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FOREWORD 

During the period from December 1975 to January 1978 the IAEA 
convened a series of consultants' meetings with the objective of preparing a 
report summarizing the present status of thermal breeder reactor development 
and the prospects for using thermal breeders as an additional option to limit 
world uranium ore requirements, in view of possible limited supplies and delays 
in or high costs of other nuclear options. The report, which includes an account 
of the main approaches that have been actively pursued and provides a basis for 
comparative assessment, is now presented here. 

Thermal breeder reactors offer prospects for greatly improved utilization 
of uranium and thorium-based fuels when compared with current commercial 
nuclear power reactors. They share some of the merits of fast breeder reactors 
and offer an additional approach for extending world energy resources. 
Recently, the Light Water Breeder Reactor Demonstration at Shippingport, 
USA, was put into operation and the resulting data will contribute to the 
evaluation of the concept. 

The Agency is grateful to the consultants whose participation and con-
tributions were essential to this report, including the project experts and 
advisers, M.J. Crijns, M.E.A. Hermans, V.D. Pias and J.J. Went of KEMA 
Laboratories, The Netherlands, L.E. McNeese of Oak Ridge National Laboratory, 
USA, A. Radkowsky of Tel Aviv University, Israel, J.B. Slater of Chalk River 
Nuclear Laboratories, Canada, J.J. Geist from The Netherlands, and M. Grenon 
and L. Schrattenholzer from the International Institute for Applied Systems 
Analysis, Austria. In addition, appreciation is expressed to J.A. Lane for his 
compiling and editing of the draft report. 
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1. INTRODUCTION 

1.1. ORIGIN AND OBJECTIVE OF THE STUDY 

A major current world concern is the realization that the reserves of oil and 
natural gas are limited and may be effectively exhausted during the next 50 years. 
This has led to a search for alternative energy sources which can be introduced 
on a rapidly expanding scale to be substituted for these dwindling resources. In 
the search for alternatives, a major desire has been to find 'renewable' or almost 
inexhaustible forms of energy, and a major commitment to the development of 
these energy sources could lead to a long-term solution. 

The utilization of nuclear energy requires an adequate supply of fissile 
material. On the basis of current understanding it must be assumed that a reason-
able upper limit to the naturally occurring uranium resources that can be 
economically extracted is of the order of 10—20 million tonnes. While this is a 
large amount of material, it cannot be considered to constitute more than a 
relatively short-term energy source for the world's future energy demands when 
used in current reactor types. However, if this natural fissile source is used in 
power-producing breeder reactors, in which less fissile material is consumed than 
is produced from the conversion of the naturally occurring fertile materials 238U 
and 232Th, then a large fraction of all the economically recoverable fertile 
material would be converted into fissile material and the overall resource base 
would be effectively almost two orders of magnitude greater. With breeding, 
nuclear energy may be considered to have an almost inexhaustible resource base 
for the foreseeable future. 

One major obstacle to the implementation of nuclear energy as a long-term 
energy source, therefore, could be the exhaustion of natural fission deposits via 
large-scale introduction of non-breeding 'converter' reactors before a sufficient 
number of breeder reactors has been introduced. 

A large and significant development effort has been devoted to the fast 
breeder reactor, but there are many obstacles to its application on a large scale, 
including concern about the ultimate acceptability of a large 'plutonium economy', 
nuclear proliferation, licensibility and economics. Thermal breeder reactors 
provide an alternative approach to breeding. 

Breeding in thermal reactors has been studied by a number of research 
teams since the early days of nuclear energy. Although the objectives of these 
studies were essentially the same, the results have not been presented together 
and within one scope. At a meeting of the European Physical Society in 1975 
at Bucharest, where the potential of thermal breeders and near-breeders was 
stressed by members of two of those research teams, the IAEA suggested that a 
cooperative evaluation of the potential of thermal breeders and near-breeders 

1 



2 1. INTRODUCTION 

should be made. This suggestion was in line with the fact that throughout the 
history of the IAEA there has been a continuing interest in thorium utilization, 
apart from a more general interest in reactor strategy studies. On this IAEA 
initiative a consultants group was formed under the coordination of the IAEA 
to evaluate a number of thermal breeder and near-breeder reactor concepts. The 
study, which is presented in this report, covers the molten-salt reactor, the heavy-
water suspension reactor, the thorium-fuelled CANDU reactor and the seed-
blanket aqueous reactor. These four thermal breeders and near-breeders all use 
the thorium cycle. 

The main objective of this cooperative study and of this report is to evaluate 
the extent to which such reactors might complement fast breeders or serve as 
an alternative in solving the long-term nuclear fuel supply problem. A secondary 
objective is to consider in a general way issues such as proliferation, safety, 
environmental impacts, economics, power plant availability and fuel cycle 
versatility in order to determine whether thermal breeder reactors offer advantages 
or disadvantages with respect to such issues. 

1.2. ENERGY DEMAND 

As a basis for strategy calculations the estimated world energy demands up 
to the year 2050 have been considered in order to cover a period sufficiently 
long to assess the full impact of breeders on the problem of uranium supply. The 
estimated primary energy demand was derived from studies made by the 
International Institute for Applied Systems Analysis (IIASA). The energy demands 
are characterized by an assumed further growth up to the year 2000 and a gradual 
levelling off by the year 2050. The increase is due to an assumed increase of the 
world population, the growth rate of which falls off after the year 2000. An 
increased per capita energy consumption is included for the developing part of 
the world. Using this total primary energy scenario as a guide, estimates were 
made for three nuclear energy capacity projections. These reflect the substitution 
of nuclear energy for gas, oil and coal to varying extents which is due to the 
diminishing fossil fuel reserves. 

1.3. FOSSIL FUELS 

Fossil fuels cover most present energy demands and are expected to 
continue to be a major energy source in the future. According to the three 
independent studies performed for the Conservation Commission of the Tenth 
Meeting of the World Energy Conference, held in Istanbul in September 1977, 
the best current estimates of fossil fuel reserves and resources are as given in 
Table I [1], 
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TABLE I. FOSSIL FUEL RESERVES AND RESOURCES: SUMMARY OF 
FINDINGS OF THE WORLD ENERGY CONFERENCE, 1977 
(In 109 tee = 1 TW • a)a 

Reserves Ultimate 
reserves/resources 

Coal 640 10 000 

Oil (conventional) 135 450 

Gas 75 330 

a 1 T W a is roughly equivalent to 109 tonnes coal, 0.75 X 109 tonnes oil, 32 exajoules, 
7.5 X 101S kilocalories. 

To these reserves and resources must be added large unconventional resources 
of oil and gas which are not yet economically - nor sometimes technically -
recoverable. Unfortunately, there are no reliable estimates of the potential 
amount of these resources on a global basis, but many experts believe that their 
total heat content may be of the same order of magnitude as the coal resources 
given in Table I. However, whether one considers coal or conventional and un-
conventional oil and gas, it is not known at present wjhat percentage of the 
resources or ultimate reserves can be recovered finally; thus, such estimates must 
be used with care. 

Compared with the world energy consumption in 1977 (nearly 8 billion tee), 
these resources appear to be sufficient for a reasonably long time. However, this 
possibility must be balanced against two primary considerations: the uneven 
geographical distribution of fossil fuels and the environmental threat in connection 
with fossil fuels. 

1.3.1. The uneven geographical distribution of fossil fuels 

Three countries, namely the USSR, USA and China, own more than 90% 
of the coal resources known at present. Their potential role as coal exporters 
is far from clear. Concerning other countries, some of them have a short- or 
medium-term potential for coal export and for contributing to a world coal 
market (Australia, South Africa, Poland, etc.), but the situation is less promising 
in the long term. The global situation for coal could be dramatically improved 
through a technological breakthrough, i.e. underground coal gasification, which 
could make economical the exploitation of many coal deposits that are at 
present uneconomical. 
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Oil and gas are also unevenly distributed geographically. While the major 
share of coal belongs to developed countries, more than 50% of the world oil 
reserves and resources belong to developing countries. Some of these are badly 
in need of their hydrocarbon potential for domestic, economical and instustrial 
development. 

Finally, because of the inertia of the energy supply sector, fossil fuels will 
probably continue to play a major role in the coming decades. The known low-
cost energy reserves can be considered as largely committed up to the end of the 
century, and there seems to be no way, at the present time, to decrease the 
dependence on still abundant, but much more expensive, fossil fuels. 

1.3.2. Environmental threat in connection with fossil fuels 

Assuming that the large fossil fuel reserves and resources are technically, 
economically and politically available, there is a growing concern that they 
cannot be used to exhaustion because of their threat to the environment. 

The two major impacts on the environment from fossil fuels are related to 
their extraction (and upgrading) and to their utilization. In our opinion, the 
extraction phase is at present making very encouraging progress with respect to 
environmental considerations (such as water resource protection, land reclamation, 
dust abatement, etc.) so that acceptable conditions for adequate fossil fuel 
extraction can be foreseen. 

The situation seems much more worrisome for fossil fuel utilization. The 
problems associated with sulphur must and can probably be solved, but with a 
high economic penalty and significant environmental impact. A potential problem 
is associated with the (quasi) unavoidable release of C02 into the atmosphere. 
Insufficient information prevents a definitive statement on the importance and/or 
urgency of this problem, but it could finally be the limiting factor for fossil fuel 
utilization. Some proposals for controlling the C02 cycle [2] call for as complex an 
installation and management plan as does the nuclear fuel cycle. Other proposals 
call for international control of fossil fuel utilization. 

In view of these considerations, it is our opinion that the fossil fuel option, 
although still largely open, needs one or more back-up alternative solutions and, 
in order to ensure a better distribution of wealth between the various nations, 
probably is not the optimum long-term energy option if world energy demand 
continues to grow. 

1.4. ADVANCED ENERGY SOURCES 

Solar energy is receiving increased attention. However, technological methods 
for collecting, converting and storing this very diffuse form of energy economically 
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TABLE II. URANIUM AND THORIUM RESERVES AND RESOURCESa 

(In 106 tonnes metal) 

Price range in Reasonably assured Estimated additional Totals 
US $/lb U 3 0 8 resources resources 

U 30 1.65 1.51 3.16 

3 0 - 5 0 0.54 0.59 1.13 

4.29 

Th - 0.49 0.83 ' 1.32 

a Data as of 1 January 1977. 

on a large scale have not been developed and solar energy cannot be expected to 
provide a major fraction of the world energy production needed up to the middle 
of the next century. If external factors such as the C02 build-up problem lead 
to a decrease in fossil fuel utilization, the development of solar energy could be 
speeded up. Solar energy in other forms (including wind and ocean thermal 
gradients) cannot be expected to provide more than a relatively small fraction 
of the world energy production needed. 

The scientific feasibility of fusion energy remains to be demonstrated. The 
technological feasibility is not expected to be demonstrated before the year 2000. 
With the lead times that seem necessary for such advanced technological systems 
to reach a commercial status, the contribution to the world energy production 
can be expected to be small, at least through the middle of the next century [3]. 

1.5. NUCLEAR ENERGY: CURRENT AND FUTURE USE 

Nuclear energy is a major feasible option for replacing oil and gas and possibly 
coal. The latest estimates on uranium resources [4] in market economy countries 
are given in Table II. 

Sea-water is potentially an almost limitless source of uranium, but the most 
basic problem appears to be one of economics. Recovery costs are high because 
of plant costs and the need to process vast volumes of water. Thorium exploration 
has not been undertaken in most parts of the world. Therefore, a large part of the 
world's resources has not yet been identified or assessed. However, it is 
generally accepted that there is about three times as much thorium as uranium 
in the world. 
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The amount of electricity that can be generated from a limited quantity of 
natural uranium depends strongly on the types of reactors and fuel cycles utilized. 
In current reactor types a continued supply of fissile material is necessary. Through 
the use of breeders a continued supply of fissile material is unnecessary, and near-
breeders would only require a continued supply of fissile material which is far 
below the equivalence of their energy production. 

