the IAEA. 



DRAFTING COMMITTEE 

At its third meeting in May 1981 the International Working Group on 
Gas-Cooled Reactors recommended to the Agency to publish this Technical 
Report on "Status of and Prospects for Gas-Cooled Reactors". In order to 
review and discuss the submissions of Member States, a Drafting Committee was 
established and was attended by the following participants: 

E. Baithesen Kernforschungsanlage Jülich GmbH, 
Postfach 1913, 
D-5170 Jülich, 
Federal Republic of Germany 

G. Coast United Kingdom Atomic Energy 
Authority (UKAEA), 

Technical Services and Planning Directorate, 
Northern Division, 
Risley, Warrington WA3 6AT, 
United Kingdom 

V.N. Grebennik Institute of Atomic Energy, 
PI. I.V. Kurchatova, 
123182 Moscow, 
USSR 

A. Knowles UKAEA Risley, 
Warrington, WA3 6AT 
United Kingdom 

V.D. Kolganov Scientific Institute of Power Engineering, 
107113 Moscow, 
USSR 

S. Penfield Gas-Cooled Reactor Associates, 
3344 N. Torrey Pines Ct., Suite 300, 
La Jolla, CA 92037, 
USA 

J. Planquart CEN/SCK Mol, 
Boeretang 200, 
B-2400 Mol, 
Belgium 
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A.N. Protsenko Institute of Atomic Energy, 
PI. I.V. Kurchatova, 
123182 Moscow, 
USSR 

R. Simon GA-Technologies Inc., 
P.O. Box 81608, 
San Diego, CA 92138, 
USA 

G. Sarlos Schweizerische Interessengemeinschaft HHT, 
CH-5303 Würenlingen, 
Switzerland 

T. Yasuno Designing Section of the 
Experimental VHTR, 

Japan Atomic Energy Research Institute (JAERI), 
Tokai Research Establishment, 
Tokai-mura, 
Ibaraki-ken, 319-11, 
Japan 

J. Yellowlees Nuclear Power Company Ltd, 
Warrington Road, 
Risley, Warrington, Cheshire WA3 6BZ, 
United Kingdom 

CONSULTANT 

F.J. Kringst Kernforschungsanlage Jülich GmbH, 
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