For the thermal reactors under consideration in this report, breeding is 
based on the thorium cycle because of the excellent fission properties which the 
resulting 233U has in a thermal reactor. The fertile material, 232Th, is transmutated 
via neutron capture into 233U through the sequence 

232Th + n 233Pa ->• 233U + ß 

In thermal fissioning, at neutron velocities of 2200 m/s, 233U yields an average of 
2.28 neutrons as compared with 2.11 neutrons in the case of 235U and 2.07 neutrons 
for 239Pu [5]. The higher neutron yield results in a higher potential conversion 
ratio and thus a higher potential fissile production rate as compared with the 
thermal uranium-plutonium cycle. Consequently, thermal breeders provide a 
most attractive route for utilizing the high potential of nuclear energy stored in 
the thorium ores. 

Throughout this report the terms conversion ratio and fuel utilization will 
be used frequently. They are defined as follows: 

Conversion ratio is the average ratio of the number of fertile atoms converted 
into fissile atoms and the number of fissile atoms lost through fission and 
capture. 
Fuel utilization is the amount of energy extracted from a given quantity of 
natural material. 

Conversion ratios larger than one are often called breeding ratios. 

The expansion of the nuclear energy production industry has seen the 
installation of several types of reactors that use uranium in a 'once-through' fuel 
cycle for the time being, i.e. uranium fuel is fed to the reactor, irradiated, dis-
charged and placed in long-term storage. Although the fuel cycle is simple, fuel 
utilization is low, with only 0.5% of the original amount of mined uranium being 
converted into energy. The twin results are that only low-cost uranium can be 
used economically in competition with other forms of energy production and that 
a continually expanding supply of uranium is required. 

To reduce the impact of these two limitations, considerable world-wide 
effort has been devoted to investigating and developing the technologies for both 
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FIG.l. Fuel utilization efficiency as a function of breeding ratio (Ref. [5] J. 

recycling fuel and increasing fuel utilization. Although recycling uranium and 
plutonium in current thermal reactors could result in an improvement in fuel 
utilization, it does not significantly broaden the competitive uranium price range 
nor does it eliminate the need for a continually growing supply of natural uranium 
to subsist an expanding nuclear power programme. 

To achieve a high fuel utilization, the fuel must be utilized in reactors having 
conversion ratios significantly larger than current designs, as illustrated in Fig.l [5]. 
It is apparent from this figure that markedly increased fuel utilization is attainable 
for conversion ratios of 0.95 or higher. Fuel utilization is inversely proportional 
to the conversion ratio for conversion ratio values smaller than one. For values 
greater than one, the fuel utilization is practically independent of the conversion 
ratio. A reactor with an associated fuel cycle providing a conversion ratio greater 
than unity, i.e. a breeder system, has the desirable characteristics of both high 
fuel utilization and the capability to produce excess fissile material to meet part 
or all of the required inventory for future expansion.1 

Accordingly, the potential of the fast breeder reactor was recognized at an 
early stage and priority has been given to its development in many countries. . • 
The potential for breeding in thermal nuclear reactors has been investigated at a 
lower level of priority because, from reactor physics considerations, relatively 
low breeding ratios are possible using the thorium cycle. This disadvantage is 

1 A similar figure can be found in Ref. [6], Depending on the burn-up and the losses 
in the fuel cycle the utilization efficiency will vary between 50 and 80% for breeding ratios 
greater than one. 
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somewhat compensated for by the fact that the initial fissile inventories required 
to start thermal breeder reactors tend to be markedly lower than those required 
for fast breeder reactors. This is an important aspect in an expanding nuclear 
system, particularly during the period of transition from 'once-through' light-water 
converter reactors to breeder reactors. 

1.6. ISSUES FACING NUCLEAR ENERGY 

The major issue facing nuclear energy that is considered in this study is the 
availability of an adequate natural uranium supply to support a nuclear power 
programme over a long period. One major emphasis of this study concerns the 
ability of thermal breeder reactors to reduce world uranium requirements for an 
expanding nuclear system and to broaden resource diversity through increased 
use of thorium. To investigate this, a series of nuclear power expansion scenarios 
for the period 1975 to 2050 has been investigated. The natural uranium require-
ments associated with introducing different types of thermal breeder reactors 
have been compared with those associated with the introduction of a representative 
fast breeder reactor. 

A second major effort has been devoted to assessing the feasibility of 
introducing thermal breeder reactors in a timely fashion. This has required an 
evaluation of both the current development status and further development 
needs of the different thermal breeder concepts. 

In addition, the investigation considered in a general way a number of topics 
of current concern in the nuclear field and the ability of the thermal breeder 
reactors considered to provide answers to these issues. 

The issues investigated were: 

( 1 ) Environmental considerations 
(2) Safety 
(3) Proliferation resistance 
(4) Economics 
(5) Availability 
(6) Fuel versatility 
(7) Fuel cycle characteristics. 

Four thermal breeder reactor concepts were chosen for detailed evaluation. 
These are: 

(1) The molten-salt breeder reactor (MSBR) 
(2) The heavy-water suspension breeder reactor (HWSR) 
(3) The thorium-fuelled CANDU reactor (CANDU-Th) 
(4) The seed-blanket aqueous reactor or light-water breeder reactor (LWBR). 
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Because of the large increase in system fissile inventory associated with 
obtaining a conversion ratio of 0.95 or higher in a helium-cooled high-temperature 
reactor, this reactor type was not considered in detail in the study. 

Sufficient development work on each of the above thermal breeders has been 
carried out so that there is a high probability that these concepts could be brought 
to a commercially viable status. The first two concepts are fluid-fuel designs 
which have not yet been tested beyond the experimental test reactor stage. How-
ever, the fuel form allows a system with the potential for significantly higher 
breeding ratios than possible in a solid-fuel thermal reactor, together with a lower 
fissile inventory, 

The latter two reactor types evaluated are solid-fuel concepts which are 
based on existing commercial reactor designs (the PWR and the natural-uranium-
fuelled CANDU, respectively) but which have an advanced thorium-cycle fuel 
design. The performance of these concepts has been compared with that for a 
'standard' light-water reactor and a representative fast breeder reactor. The 
LWBR will be preceded by a pre-breeder (LWPBR) using medium-enriched uranium 
with characteristics different from those of the LWBR. 

REFERENCES TO SECTION 1 

[1] GRENON, M., Personal communication, Jan. 1978. 
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2. GENERAL DESCRIPTION OF THERMAL BREEDER 
AND NEAR-BREEDER REACTORS 

The four reactor types mentioned in Section 1.6 fall into two categories: 

(a) The CANDU reactor and the light-water breeder reactor (LWBR), which 
is the most developed type of seed-blanket aqueous reactor, using solid fuel. They 
have been purposely designed on the basis of reactors which have been in service 
for years. The reactor and plant systems are based on well-known technologies 
and proven performance. The change to the more advanced thorium cycle versions 
would be effected mainly by adapting the fuel to this cycle. They could be used 
with the thorium cycle in the relatively near future. The presence in the core of 
fuel element structure and the application of the normal fuel management, how-
ever, lead to conversion ratios lower than those attainable in liquid-fuel reactors. 

(b) The MSBR and the HWSR are liquid-fuel reactors, which are designed 
to have improved neutron economy. They would outperform solid-fuel thermal 
breeders with respect to conversion because of lower parasitic neutron absorption 
in the core and an integrated reprocessing cycle. However, these reactor concepts 
require considerable development before they could be utilized for significant 
energy production. 

Mention should also be made of another seed-blanket aqueous reactor concept 
which uses heavy water as coolant instead of light water. The characteristics of 
this concept are described in Appendix D. 

2.1. COMMON CHARACTERISTICS OF FLUID-FUEL AND SOLID-FUEL 
THERMAL BREEDER AND NEAR-BREEDER REACTORS 

Although there are large differences in fuel form, reactor design and material 
used for the four reactor types studied in this report, they are all subject to the 
same immutable requirement for breeding in a thermal reactor — the necessity 
for strict neutron economy. The systems differ in the means used to reduce 
neutron losses. 

To illustrate this requirement further, it is useful to construct a conceptual 
'neutron balance', which is normalized to one absorption in the fissile material, as 
shown in Table III. 

When the reactor is critical, the neutron losses and gains balance: 
t?(1 +£>= 1 + F + L + S + C + FP 

11 
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TABLE III. NEUTRON BALANCE 

Neutron losses Neutron gains 

Fissile material 1 JJ 

Fertile material F ¡¡rj 

Leakage out of the system L -

Structural material S -

Control and power-shaping devices C — 

Fission products and parasitic 
heavy elements present FP 

r/ = average number of fission neutrons produced per fissile absorption 

% = ratio of fission neutrons from fast fission in fertile atoms to fission neutrons from 

fissile fissions. 

For breeding to occur, every loss of a fissile atom must be balanced by more than 
one absorption in a fertile atom, i.e. 

F = t î ( 1 + Ç ) - 1 - L - S - C - F P > 1 

The last equation also shows that tj must be significantly larger than two for 
breeding to occur. Only 233U satisfies this criterion for thermal reactors where the 
enhancement of neutron production by fast fissions in the fertile material is 
relatively small. Also, maximum breeding will be obtained when neutron losses 
to leakage, structural materials, control and power-shaping devices and fission 
products are minimized and fast fission in fertile material is enhanced. The role 
and influence of each of the factors mentioned are discussed in the following 
sub-sections. 

2.1.1. Neutron leakage 

In all the reactors, specific provision has been made to reduce neutron 
leakage. In the thorium-fuelled CANDU reactor (CANDU-Th) and in the HWSR 
this is done by using heavy-water reflectors which surround most of the core. 
MSBR and LWBR use the concept of surrounding the core by a region containing 
high concentrations of fertile material. 

2.1.2. Structural materials 

The materials chosen for use in the core designs are characterized by low 
thermal absorption cross-sections. This is also true for the materials used for 
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coolants and moderators. Only the LWBR uses light water for coolant and 
moderator and here the amount used has been reduced as much as possible with 
respect to the extraction of energy from the central core. 

2.1.3. Control and power-shaping devices 

Neutron losses to these devices have been reduced in a different way. For 
the LWBR, geometry control is used, in which the movement of a small part of 
the core varies the leakage of neutrons into fertile material instead of into 
absorbing control rods or burnable poison. In the MSBR, control is obtained by 
local adjustment of moderation, through the use of movable low-absorption 
graphite salt displacement rods. In the HWSR, control is obtained by the large 
prompt negative temperature coefficient of reactivity which is an inherent property 
of the core. Only in the CANDU-Th are absorbing rods used for control. However, 
in this case, large reactivity margins are not required since fuel reactivity depletion 
effects are compensated for by the use of on-line refuelling. 

2.1.4. Fission products and parasitic heavy elements 

In both the solid-fuel reactors (LWBR and CANDU-Th), fission products 
accumulate with irradiation and gradually reduce breeding performance. They 
can be removed only by periodically reprocessing the fuel. The liquid-fuel concepts 
allow a continual purge of high-absorption fission products plus parasitic heavy 
elements which are chemically separable (for instance 233Pa). This is an important 
difference which gives the potential for significantly higher breeding ratios than 
are possible in solid-fuel reactors. 

2.1.5. Enhanced fast fission in fertile material 

Only the LWBR exploits the potential of increased breeding by enhanced 
fast fission in fertile material. The core is divided into well-moderated 'seed' 
regions and undermoderated 'blanket' regions. This permits the use of close 
spacing of fuel elements in the blanket which results in a high value of the fast 
fission effect. 

2.2. CHARACTERISTICS OF THE MOLTEN-SALT REACTOR 

Molten-salt reactors are characterized by the use of a fluid fuel salt containing 
both fissile material and thorium, which allows simple on-site fuel processing 
without the necessity for subsequent fuel fabrication operations. Important 
performance characteristics for a 1000-MW(e)MSBR are given in Table IV. Of 
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TABLE IV. PERFORMANCE CHARACTERISTICS, CAPITAL COSTS AND 
OPERATING COSTS FOR A lOOO-MW(e) MOLTEN-SALT BREEDER REACTOR 

Heat generation 2250 MW(th) 

Net electrical output 1000 MW(e) 

Overall plant thermal efficiency 44.4% 

Total salt volume in primary system 48.7 m 3 

Fissile fuel inventory of reactor system and 
processing plant 3 1487 kg 

Breeding ratio 1.07 

Fissile fuel yieldb 3.63%/a 

Fuel doubling time (exponential)11 19 years 

Thorium inventory 68 000 kg 

Fuel salt inlet and outlet temperatures 566, 704°C 

Coolant salt inlet and outlet temperatures 454, 621°C 

Thrott le steam conditions 24X 106Pa, 540°C 

a At steady state. 
b At 80% plant factor. 

particular importance is the low system fissile inventory (1.5 kg/MW(e)) which is 
only 25—35% of that required for fast breeder reactors and is significantly lower 
than is required for most other breeders or near-breeders (see § 3, Table IX). 
Molten-salt reactors also have inherent characteristics that significantly simplify 
safety considerations. A more detailed discussion of MSR characteristics is given in 
Appendix A. 

Low neutron leakage in an MSBR without a separate fertile blanket is 
obtained by using a salt volume fraction in the outer region of the reactor that is 
about three times that in the central core. This produces a well-moderated core 
and an undermoderated outer region where neutron captures in thorium pre-
dominate and a low-power-density blanket results. A molten-salt reactor can be 
operated with any of the common fissile materials (233U, 23SU and/or 239Pu), and 
the conversion or breeding ratio can range from 0.85 to 1.07, depending primarily 
on the reactor design and the type and frequency of fuel processing. 

In the MSBR, the fuel carrier salt is a mixture of the fluorides of lithium, 
beryllium and thorium, having the composition 72-16-12 mol% LiF-BeF2-ThF4. 
The fissile material is in the form of UF4. The fuel salt is pumped through a core 
formed of bare graphite. The salt does not wet graphite and will not penetrate 
into it if material having small pore sizes is used. The solubility of noble gases 
in the fuel salt is very low, which allows their removal and reduces the extent of 
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neutron absorption in 13sXe. The noble gases are removed by injecting bubbles of 
helium into a fuel salt side-stream and stripping the bubbles from the salt with 
centrifugal separators. 

Heat is transferred from the fuel salt to a secondary coolant (92-8 mol% 
NaBF4-NaF) which then passes through steam generators where supercritical 
steam at 540°C and 25 X106 Pa (250 bar) is generated, yielding an overall thermal 
efficiency of 44.4%. All metal surfaces that contact fuel salt are made from 
modified Hastelloy N, a nickel-base alloy developed especially for use in molten-
salt reactors. 

To achieve good breeding in an MSBR, 233Pa and some of the salt-soluble 
fission products, particularly the rare earths, must be removed in cycles of about 
10 days and 3 0 - 5 0 days, respectively. This is accomplished in an on-site pro-
cessing plant through which the fuel salt is circulated at a maximum rate of about 
0.9 g/min, which results in processing a salt volume equivalent to that in the 
primary circuit in a ten-day period. The processing steps involve volatilization of 
the uranium as UF6 by fluorination, the selective removal of protactinium by 
reductive extraction into liquid bismuth from which it is transferred to a captive 
fluoride salt volume for decay to 233U, the selective removal of the rare earths and 
other fission products by selective extraction into liquid bismuth, and the return 
of uranium to the processed fuel carrier salt. 

2.3. CHARACTERISTICS OF THE HEAVY-WATER SUSPENSION REACTOR 

It is characteristic for the heavy-water suspension reactor that its fuel consists 
of oxide particles in the micrometre range, which are dispersed in heavy water 
that serves as both moderator and coolant. The fuel is composed of a mixed 
uranium-thorium oxide. This fuel dispersion is circulated through the primary 
system, consisting of the reactor core, the primary heat exchanger and a circulation 
pump. The small size of the fuel particles ensures the immediate escape of most 
fission fragments into the heavy water and thereby a prompt transfer of fission 
heat to the moderator. The resulting prompt negative temperature coefficient can 
counteract even very fast reactivity addition and makes the system inherently 
safe with respect to power excursions. The absence of structural materials inside 
the core and of reactivity controlling devices or materials yields good neutron 
economy. 

The reactor power control is effected through control of the fuel concen-
tration by means of a hydrocyclone system. 

The escape of most of the fission fragments from the fuel particles allows 
continuous removal of gaseous fission products into a gas system in which any 
radiolytic gases can be recombined. 



16 2 2. GENERAL DESCRIPTION 

TABLE V. PERFORMANCE CHARACTERISTICS FOR A 250-MW(e) HEAVY-
WATER SUSPENSION REACTOR FUELLED INITIALLY WITH 233U FUEL 

Heat generation 786 MW(th) 

Net electrical output 250 MW(e) 

Power density 35 MW/m3 

Overall thermal efficiency 31.8% 

Pressure 1 5 . 9 X 1 0 6 P a 

Core inlet and outlet temperatures 295/325°C 

Heat exchanger inlet and outlet temperatures 275/305°C 

Fuel concentration 400, 200 kg/m 3 

System fissile inventory3 634, 344 kg 

Thorium system inventory3 42 000, 21 000 kg 

Breeding ratiob 1.07, 1.02 

System compound doubling time0 25, 48 years 

a Assuming an ex-reactor fissile inventory of 10% of the in-reactor inventory. 
b It is assumed that 0.3% of the fuel inventory is reprocessed daily. 
c For an assumed load factor of 80%. 

The system allows on-line refuelling which might even be carried out semi-
continuously. Fuel fabrication is simple and would probably be integrated with 
the reprocessing step at the site. 

Although a breeding ratio of 1.10 could be attainable theoretically with 
instantaneous reprocessing, a value of 1.05 seems to be a reasonable, practical goal. 

Studies to date have indicated that a modular construction might be preferred, 
with a module size of about 250 MW(e). The problems of a 1000 MW(e) reactor 
have not yet been addressed. 

In this report the thorium-uranium fuel cycle operation is presented, based 
on a start-up with 235U, gradually shifting to 233U. Modes of operation on other fuel 
cycles would not influence the design as such but would influence the conversion 
ratio. Table V lists some of the important reactor data for a thorium-uranium 
fuel cycle. 

2.4. CHARACTERISTICS OF THE THORIUM-FUELLED CANDU REACTOR 

CANDU is a heavy-water moderated, pressure-tube concept. The reactor is a 
large, horizontally oriented cylindrical tank which contains the cool, low-pressure 
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TABLE VI. CHARACTERISTICS OF A lOOO-MW(e) CANDU-Th REACTOR 

heavy-water moderator. This tank is penetrated by a number of horizontal fuel 
channels (pressure tubes) which contain the fuel and the pressurized high-
temperature heavy-water coolant. This coolant is pumped through the fuel 
channels, removing heat from the fuel, and then through heat exchangers where 
the heat is given up to produce turbine steam. 

The CANDU-Th reactor is fuelled with thorium and fissile material in the 
form of oxide pellets. Approximately 29 pellets, stacked end-to-end, are sealed 
in zirconium alloy tubes to form a fuel element approximately 500 mm long. 
Thirty-seven of these elements are assembled into a fuel bundle and each fuel 
channel is loaded with twelve of these bundles. Fuel replacement is on-load and 
no reactor shut-down time is required for fuel changing. 

The overall basic design is identical to the current commercial CANDU 
design which uses natural uranium fuel. Only minor changes in the concept 
design will be introduced for thorium fuelling. These will be for the purpose of 
further increasing the neutron economy (e.g. use of higher-purity D 2 0 moderator 
and coolant) and will not require extensive development work. Key parameters 
of the concept are given in Table VI. 

2.5. CHARACTERISTICS OF THE SEED-BLANKET AQUEOUS REACTOR 

Seed-blanket reactors are characterized by the presence in the reactor of two 
types of regions, having sharply different multiplication factors, in one case much 
higher than unity, in the second case somewhat below unity. The core is composed 
of modules, each consisting of a seed and a blanket. The seed is the region of high 
multiplication factor and is much smaller in volume than the blanket which is the 
subcritical region. The seed is large enough so that most of the neutrons originating 
in the seed result in fissions there. In many respects a seed-blanket module acts 
like a small reactor, with the blanket serving as a good reflector for the seed. 

Heat generat ion 

Net electrical ou tpu t 

Net thermal efficiency 

Core fissile fuel inventory 

Core thor ium inventory 

Breeding ratio 

Average fuel discharge burn-up 

Average fue l rating 

3 4 0 0 MW(th) 

1000 MW(e) 

29.4% 

2134 kg 

126, 200 kg 

~ 1.0 

— 10.0 MW • d / k g 

26.3 kW(th)/kg 
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TABLE VII. CHARACTERISTICS OF A lOOO-MW(e) LIGHT-WATER SEED-
BLANKET REACTOR 

The arrangement results in large negative temperature and void coefficients, 
because of increased leakage from the seed to the blanket and a decreased average 
water concentration in the core. The original motivation for this core concept 
was to minimize the amount of enrichment (separative work) necessary for a given 
energy output. This advantage is obtained because, by keeping most of the highly 
absorbing fertile material out of the seed, the critical mass can be kept small. Also, 
more than half of the power can be generated in the natural uranium. 

It was later realized that the concept could be optimized to permit breeding, 
even in a light-water core. Two of the most significant points of optimization are: 

(a) By suitable axial zoning the entire core can be controlled by movement 
of the seed regions, which varies the leakage of neutrons from the seed to the 
blanket. This eliminates parasitic captures of neutrons by conventional control 
elements. 

(b) The neutron spectra of the seed and blanket can be adjusted separately to 
obtain maximum utilization of the neutrons in each region. Thus the seed, which 
has a high concentration of fissile material, may have a thermal spectrum in order 
to maximize rj, the number of neutrons emitted per neutron absorbed by fuel. 
The blanket, which has a high concentration of fertile material, may be adjusted 
to have a hard spectrum so as to minimize neutron capture and to maximize the 
fast fission effect. Such spectral adjustment is made by the choice of the 
moderator-to-fuel ratio. 

The light-water breeder reactor demonstration at Shippingport, Pennsylvania, 
which started operation in December 1977, is the first demonstration of the 
seed-blanket aqueous reactor utilizing the thorium cycle. Based on extrapolation 
from the Shippingport core, the characteristics expected for a lOOO-MW(e) LWBR 
are as given in Table VII. 

Heat generation 

Net electrical output 

Overall plant efficiency 

Core fissile fuel inventory (2 3 3U) 

Breeding ratio 

Thorium inventory 

Temperature and steam conditions 

3200 MW(th) 

1000 MW(e) 

31% 

3300 kg 

1.01 

188000 kg 

Similar to PWR 



3. ABILITY OF THERMAL BREEDERS 
TO ACHIEVE SATISFACTORY FUEL UTILIZATION 

3.1. GENERAL APPROACH 

While most reactors could be operated initially with any of the four 
potentially available fissile materials (233U, 235U, 239Pu and 241Pu), in a practical 
sense only 235 U is available in sufficient quantities to support a nuclear power 
growth rate that is sufficiently large for future world energy demands. Since the 
quantity of 235U in economically recoverable uranium is limited and since it is being 
consumed at an increasing rate in light-water and other reactors currently in 
operation, its availability becomes central to any discussion concerning the 
development and utilization of nuclear power. 

It has long been recognized that thermal breeders are inherently more limited 
to lower breeding ratio values than breeders operating with a fast neutron energy 
spectrum. What is not widely recognized, however, is that thermal breeders 
require significantly lower inventories of fissile material, a factor of importance 
when the number of nuclear reactors is required to increase rapidly to meet the 
growing electricity demands or to displace less efficient or more costly alternative 
sources of electricity. 

In this section the importance of low system fissile inventory (i.e. the quantity 
of fissile material required both in a reactor and in all out-of-reactor areas 
including fuel storage, transportation, reprocessing and refabrication) is shown in 
two ways. First, generic calculations are made in which the breeding ratio and 
system-specific fissile inventory are varied over a range characteristic of values 
for low-performance converters such as light-water reactors, thermal breeders 
and near-breeders, and fast reactors. Here it is shown that the cumulative natural 
uranium requirements for nuclear power growths of interest are comparable for 
thermal breeders and fast breeders, despite the seeming disadvantage of a low 
breeding ratio in the case of thermal breeders. Second, calculations for specific 
thermal breeders and near-breeders are carried out to show their cumulative 
uranium requirements relative to the light-water reactor/fast reactor combination 
currently under development as a future large-scale energy source. 

3.2. ENERGY DEMAND 

As a basis for evaluating the potential of the various thermal breeder 
strategies considered relative to light-water and fast reactors, an estimate of the 
required future nuclear energy capacity is necessary. 
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year 

FIG.2. Estimated primary energy prognosis. 

FIG.3. Estimated thermal nuclear energy scenario (low, medium and high estimates). 

* year 

FIG.4. Installed nuclear electrical capacities for the low, medium and high estimates 
shown in Fig.3. 
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FIG. 5. Installed capacities for the medium nuclear energy prognosis shown in Fig. 3. 

The OECD primary energy demand forecasts for countries with market 
economies, covering the period 1977 to 2025, were taken as a starting point, 
along with an estimated annual value (provided by IIASA) of about 20 to 
40 TW a in the year 2050, as shown in Fig.2. It was further assumed that the 
share of nuclear energy in the year 2050 would be in the range of from about 
30 to 60% of total primary energy. On this basis, three values of annual nuclear 
energy production were assumed: 6, 12 and 24 T W a (see Fig.3). These cases 
will be referred to as low, medium and high nuclear energy bases respectively. 
The thermal power generation for these cases has been converted into installed 
nuclear electrical capacities using a 70% load factor and 35% net thermal 
efficiency, as shown in Fig.4. This conversion to electrical capacity is used for 
the purpose of calculation but does not imply that all of the energy would be 
used as electrical energy. 
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FIG. 6. Cumulative uranium requirements for thermal breeder reactors, for various combinations 
of breeding ratio and system-specific fissile inventory. 

3.3. GENERIC STUDIES 

To investigate the relative importance of the system-specific fissile inventory 
(total quantity of fissile material both in a reactor and in out-of-reactor areas 
per MW(e) — see Ref.[5] of Section 1) and breeding ratio for a range of values 
for representative reactor characteristics under the conditions of a growing 
nuclear capacity, calculations were carried out in which the system-specific fissile 
inventory was varied over the range 1.2—6.0 kg/MW(e) and the conversion/breeding 
ratio was varied over the range 0.5-1.5. 

For the generic study the growth of nuclear energy is taken to be medium, 
as discussed in Section 3.2 (Fig.3). The hypothetical reactor for which the 
calculations are made will be introduced in 1995, starting with 2% of the capacity 
increase for the first year and increasing linearly to 100% of the capacity increase 



23 3. FUEL UTILIZATION 

in the year 2010. After 2010 all new installed capacities will be supplied by 
thermal breeder reactors. The installed capacities are shown in Fig.5. 

The basic calculational approach consists of determining year by year 
the fissile material required for the introduction of a reactor that is characterized 
by a given set of breeding ratio and system-specific fissile inventory values. 
Similarly, the net production or deficiency of fissile material is determined for 
the year being considered. The incremental cumulative fissile requirement is 
then determined by summing the fissile requirements associated with the initial 
inventory of new reactors which are determined year by year in an interactive 
manner. The calculation of the net production or consumption of fissile 
material is given in Section 3.3.1. 

The results of the calculations are shown in Fig.6, giving the cumulative 
uranium requirements for various combinations of breeding ratio and system-
specific fissile inventory. The base requirement for LWRs is also shown in this 
figure. The incremental cumulative fissile requirements by the year 2050 are 
shown in Fig.7 as a function of breeding ratio and system-specific fissile 
inventory, with a designation of values characteristic of the various thermal and 
fast reactors discussed in Section 3.4. 

The results demonstrate that in a growing nuclear economy the reactors 
having a low system fissile inventory, in combination with a breeding ratio 
characteristic of thermal breeders, require about the same quantities of fissile 
material in equilibrium as reactors having much higher breeding ratio values 
but also higher system fissile inventories, as is characteristic of fast breeder reactors. 

3.3.1. Calculation of net production or consumption of fissile material 

The amount of heavy metal fissioned per year in a reactor is equal to the 
energy produced divided by the energy released by fission of 1 kg heavy metal: 

p- • , E P t h d L P e d L 
Fissioned heavy metal (kg) - -

Q Q tjQ 
and 

fissioned heavy metal 365 L 
. , . . = - r — (kg/MW(e)-a) 

electrical energy rjQ 

where E = energy produced in the reactor (MW-d) 
Q = energy released in fission (960 MW-d/kg) 
Pth = thermal power of the reactor (MW(th)) 
Pe = electrical power of the reactor (MW(e)) 
n = efficiency (%) 
d = time (days) 
L = load factor of the reactor (%) 
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FIG. 7. Cumulative uranium requirements by the year 2050 as a function of breeding ratio and system-specific fissile 
inventory (more than 6 million tonnes LWR requirement). 
* - Characteristic values of reactor types discussed in Section 3.4 (equilibrium and short reprocessing delay times; for 
abbreviations of reactor types see Table VIII). 
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TABLE VIII. REACTOR TYPES CONSIDERED IN SPECIFIC 
STRATEGY CALCULATIONS 

Reactor type Abbreviation 

Light-water reactor LWR 

Pressurized water reactor (used as Pu burner) PWR-Pu 

Fast breeder reactor FBR 

High-temperature reactor HTR 

Light-water pre-breeder reactor (precursor of LWBR) LWPBR 

Light-water breeder reactor LWBR 

Molten-salt breeder reactor MSBR 

Heavy-water suspension reactor HWSR 

Canadian thorium-fuelled heavy-water reactor CANDU-Th 

The decrease of fissile material is equal to the number of fissile absorptions 
less the number of fertile captures. Using the conversion ratio defined as 

fertile capture 
c ~ 

fissile absorption 

and giving the following definitions: 

öl = ratio of capture to fission in fissile material 

S = ratio of fertile fissions to fissile fissions 

the decrease of fissile material can be determined from the following: 

decrease of fissile material (1 - c) (1 + a) 365 L 
: — = T ^ x (kg/MW(e) • a) electrical energy 1 + 5 77 Q 

Assuming r? = 35%, L = 100%, 5 = 0, a = 0.085, and no processing losses, 
the decrease of fissile material in kg/MW(e) • a is 1.179(1 - c). 

For a conversion ratio greater than one, there is a net production of 
fissile material. 

3.4. SPECIFIC STRATEGY CALCULATIONS 

The reactor types considered in the specific strategy calculations are listed 
in Table VIII. Values of the performance parameters assumed for light-water 



TABLE IX. REACTOR CHARACTERISTICS 
K ) 
Q\ 

LWR PWR-Pu FBR HTR LWPBR LWBR MSBR HWSR1 HWSR2 CANDU-Th 

Conversion ratio 0.55 0.53 1.27 0.72 0.70 1.01 1.05 1.05 1.00 1.00 

Initial core (kg/MW(e)) 

U-235 2.02 0.56 1.18 3.40 0.06 1.68a 2.73a 1.28a 3 .07 a 

U-233 - - 3.30 - -

Pufiss - 1.50 2.31 - -

U-238 88.68 76.88 61.63 0.09 29.72 - 0.13 0.30 0.14 0.23 P 

Th-232 - - 27.10 69.70 188.00 68.00 151.66 75.93 126.92 Ö 
m r Equilibrium inventory (kg/MW(e)) c¡ 
H 

U-235 1.75 0.28 0.83 2.56 0.43 0.12 0.19 0.12 0.17 r 

U-233 - - - 0.35 0.50 3.88 1.31 2.25 1.15 1.97 > 
H 

Pufiss 0.28 2.95 2.80 - 0 . 1 5 - - - - o 
Z 

U-238 85.72 75.67 0.14 29.50 - - 0.12 0.02 0.01 

Th-232 - - 22.71 69.70 186.00 68.00 151.66 75.93 126.29 

Reload in (kg/MW(e) a) 

U-235 1.08 0.16 0.50 3.44 0.22 - - 0.02 0.13 

U-233 - - 0.38 - 1.94 - - - 1.51 

Pufiss - 1.12 1.69 -

U-238 34.62 22.45 28.01 0.36 29.80 - - - < 0 . 0 1 0.01 

Th-232 - - 15.19 20.40 93.00 9.90 1.27 1.19 97.55 



TABLE IX (cont.) 

LWR PWR-Pu FBR HTR LWPBR LWBR MSBR HWSR1 HWSR2 CANDU-Th 

Reload out (kg/MW(e) a) 

U-235 0.30 0.05 0.10 2.56 0.22 < 0 . 0 1 - - 0.13 

U-233 - - - 0.38 0.50 1.96 0.06 0.05 - 1.52 

Pu fiss 0.22 0.75 1.94 - 0.15 - - - - -

U-238 34.00 21.94 0.40 29.50 - - - - 0.01 

Th-232 - - - 14.25 69.70 92.00 - - - 96.55 

Reprocessing 

minimum delay time (a) 1.5 1.5 1.0 1.5 1.5 1.5 1.5 

maximum delay time (a) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

minimum inventory (%) 10 10 10 

maximum inventory (%) 30 30 30 

n d w r c 
a 
N > 
H 
O Z 

If these reactors are started with U-233, the initial core will be equivalent t o the equilibrium core and the conversion ratio will increase 
by approximately 0.02. 

to 
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TABLE X. STRATEGIES CONSIDERED 

Strategy Composition Abbreviations 

I LWR LW 

II LWR + FBR FB 

III LWR + LWBR LB 

IV LWR + CANDU-Th CB 

V LWR + HWSR SR 
or LF VI LWR + MSBR MS 
or LF 

VII LWR + HTR HT 

reactors, fast breeder reactors, gas-cooled reactors and thermal breeders are 
given in Table IX. Because of different performance characteristics of LWBRs 
starting with 235U or 233U, the LWBR was assumed to be preceded by a 
pre-breeder (LWPBR) using only 235U. The values for the LWR, FBR and HTR 
are taken from an OECD report [ 1 ] and the values for the PWR-Pu burner and the 
LWPBR are taken from Ref.[2], The CANDU-Th data were derived for self-
sufficient thorium cycles, as shown in Appendix C. The LWR data represent a 
mixture of pressurized and boiling-water reactors in the ratio 2 to 1. The FBR 
data are representative of current commercial LMFBR designs. For the thermal 
breeder reactors, parameters are given for start-up with either 235 U or 233 U. 
The LWPBR is assumed to be fuelled with medium-enriched uranium. A 30-year 
effective full-power reactor life and a 70% reactor load factor were assumed. 
For converting 235 U requirements to natural uranium requirements, an enrichment 
plant tails assay of 0.25% was assumed. 

Different fuel recycle times, i.e. reactor out to reactor in, and ex-core fissile 
inventories (see Table IX) were used to determine upper and lower estimates of 
the uranium requirements for the various reactor types. The strategies considered 
are given in Table X. All of these strategies assume that the nuclear capacity is 
provided initially by LWRs and, with the exception of Strategy I, that another 
reactor system is introduced in such a manner that the reactor type being 
introduced accounts for 2% of new capacity at introduction, increasing linearly 
to the total nuclear capacity increase after 15 years. For strategies with-advanced 
thermal reactors all available 233 U is used for starting up new capacity, and 235 U 
is used for any more capacity required. In Strategy II the rate of introduction 
of FBRs is limited by the availability of plutonium which is used for their 
fuelling; in all other strategies, the plutonium is only recycled in LWRs. 

Text continued on page 35 
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FIG.12. Cumulative uranium requirements for the medium nuclear energy estimate. 
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FIG. 9. Annual uranium requirements for the medium nuclear energy estimate. 
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TABLE XI. CUMULATIVE URANIUM REQUIREMENTS 
UP TO THE YEAR 2050 
(106 tonnes natural U) 

Nuclear projection 
Strategy Reactors low medium high 

I LWR recycle — once through (LW) 1 3 - 2 0 2 5 - 3 9 4 3 - 6 8 

II LWR+ FBR(FB) 4 - 6 6 - 1 3 9 - 2 6 

III LWR + LWBR (LB) 9 - 1 1 1 9 - 2 4 3 4 - 4 5 

IV LWR + CANDU-Th (CB) 7 - 9 1 5 - 1 9 2 6 - 3 5 

V LWR + HWSR (SR) 5 .6 -6 .4 1 0 - 1 2 1 6 - 2 0 

VI LWR + MSBR (MS) 5 .0 -5 .2 8 - 9 1 3 - 1 5 

VII LWR + HTR (HT) 1 0 - 1 1 2 0 - 2 1 3 5 - 3 7 

Note: The requirement ranges refer to a range of fissile material inventory outside the 
reactor core. 

Starting reactors of other types with plutonium was not considered, although 
it could be done. It would have only a negligible influence on the results. 
Concerning reprocessing, no limitation is assumed for the available reprocessing 
capacity. 

The first strategy listed in Table X assumes the use of light-water reactors 
only, fuelled with slightly enriched uranium. As a reference case, no fuel is 
recycled. At the end of the cycle, unloaded elements are stored and new enriched 
fuel is supplied. In this case one can say that the recycle time is infinite. The 
uranium and plutonium are recycled in LWR-Pu reactors, with a recycle time 
of three years assumed as a lower limit. 

In the second strategy it is assumed that fast breeder reactors will begin 
operation in 1995, fuelled with the stock of plutonium produced in light-water 
reactors up to that time. The excess of plutonium produced in fast breedeir 
reactors is used for starting up new fast breeder reactors. For this fast breeder 
system, a fuel recycle time of three years was assumed as an upper limit. 
Calculations have been executed for a recycle time of one year as a lower limit. 
The feasibility of such short recycle times is still to be established. The results 
demonstrate that recycle time affects the requirements substantially in this case. 

In the next four strategies we consider systems consisting of LWRs together 
with one of the four thermal breeder reactors: LWBR, CANDU-Th, HWSR and 
MSBR. The MSBR and the HWSR are introduced in the year 2000. Since the 
CANDU reactors with natural uranium are now used commercially and the LWBR 
reactor differs from the LWR mainly in regard to the fuel elements, the CANDU-Th 
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and LWBR reactors are introduced in 1995. The curves for installed capacity 
generally are similar to those in Fig.5 (generic case), but the introduction time 
and the total installed nuclear capacities are different. 

For the HWSR and MSBR, reprocessing is carried out at the power plant 
itself. The delay in reprocessing time is therefore translated into a certain excess 
fissile inventory. The reactor inventory in the calculations for the strategies with 
the HWSR and MSBR is increased by 10% and 30% respectively, for lower and 
upper limits. 

The final strategy assumes the introduction in 1995 of an HTR similar to 
current commercial designs. In this case, recycle times of l̂ r and 3 years are 
used. The HTR was examined for its performance relative to LWRs and thermal 
reactors in general and was not treated fully in the study, in particular regarding 
the effect of increasing its conversion ratio at the expense of increased 
fissile inventory. 

The calculations have been performed for the low, medium and high 
nuclear prognosis. The results of the calculations are given for annual uranium 
requirements (Figs 8 - 1 0 ) and cumulative uranium requirements (Figs 11-13). 
Table XI summarizes the cumulative natural uranium requirements up to the 
year 2050 for all strategies. 

The uranium requirements for the LW case are the highest. In the strategies 
with a light-water reactor plus one reactor type the results for the low projection 
of strategy II (FB) are the lowest. 

The uranium requirements for the LB case are somewhat lower than those 
for the LW case, and the requirements for CB are somewhat higher than those 
for FB. The MS and SR cases have the lowest uranium requirements of all 
thermal breeders calculated, primarily as a consequence of the low system inventories. 

One can conclude that in a rapidly growing nuclear programme the current 
fast breeder development strategy could result in the lowest uranium requirement. 
But delays in fast breeder introduction and possible difficulties in shortening 
the fuel recycle time to 1 year or less could result in a large increase in uranium 
requirements. The impact of these events on uranium needs would be greatly 
reduced by the availability of thermal breeders. Therefore, it would be 
advantageous to pursue the development of both types of breeder reactors. 

REFERENCES TO SECTION 3 

[1] OECD/NEA, Nuclear Fuel Cycle Requirements and Supply Considerations through the 
Long Term, A Report by an Expert Group of the OECD Nuclear Energy Agency, 
OECD/NEA, Paris (Feb. 1978); ISBN-92-64-11753-9. 

[2] Study of Advanced Fission Power Reactor Development for the United States, Battelle 
Columbus Laboratories, Ohio, Rep. BCL-NSF-C946-2 (June 1976). 



4. PERFORMANCE OF THERMAL BREEDERS 
WITH RESPECT TO OTHER 

ISSUES FACING NUCLEAR ENERGY 

A number of issues besides nuclear fuel utilization have been raised regarding 
nuclear energy in general. These include environmental impacts, safety, resistance 
to nuclear weapons proliferation, economics, power plant availability and fuel 
cycle versatility. The aim of this section is to discuss these issues in order to 
indicate that thermal breeders could perform as well as, or better than, the current 
reactors and fast breeders. 

The discussion of these issues is qualitative, since most of the issues can 
indeed only be dealt with in this manner. Some of them, for instance economics, 
are suited to a quantitative treatment, but the lack of cost data based on actual 
construction and operating experience precludes such a treatment. 

4.1. ENVIRONMENTAL CONSIDERATIONS 

4.1.1. Land use and material requirements 

The land requirements for nuclear power plants and for enrichment, 
reprocessing and fuel fabrication are small. The main contribution to the use of 
land is by the mining of uranium and thorium ores, especially if these ores are 
extracted by open pit mining. 

It is interesting to compare land use and total material requirements for 
lOOO-MW(e) power plants during 30 years of operation. The following cases are 
dealt with: 

LWR using uranium ore with 0.2% U 3 0 8 (case LWR1); 
LWR and FBR using uranium ore with 0.007% uranium (LWR2 and FBR); 
Power plant using coal from underground mine (coal 1); 
Power plant using coal from surface mine (coal 2). 

Figure 14 shows the cumulative land requirements for these cases. 

The total material requirements include not only the energy raw materials 
(coal and uranium ore) but also the raw materials for the construction and 
maintenance of the installations and other materials where necessary. These 
amounts are presented in Fig. 15. 

3 7 
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FIG.14. Comparison of cumulative land requirements for 1000-MW(e) electric power stations. 
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FIG.15. Comparison of cumulative materials requirements for lOOO-MW(e) electric power stations. 
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TABLE XII. THERMAL EFFICIENCIES AND RELATIVE WASTE HEAT 
DISCHARGE (%) 

Reactor type Thermal efficiency 
Relative waste 
heat discharge 

LWR 33 100 

FBR 41 71 

LWBR 33.5 98 

MSBR 44 63 

HWSR 32 105 

CANDU-Th 29 121 

HTGR 39 77 

Not unexpectedly, the land and material requirements of the fast breeder are 
small and indeed negligible when compared with those for the other ways of 
electricity production. Case LWR1 also has low requirements, but those of 
LWR2 are larger than the requirements for the two coal cases because of the low 
uranium content of the ore. Thus the figures indicate some of the price to be 
paid when uranium ores of low grade will have to be used in the future. The 
requirements for thermal breeders will be somewhat higher than those for fast 
breeders because the breeding gain is somewhat lower. 

The advantage of using self-sufficient or nearly self-sufficient combinations 
of reactor types is evident for the type of environmental impact considered in this 
section. It should be noted further that the concentration of thorium in the 
abundant thorium minerals is 1 % or more, while ores containing uranium at a few 
tenths of a per cent are being used now. This indicates, from the point of view of 
this section, a preference for thorium wherever this can replace uranium. 

4.1.2. Waste heat discharge 

The differences in the amount of waste heat discharged in electricity 
production are directly related to the differences in the thermal efficiencies of the 
power plants considered. These efficiencies are given in Table XII, together with 
relative waste heat discharges. The internal use of power within the reactor 
systems and decay heat from reprocessing and spent-fuel storage would add small 
quantities of heat to the thermal discharges. 
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4.1.3. Effluent discharges 

For any nuclear power plant the currently allowable effluent discharges 
depend on the estimated receiving capacity of the site environment and not much 
on the type of the plant. More sophisticated approaches in the future might 
introduce some differences in the nuclide spectrum of the allowed release for 
different plant types. 

Power plants normally discharge small amounts of radioactive effluents into 
the atmosphere and into the cooling waterbody. For all types of reactors the 
liquid releases can be kept low enough by available techniques. For a part of the 
gaseous releases more elaborate techniques are necessary. Therefore, the most 
important nuclides concerning the radiological burden for the environment are 
the long-lived nuclides 3H, 85Kr, 129I and 14C. 

The differences between the reactor types can be translated into differences 
between the required waste storage and treatment facilities. Sufficient data are 
not available to form a definitive judgement on this matter, but some typical 
differences may be pointed out. 

4.1.3.1. Thermal efficiency 

For a given electricity production, the production of fission products is 
inversely proportional to the thermal efficiency for all reactor types. The variation 
in efficiencies (see Table XII) is not greater than a factor of 1.5 and therefore the 
fission product inventories for the reactor types under comparison differ at the 
most by this factor. Given the greater range of differences in effluent releases 
from other causes this efficiency aspect seems unimportant. 

4.1.3.2. Fuel containment 

The reactors with metal-clad fuel elements release fission products only when 
defects in the cladding occur. The fluid-fuel reactors (MSBR and HWSR) have in 
principle a higher potentiality for leakage of fission products and therefore require 
more attention concerning the containment. A suitable containment must be 
provided to keep the release as low as required. 

4.1.3.3. Tritium production 

The heavy-water reactors (HWSR and CANDU-Th) produce more tritium 
than the LWRs because of the activation of deuterium. The losses of heavy water, 
with the attendant releases of tritium, have to be kept small for economic reasons. 
Therefore, tritium release will not pose a significant problem. The MSBR produces 
tritium because of the lithium in the fuel salt. The tritium diffuses through the 
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heat-exchanger metal walls because of the high temperature, and some of it can 
reach the steam system from which it is periodically discharged. Experimental 
work has shown that tritium may be removed by the sodium fluoroborate in the 
intermediate heat-exchanger loop so that the amount reaching the steam system 
will be small. LWRs using chemical shim produce tritium in the primary water, 
for which, generally, release at the power plant site is allowed. 

4.1.3.4. Reprocessing 

In the case of reactors with metal-clad fuel elements the long-lived gaseous 
nuclides generated by fission would be discharged for the greater part at the 
reprocessing facility. Depending on the growth of nuclear power production in 
the world, it might become necessary to retain these gases. Techniques are being 
developed now for trapping the fission gases from the waste stream in the 
reprocessing facility. For 3H and 85Kr elaborate techniques are necessary; 14C in 
the form of C0 2 is trapped, together with 85Kr, and 129I can be retained with 
charcoal filters or molecular sieves. For the fluid-fuel reactors (MSBR and 
HWSR) the reprocessing plant is expected to be located at the reactor site. In 
principle, the above-mentioned techniques can be used here too, although the 
smaller scale might render them relatively more expensive. 

It might be concluded that the amount of effort necessary to limit effluent 
releases depends on the prevailing requirements. If all fission gases have to be 
retained, the reactors with a central reprocessing plant might have some economic 
advantage. Processing on the site, on the other hand, avoids risks from transport 
of highly radioactive material. It should be kept in mind that the cost of waste 
treatment is only a fraction of the total costs of power production and it is felt 
that the above-mentioned differences will not be of decisive importance in a 
comparison between the reactor types. 

4.1.3.5. Effluent discharges from the CANDU-Th reactor 

The discussion of effluent discharges from the CANDU-Th reactor can be 
conveniently split into two components: discharges from current CANDU reactors, 
and changes due to the introduction of the thorium cycle. 

The current CANDU reactors operate with effluent discharges that are 
significantly less than 1 % of the recommended values of the International Committee 
on Radiological Protection [1,2], One major difference to other current reactors 
is the use of heavy water as both coolant and moderator and the subsequent 
build-up of a tritium inventory in these systems. However, heavy-water release to 
the environment is already tightly controlled and minimized from economic 
considerations by both careful plant design and operation. Technology and 
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equipment to extract and immobilize tritium is already under development and 
may be used in future to further reduce the release level. Fission product release 
from the fuel is very low, owing both to the excellent fuel performance [3] and 
the ability to quickly detect and discharge defect fuel using the on-load refuelling 
system. 

The introduction of the thorium cycle will not significantly change the level 
of effluent discharge as compared with that of current CANDU reactors operating 
on the once-through uranium cycle. The major change will be the need to reprocess 
and refabricate the fuel. However, there appears to be no reason why the effluent 
discharge from such facilities cannot be designed to be environmentally acceptable. 

4.1.4. Waste management 

Three kinds of radioactive wastes are generated in connection with light-water 
nuclear power plants: 

(a) Low-level wastes ( 10 -2 - 1 0 2 Ci/m3 ( 10_1 - 1 0 4 GBq/m3)) arising from 
normal operation of the plant; 

(b) Intermediate-level wastes ( 102 - 1 0 s Ci/m3 ( 104 - 1 0 6 GBq/m3)) in the form 
of undissolved hulls from reprocessing, or transuranic solids from fuel 
refabrication operations; 

(c) High-level wastes ( 10s - 1 0 7 Ci/m3 ( 106 - 1 0 8 GBq/m3)) from the reprocessing 
of spent fuel. 

Reliable methods for treating these wastes and bringing them into a disposable 
form are known. 

With the exception of thorium use, two of the reactor types considered in 
this study, the LWBR and CANDU-Th, have characteristics similar to those of 
LWRs and would be expected to have similar waste management problems to which 
similar, known solutions apply. It is expected that thorium would be stored and 
recycled, for economic reasons and to reduce mining impacts, and therefore would 
be a minor constituent of the waste. 

The two other reactors considered feature on-line processing. This results in 
the generation of high-level waste at the power plant site. 

In the fuel fabrication steps, recycle material will be processed remotely. 
The quantities of wastes arising as a result of the remote fabrication of pellet fuel 
will be, to a first approximation, the same for the HWSR and MSBR, since the 
production processes will be very similar. 

Most of the wastes will be in the form of solid materials contaminated with 
oxide. The use of sol-gel processes might lead to appreciable quantities of liquid 
wastes, consisting of both aqueous and organic liquids. Again, similar processes 
will give rise to similar amounts of waste for the two reactor types. 
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The fabrication of liquid fuels is easier than that of solid fuels. This is 
essentially true for the MSBR, but the HWSR requires the fabrication of a solid 
material, including sintering at high temperature. Although the preceding chemical 
steps in the latter case might be simpler, as compared with pellet fabrication, 
similar problems will arise in the dry part of the process. 

For reactor decommissioning, the fuel can be easily recovered in all cases. 
Light and heavy water and sodium are also easily removed. To a first approxi-
mation, the remaining apparatus and shielding will be similar; but the water 
reactors will have a pressure vessel to be disposed of, and the HTGR pressure 
vessel, because of its form and its radioactivity, may present special problems. 
Allowing a suitable period for decay, the remaining reactor parts could be 
disassembled and sent off to a site for ultimate waste disposal. 

The costs of this type of operation have been estimated as being 10 — 20% 
of the reactor costs. It is felt that significant cost differences might arise between 
the plant types which, however, would not be of decisive importance if these 
differences are in the percentage margin just mentioned. 

Large differences in activity, volume and weight of radioactive wastes 
prepared for final disposal might arise as a result of the differences between the 
power plants and the fuel cycles. Generally, it is maintained that the contribution 
of waste treatment to the price of electricity is about 5%. It is estimated that the 
differences between the types would lead to waste costs differing by not more 
than a factor of two. If this is correct, it would mean that these differences 
would influence somewhat the price of electricity, but not to a large extent. 

4.2. SAFETY CONSIDERATIONS 

The safety issue arises from the presence of large quantities of radioactive 
fission products and the potential for their release to the environment. National 
licensing requirements ensure that all reactors are designed, constructed and 
operated in such a way that the probability of radioactivity release to the 
environment in amounts which are dangerous to the health and safety of the 
public is extremely low. Such high-risk/low-probability situations are avoided in 
current reactor types through very careful design and construction practices, and 
the incorporation of numerous engineered safety systems and barriers to radio-
activity release. As with all technologies, however, a range of possible accidents 
can occur in a nuclear power reactor. These include moderate-probability/low-risk 
situations in which very minor amounts of radioactivity are released from the 
nuclear steam supply system. 

Undoubtedly, each of the reactor systems considered in this study can be 
designed, constructed and operated in such a way that the high-risk situations have 
the same low probability of occurring as in current reactor types. These probabilities 
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have not been assessed for thermal breeder reactors. However, some of the reactors 
in this study have a number of inherent safety characteristics which might lower 
the probability of serious accidents or reduce the number of engineered safety 
features required. The following sections describe these characteristics for each 
of the reactors being considered. 

4.2.1. Molten-salt breeder reactor 

The main source of large-consequence/low-probability radioactive releases is 
usually assumed to be the loss of coolant followed by melting of the core and 
subsequent breaching of the various containments. The MSBR is unique in this 
respect in that the fuel is already in liquid form. The concern in this case, then, 
is a possible primary-system rupture followed by escape of the fuel salt. The 
MSBR has some inherent features which make such an event highly unlikely. 
These are a prompt negative temperature coefficient and low primary system 
pressure. Even if rupture of the system does occur, the behaviour of the spilled 
salt and its contained fission products is predictable and conventional containments 
can be used to prevent their release to the environment. Furthermore, because of 
continuous removal of fission products from the fuel salt, the inventory in the 
reactor of other than very short-lived fission products is only about 1 % of that in 
a light-water reactor. 

The probability of a release of minor amounts of radioactivity from the 
reactor may be somewhat greater in the MSBR than in current reactor types 
because the fuel is in liquid form ànd is being reprocessed continuously. This 
disadvantage, however, is somewhat compensated for by the elimination of release 
incidents which might occur at a central reprocessing plant and during spent-fuel 
shipment. In any event, the containment of an MSBR can be designed to minimize 
the impact of minor radioactive releases. 

4.2.2. Heavy-water suspension reactor 

The safety considerations concerning the MSBR are largely valid for the 
HWSR. The large, prompt negative temperature coefficient of reactivity gives the 
reactor inherent safety. Experiments have shown that even large power excursions 
lead to only minor pressure rises. Therefore, a rupture of the primary system due 
to over-pressurization is very unlikely. 

Notwithstanding the high system pressure, conventional containment methods 
can be used to prevent the release of fission products and spilled fuel in case of 
such a rupture. Moreover, because of continuous removal of fission products from 
the suspension, the inventory of fission products in the reactor is very low. The 
co-location of reactor and reprocessing plant reduces transport risks. 
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4.2.3. CANDU-Th reactor 

The functional requirements of the reactor process and of the protective and 
containment systems for CANDU pressurized heavy-water reactors are similar to 
those for other water-cooled reactors. Integrity of the primary-coolant boundary 
is required for safety reasons but, in practice, economic considerations impose 
more restrictive parameters. Canadian experience with several thousand tube-years 
of operation confirms the design criteria and establishes that basic safety and 
reliability requirements are achieved. With on-load fuelling, the reactivity-
holddown requirements are small. The control devices are not within the pressure 
boundary and are not subject to ejection by coolant pressure. The positive void 
effect is the only pressure-assisted reactivity effect possible. This has been found 
not to impose reliability requirements on the reactor shut-down system that are 
more severe than for any other reactor. A low-pressure emergency-injection 
system is sufficient to give a cooling effectiveness appropriate to the circumstances 
which invoke it. A loss-of-coolant accident may damage the fuel to an extent 
which is a function of break size and location. There is no damage to the primary 
heat-transport system boundary beyond, of course, the damage which initiated the 
hypothesized event [4]. 

Studies of thorium fuel cycles in CANDU reactors over the past few years 
have shown that it is feasible to use these cycles in the existing CANDU design 
with no degradation in safety and with few, if any, modifications [2). 

4.2.4. Seed-blanket aqueous reactor 

The safety of the LWBR is similar to that of current PWRs but will be 
enhanced in two respects: 

(a) Since soluble poison will not be used for normal operation, the LWBR 
will have a negative moderator temperature coefficient of large magnitude, derived 
from the leakage of neutrons from the high-reactivity seed regions to the low-
reactivity blanket. 

(b) As explained in Appendix D, the LWBR, when operating on the thorium 
cycle, is expected to be inherently stable against xenon oscillation. This will 
simplify control and add to the reliability of operation. 

4.3. PROLIFERATION RESISTANCE 

The decision that an in-depth international study of nuclear proliferation 
should be carried out was taken when the current study was well under way. 
Consequently, although this topic is now a major focus of attention for the nuclear 
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community, through the International Nuclear Fuel Cycle Evaluation, it has not 
been possible to perform a full technical evaluation of proliferation in this study. 
However, currently emerging ideas on this topic allow a qualitative evaluation of 
possible consequences. It should be noted that diversion is not discussed, nor are 
any remarks made as to safeguards for the several systems.2 

One approach to increasing proliferation resistance assumes that 'sensitive' 
steps in the nuclear fuel cycle (e.g. reprocessing, refabrication and uranium 
enrichment) would only be performed in 'safe' areas, presumably under international 
control. The characteristics of material handled outside 'safe' areas would be such 
that fissile material suitable for weapons production could not be extracted by 
chemical means. 'Dènatured' uranium fuel, i.e. a 2 3 3 U- 2 3 5 U- 2 3 8 U mixture having 
a sufficiently low fissile concentration, would be an acceptable fuel in this category. 
This approach has been considered here only from the standpoint of its possible 
effect on fuel utilization. 

Increased attention is being given to how various nuclear reactors and their 
associated fuel cycles might be devised to provide increased proliferation resistance. 
While it appears that this may be possible for thermal breeders, it can probably be 
achieved only through a penalty in breeding performance of the order of 
0 . 05 -0 .10 . 

However, with regard to the magnitude of the cumulative natural uranium 
requirements, the results reported in Section 3 have shown that, within the time-
span considered, the specific inventory of fissile material is at least as important as 
the breeding ratio. Generally, partial displacement of thorium by 238U, which 
occurs when the 'denatured' thorium cycle is used, does not result in a significant 
increase of specific fissile inventory. 

4.3.1. Molten-salt breeder reactor 

As an example of how a particular thermal breeder reactor could be modified 
to obtain increased proliferation resistance, preliminary results are given for a 
molten-salt reactor in which denatured uranium fuel is utilized [5]. The system is 
assumed to be fuelled with a 233U-23SU-238U mixture in which the ratios of 
238U/235U and s a s h a y a r e 4 a n d 6 r e s p ectively, the "3u/235U ratio is 11, and 
the total uranium concentration in the fuel salt is 1.6 mol%. The resulting amount 
of 233U, 235U and 238U is sufficiently low so that an explosion device could not be 
constructed using the material. 

2 The meanings of proliferation resistance and diversion as used here are: Proliferation 

resistance is resistance against overt or covert national action to transfer significant amounts 
of nuclear materials f rom their intended use; diversion is overt or covert seizure of significant 

amounts of nuclear materials by subnational groups. 
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The reactor would be deliberately operated in a manner such that a breeding 
ratio of essentially 1.0 is obtained. Since high breeding performance is not a goal, 
the average core power density would be decreased (with an accompanying increase 
in reactor volume) to a level such that irradiation damage to the moderator graphite 
could be tolerated for the assumed 30-year effective full-power reactor life. The 
resulting system-specific fissile inventory would be 3 kg/MW(e). 

Fuel from the reactor would be reprocessed continuously by fluorination and 
selective reductive extraction on a 20-day cycle in order to achieve a 60-day rare-
earth removal time. 

The 238U burnout time for the reactor would be about 5 years, so that an 
appreciable time would be required before a concentration of 233U relative to 
other uranium isotopes is reached that has significance from a proliferation stand-
point in the event that the addition of 238U to the reactor is stopped. For example, 
the fissile uranium concentration that is reached 5 years after interruption of the 
238U feed would be only about 35% of the total uranium content. 

4.3.2. Heavy-water suspension reactor 

A denatured uranium fuel, such as that described in Section 4.3.1, can also be 
used in the HWSR. The fuel could accept up to 25% U0 2 , which means that the 
ratio of 233+235 U to 238 U could be about 1:11. The use of such a fuel would 
result in a penalty in breeding performance. Additionally, an increased radiation 
breakdown of fuel particles might be experienced owing to the increased uranium 
content. The breeding ratio might drop below 1.0. To compensate for this drop, 
a higher concentration of fuel might be used, possibly coupled with an increased 
purification rate. 

Increased radiation breakdown of the fuel would result in an increased 
production of fine fuel material which could be used for reprocessing (see 
Appendix B), in line with the increased purification rate necessary to compensate 
for the decrease in breeding gain resulting from the denatured fuel. 

4.3.3. CANDU-Th reactor 

The topic of proliferation resistance of the CANDU-Th reactor is dealt with 
by first considering the reactor itself and then the fuel cycle. 

Instrumentation and techniques applicable to safeguarding reactors that are 
fuelled on-power, particularly the CANDU type, have been developed. A 
demonstration is being carried out at the Douglas Point Nuclear Generating Station 
in Canada. Irradiated nuclear materials in certain areas — the reactor and spent-
fuel storage bays — are monitored using photographic and television cameras 
and seals. Item accounting is applied by counting spent-fuel bundles during transfer 
from the reactor to the storage bay and by placing these spent-fuel bundles in a 
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sealed enclosure. Provision is made for inspection and verification of the bundles 
before sealing. The power history of the reactor is recorded by a track-etch power 
monitor. Redundancy is provided so that the failure of any single piece of 
equipment does not invalidate the entire safeguards system. Several safeguards 
instruments and devices have been developed and evaluated. The information 
provided by these different instruments should increase the effectiveness of IAEA 
safeguards and, when used in combination with other measures, will facilitate 
inspection at the reactor sites [6]. 

With regard to the thorium fuel cycle, preliminary work has been started on 
assessing the implications of the 'denatured' thorium cycle, particularly with 
respect to the question of its effect on fuel utilization. Basically, the fuel would 
consist of a homogeneous mixture of the oxides of uranium (9 — 15 wt%) and 
thorium. Uranium enrichment would be in the range of 12 — 20% (depending on 
the relative quantities of 233U and 235U present), giving an overall enrichment level 
of 1.5 — 3.0% fissile material in the heavy elements. The cycle would be started 
using 235U-enriched uranium (20 wt%) mixed with thorium. Successive recycles 
would result in 233U displacing the 23SU, with any additional required fissile 
material (93% enriched 235 U) being added to the mixture in a 'safe' area. A 
comparison of the annual uranium requirements (expressed as kilogram natural 
uranium feed per 1 MW(e) electrical output per annum) has been made, using 
data from Ref. [7] and the results from calculations on the 'denatured' cycle: 

Annual uranium requirements in kg/MW(e) per year at 80% load factor 

PWR - uranium, once-through cycle 158—160 

CANDU - uranium, once-through cycle 133 

CANDU - thorium cycle (not denatured) 0 — 26 3 

CANDU - denatured thorium cycle 1 6 - 4 0 3 

It can be seen that a penalty is paid by 'denaturing' the fuel. In particular, 
the possibility of obtaining a 'self-sufficient' cycle is more remote, even with 
improvements in neutron economy. However, the uranium requirements are still 
only a fraction of those needed for the current uranium once-through cycles. 

4.3.4. Seed-blanket aqueous reactor 

The LWBR as a breeder requires reprocessing of the fuel to extract the fissile 
and fertile materials and to recycle them. Thus the LWBR may be subject to 
proliferation, as any other breeder. It would be possible to 'denature' the 233U 

3 These values vary with the required discharge burn-up. 



49 4. PERFORMANCE WITH RESPECT TO OTHER ISSUES 

by mixing it with sufficient 23SU to preclude any weapons potential. In the present 
design this would result in a sharply lower conversion ratio, well below breeding. 

In the heavy-water close-packed seed-blanket breeder on the thorium cycle 
(see Appendix D) it appears feasible to obtain breeding, while including a small 
amount of 238U in both the seed and blanket, sufficient to denature the 233U to a 
composition below weapons potential. However, for the time being, no design 
studies have been made for this fuel composition. 

4.4. ECONOMICS 

Two of the reactor studies in this report (CANDU-Th and LWBR) are based 
on existing commercially available designs (CANDU and LWR). Even here, it has 
been very difficult to compare the costs of these current systems on a consistent 
basis [8]. The difficulty is even greater for the two reactor concepts that have not 
yet been developed beyond the experimental reactor stage and for the thorium 
fuel cycle whose components have not been developed beyond either the laboratory 
or prototype plant stage. 

History also has shown that economic studies of nuclear plants which are 
still in the conceptual design stage do not usually provide a realistic picture of 
the costs that are actually encountered. Nevertheless, some general remarks 
concerning the economics of the thermal breeders and near-breeders can be made. 

4.4.1. Capital costs 

Because of the difficulty of estimating the capital costs even for current 
reactor types, most economic comparisons of alternative reactor concepts have been 
based on hypothetical costs calculated using a consistent set of economic ground-
rules. During the 1960s, numerous studies of this nature were carried out. One 
such study, the 1967 AEC evaluation of reactor costs, which compared the costs 
of molten-salt breeders with those of light-water reactors, high-temperature 
reactors and fast breeders, is analysed in a recent Battelle Report [9]. This study 
showed that capital costs, when estimated on a consistent basis, do not vary greatly 
from one type of reactor to another. From these results it can be inferred that 
thermal breeders are likely to have about the same capital costs as other types of 
reactors. 

4.4.2. Fuel cycle costs 

Estimated fuel cycle costs for a variety of advanced reactor types and light-
water reactors, based on a single set of economic assumptions, were presented at 
the IAEA 1977 Salzburg Conference [ 10]. These estimates showed that, under the 
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given conditions, molten-salt breeders (and presumably other fluid-fuel reactors) 
and fast breeders would have lower fuel cycle costs than other reactor types. 
However, here again it should be stressed that the calculated fuel cycle costs for the 
advanced systems being considered are based for the most part on fabrication 
and/or reprocessing technology that has not yet been demonstrated commercially. 
Again, therefore, only tentative conclusions can be made concerning the fuel cycle 
costs for the thermal breeders considered in this report. These indicate that 
fluid-fuel reactors with integrated fuel reprocessing facilities will probably have 
lower fuel cycle costs than current reactor types. 

4.4.3. Generating costs 

There are no up-to-date cost data permitting a comparison of the generating 
costs in thermal breeders with those of other reactor types; but, even if such cost 
data were available, the comparison would still be quite uncertain because we are 
'dealing with systems which are not likely to be commercially important until the 
year 2000 or so. Thus one would have to guess at the rate at which the costs of 
ores, enrichment, reprocessing and waste management increase with time. Lacking 
specific assumptions, little can be said about the influence of these developments 
on the preference for certain reactor types. It is clear, of course, that reactors and 
fuel cycle systems in which the use of ore and enrichment is minimized will be 
relatively better off in the higher-priced environment. 

4.4.4. Conclusion 

The general conclusion that might be drawn from the foregoing remarks is 
that economics are not likely to be a deterring factor with respect to the outlook 
for thermal breeders. 

4.5. POWER PLANT AVAILABILITY 

For a few of the reactor concepts examined in this report, only limited 
operational experience is available. The point might well be raised whether the 
adoption of these reactors as steam supply units in power plants will result in a 
decreased or increased downtime as compared with the currently used types. 

Thus it should be discussed whether there are inherent differences between 
the reactor systems which might lead to substantial differences in planned outages 
and to foreseeably different probabilities of unplanned outages. Unplanned 
outages of power plants not originating in the nuclear steam supply systems are 
considered to have the same probability in all cases and therefore do not enter 
into the comparison. 
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Broadly speaking, the reactors and their primary circuits differ in complexity 
and in the possibility for on-line refuelling. 

For fluid-fuel reactors featuring on-line reprocessing, the facilities for the 
latter function should be designed in such a way that the power plant proper can 
function for a considerable time without them. In this way the influence of thé 
complexity of these facilities on the power plant is eliminated. 

Comparing the reactor systems proper, it is seen that in some aspects the 
fluid-fuel reactors are more complex than the reactors with solid fuel, while in 
other aspects they are simpler. This can be illustrated by the different ways of 
heat extraction from the fuel, the complexities of the core internals being greatly 
reduced in the fluid-fuel reactors. Besides, without stressing the point, it is remarked 
that the complexity of the fast breeder appears larger than that of fluid-fuel reactors. 

A further point is the fact that even small leaks of fluid-fuel reactors will 
release much more radioactivity than similarly sized leaks of the primary system 
of the other reactor types. Consequently, the fluid-fuel reactors call for a design 
effort to eliminate or reduce this disadvantage, and experience indicates that this 
goal can be achieved. 

While it is impossible to weigh the different aspects accurately, it is felt that 
their effects tend to compensate each other to a large extent, so that the 
probability for unplanned outage is much the same for all systems. 

On-line refuelling, which is possible with the fluid-fuel reactors but which is 
also used with the CANDU reactor, is a distinct advantage of these types because 
it eliminates the downtime for refuelling which is necessary for most of the 
reactors with solid fuel. It should be noted in this respect, however, that this 
refuelling can often be integrated with the downtime necessary for maintenance 
in such a way that the overall plant downtime is not increased by refuelling. A 
possible exception might be the fast breeder which in some designs with a high 
specific power production might need several refuellings per year. 

Apart from this exception, it would seem that the reactor types compared 
would not differ significantly in availability when brought to full technical 
maturity. 

4.6. FUEL VERSATILITY 

The thermal breeders considered can be started with 235 U fuel, this nuclide 
being replaced by 233U as the latter is produced. Start-up with 233U would 
require a separate source of this material, which would be available when a 
sufficient number of thermal breeders are already operating. 

The fluid-fuel systems can also be started with plutonium, even of poor 
quality. An addition of plutonium to the systems is then required during about 
four years, whereas 235U addition is required for a few months only. The 
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MSBR fuel salt would be processed after four years to remove the plutonium 
from the system. 

The designs for the current CANDU reactors and for those operating on 
the thorium-uranium cycle are identical, even with respect to the fuel elements. 
The only difference is the composition of the fuel itself. Sufficient preliminary 
investigations have been made which show that this basic concept is also capable 
of operating successfully with other fuels, i.e. slightly enriched uranium, 
plutonium-uranium, plutonium-thorium. Consequently, the CANDU-type reactor 
is able to take advantage of possible future changes in fuel availability and to 
operate successfully, at one extreme on a once-through natural uranium cycle 
and at the other extreme on the near-breeding thorium cycle. 

For the start-up of fast breeders, on the other hand, thermal 235u-238u 
reactors must be operated to obtain the plutonium fuel load required. However, 
as soon as the plutonium production in the fast breeders is high enough so that 
the excess plutonium produced can provide the fast breeders at the required 
growth rate, the system could become self-supporting in a period of two or 
three decades. 

4.7. FUEL CYCLE CHARACTERISTICS 

4.7.1. State of development 

The experience existing with respect to the thorium fuel cycle is consider-
able [11] , although it is less than that available at present with aqueous 
processing in the plutonium fuel cycle. 

A number of reactors have been operated on thorium-containing pellet fuel 
for years. Pellet fuel production does not present special problems. The existing 
experience is not fully documented. Thorium fuel has been used in the Elk River 
and Indian Point-1 reactors. Small batches of fuel have been fabricated in Canada 
and are currently used in test reactors. 

A number of reprocessing and refabrication operations have been completed 
successfully on a scale up to some 100 kg [12—21 ]. It is to be expected that, in 
scaling-up, difficulties will be encountered as a consequence of anomalous behaviour 
of protactinium in aqueous systems and of the generally lower solubility in water 
of thorium compounds relative to the corresponding uranium compounds. An 
interesting and favourable aspect of the MSBR integrated reprocessing plant is 
therefore that such anomalies are avoided because of the absence of aqueous phases. 

Accordingly, for the aqueous reprocessing and refabrication of thorium cycle 
fuel, an adequate basis is certainly present for large-scale application, such that 
there is every reason to expect that this cycle can be brought to a state of 
development and reliability comparable with that of the plutonium cycle. The 
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problems of the required waste management are also comparable with those of the 
plutonium cycle. 

4.7.2. Special fuel cycle aspects of thermal breeders 

The two liquid-fuel concepts, the heavy-water suspension reactor and the 
molten-salt breeder reactor, present special aspects. As a consequence of the type 
of fuel used, in situ reprocessing seems evident, and for the MSBR even necessary; 
a more or less continuous reprocessing is most desirable to attain a high conversion 
ratio. The fluid-fuel reactors have a significant advantage in that no fuel element 
fabrication is required. 

For the HWSR two levels of reprocessing are considered: a superficial 
removal of fission and erosion products from the surface of the fuel particles by a 
light-etching procedure, and a normal reprocessing of the fuel. This means that 
full fuel-cycle facilities must be available. 

For the MSBR a true integration of the fuel cycle with the reactor is foreseen. 
The fuel salt will be processed in a continuous way with a technique based on 
fluorination and selective reductive extraction. To limit the fuel hold-up this 
will be done with hot fuel, after a delay of one hour only. The separate elements 
of these dry reprocessing and refabrication techniques have been demonstrated on 
a laboratory scale. Integrating these elements into one facility and demonstrating 
the system on a commercial scale remains to be done. The fuel cycle required 
for the MSBR will thus be independent of the aqueous system discussed in 
Section 4.7.1 and will form an integral part of the reactor proper. 
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5. BACKGROUND, DEVELOPMENT STATUS AND FURTHER 
DEVELOPMENT NEEDS OF THERMAL BREEDER CONCEPTS 

5.1. MOLTEN-SALT BREEDER REACTOR 

The study and development of molten-salt reactors was begun in the USA at 
the Oak Ridge National Laboratory in 1947, as part of the Aircraft Nuclear Pro-
pulsion Program, and led to the successful operation of a 2.5-MW(th) molten-salt 
reactor (the Aircraft Reactor Experiment) in 1954. The potential of molten-salt 
reactors for civilian power production was recognized and a development pro-
gramme was established in 1956. This effort led to the design, construction and 
operation of the 8-MW(th) Molten-Salt Reactor Experiment from June 1965 to 
December 1969. The MSRE demonstrated remarkably high levels of operability, 
availability and maintainability, and was operated for more than 13 000 full-power 
hours (> 1.5 full-power years). The system was fuelled with a 235 U-238 U mixture 
during the initial two years of operation and with 233 U during the remaining 
1.5 years of operation, making it the only reactor to have operated with 233 U. 

In their interest in and development activities on molten-salt reactors the 
USA was joined during the 1960s and early 1970s by development and evaluation 
activities in a number of countries including France, the Federal Republic of 
Germany, the United Kingdom, Japan, the Netherlands, Switzerland, India and 
Brazil, as well as activities supported within Euratom as part of a larger effort on 
fluid-fuelled reactors. While most of the combined effort of the various countries 
was directed toward the use of fluoride fuel salt mixtures operated with a thermal 
or epithermal neutron energy spectrum and an intermediate molten fluoride 
coolant which transfers heat to steam generators, significant work was put forth 
on the evaluation of molten chloride fuel salt mixtures operated with a fast neutron 
spectrum as well as reactor designs employing direct cooling of the fuel salt with 
molten lead. 

Subsequent to MSRE operation, conceptual design studies and technology 
development efforts in the USA were directed toward molten-salt breeder reactors 
for commercial application. Emphasis on high breeding performance and low 
system-specific fissile inventory led to a 1000-MW(e) reference design having a 
high core power density, a low specific inventory (1.5 kg/MW(e)) and a compound 
doubling time of about 19 years. 

The successful operation of the MSRE and the favourable projected system 
characteristics attracted significant US industrial and utility interest, including 
MSBR design studies carried out by the Molten-Salt Group (headed by Ebasco 
Services, Inc.) under ORNL funding as well as parallel studies supported by the 
Molten-Salt Group. 

5 5 
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The development of molten-salt reactors in the USA was interrupted in early 
1973 when the programme, funded at the level of US$5 million per year, was 
terminated. The development of the MSBR in the USA was resumed briefly in 
early 1974 at a funding level of about US $4 million per year and was terminated 
again in mid-1976. Development efforts supported within France by Electricité 
de France and the Commissariat à l'énergie atomique have continued in an uninter-
rupted manner to the present. In addition, molten-salt research and technology 
development is continuing in a number of countries. 

The attractive features of molten-salt reactors include: good fuel utilization 
characteristics, stemming largely from the very low system fissile inventory and 
continuous on-site fuel processing; versatility, in that breeder or converter operation 
can be obtained using the same reactor design with any or all nuclear fuels (235U, 
239Pu or 233U); high operating temperature (1300°F reactor outlet) and high net 
thermal efficiency (44%); and inherent safety characteristics due to the fact that 
salt systems operate at low pressure with little stored energy, the salts do not react 
rapidly with air or water, some fission products are removed from the primary 
system continuously and iodine and strontium form stable compounds in the 
salt, continuous fuel processing eliminates the need for excess reactivity, and a 
prompt negative temperature coefficient of reactivity is associated with heating of 
the salt. 

Recently completed studies for examining the non-proliferation and anti-
diversion characteristics of the US reference design MSBR indicate that while the 
reference design MSBR could have enhanced diversion resistance via fuel cycle 
modifications, such MSRs would probably not be suitable for siting in non-secure 
areas. A second preliminary study of MSR operation with denatured 233U-238U 
fuel indicates that it may be possible to operate an MSR with denatured 233 U at 
a conversion ratio of approximately unity. Such a reactor might be suitable for 
dispersed siting. 

While sufficient work has been done to indicate the potential of molten-salt 
reactors, a significant development programme would be required to realize this 
potential. Additional work is needed in the following areas for the US reference 
design MSBR: 

(a) Material for primary circuit: Nb-modified Hastelloy N appears to be a satis-
factory primary-circuit material; however, additional experience is needed 
with commercial heats of the material to verify that the desirable characteristics 
observed thus far can be reliably maintained with commercial-scale production. 

(b) Tritium containment: An adequate basis for an engineering solution to the 
problem of tritium release based on chemical interaction of tritium with the 
secondary coolant (sodium fluoroborate) appears to have been demonstrated; 
however, additional work is necessary to clarify the basic chemistry involved 
and to verify the long-term operability of a tritium containment system based 
on this approach. 



57 5. BACKGROUND AND DEVELOPMENT 

(c) Fuel processing: The chemical basis for MSR fuel processing is well under-
stood and small-scale engineering development has been completed; however, 
a significant chemical engineering effort is needed to develop the larger-scale 
equipment necessary for effecting the processing operations for a lOOO-MW(e) 
MSBR. 

(d) Graphite development: Part or all of the moderator graphite in the reference 
MSBR must be replaced after four effective full-power years because of irradia-
tion damage. Additional work is needed to demonstrate reliable and economic 
methods for graphite replacement and for development of improved graphites 
having longer service life. 

(e) Component development: A significant development programme will be 
required for developing the components of an MSR such as steam generators, 
pumps and heat exchangers. This technology development should be relatively 
straightforward; however, it will be relatively „costly and time consuming. 

A meaningful molten-salt reactor development programme, either national or 
international, should be based on a commitment to build a test reactor having a 
power output of about 200 MW(e). Programme funding should be US $7 to 
10 million per year initially and should rise to US $25 to 50 million per year, 
exclusive of major test facilities. An MSBR development plan [ 1 ] was developed 
by ORNL in 1974. In addition, Ebasco Services, Inc., has developed a largely 
industrially based development plan for MSR development. 

5.2. HEAVY-WATER SUSPENSION REACTOR 

5.2.1. Introduction 

The development of a heavy-water suspension reactor proceeds from the 
possibility of having a simple and continuous fuel purification system which can be 
effective because of the recoil ejection of fission products from the micron-sized 
fuel. The most important advantages of such a fuel system are: 

The conversion ratio is greatly improved by the continuous discharge of 
neutron-absorbing fission products; 

The fission products transfer their kinetic energy directly to the cooling 
medium, which results in a prompt negative temperature coefficient of 
reactivity (this means that the reactor is inherently safe); 

Fuel production can be done with a simple, inexpensive process that could 
be applied to recycle fuel, e.g. a sol-gel process. 

The development programme for a 250 to 1000-MW(e) HWSR is divided 
into three phases. The first phase comprises the collection of the results obtained 
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from physical, chemical and technological research on a small experimental sus-
pension reactor and a design study for the 250-MW(e) reactor. 

In the second phase the available data are evaluated and extended by further 
research work, which could result in the construction and operation of a pilot 
plant of about 50 MW(e), integrated with an on-line processing plant. 

The third phase comprises the construction and operation of a 250 to 
1000-MW(e) HWSR. 

5.2.2. History and present state 

The development was started with the investigation of the physical proper-
ties of a suspension reactor in a subcritical experiment, which was most encouraging 
[2]. Parallel to these experiments the development and evaluation of sol-gel 
processes for fuel production was started [3] as well as an investigation of the 
behaviour of circulating aqueous uranium-thorium suspensions at elevated tempera-
tures. On the basis of the results obtained, an experimental suspension reactor, 
the KEMA Suspension Test Reactor (KSTR), was built with a thermal power of 
1 MW and a fuel inventory of about 30 kg of 25% U02-75% TH0 2 , operating at 
250°C. This reactor served to examine the nuclear and operating aspects of a 
future HWSR and to test the fuel in its specific form under the influence of 
fissioning at a power density of 50 kW/litre [4], 

In addition to specific problems regarding instrumentation and inventory 
control a number of problems concerning erosion, leak-tightness of the system 
and leak-tightness of the containment were solved for the experimental scale 
applied. This reactor began regular operation in May 1974. During the critical 
runs the inherent safety of the system has been proven beyond any doubt [5]. 

With increasing mean power the relative fluctuations in the instantaneous 
power of the reactor showed a sharp decrease. This favourable result is due to 
the increasing effectiveness of the large negative temperature coefficient of 
reactivity. At power densities of more than a few kilowatts per litre, any increase 
of the reactivity results in an immediate temperature rise which reduces the excess 
reactivity instantaneously. The results obtained show that the nuclear reliability 
of the suspension reactor is excellent. 

The power level of the reactor is easily controlled by changing the amount of 
heat extracted by the cooling system. For this reason the KSTR was not provided 
with control rods. 

During power operation, changes in the properties of the suspension have 
been observed. These influenced the distribution of fuel in the core and the 
outer volume. As a consequence the fuel concentration in the core vessel and 
thus the critical temperature of the reactor decreased slowly for several hours. 
This temperature drop of about 2°C/h could be corrected by supplying an extra 
amount of fuel from the storage vessel even during operation at power. 
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The fuel particles suffered radiation damage, resulting in the production of 
debris, i.e. particles smaller than the original ones. This phenomenon has been 
studied both in irradiation experiments and with samples taken from the KSTR. 
The radiation damage of the fuel particles in the reactor appeared to be smaller 
than had been expected from the results of previous irradiation experiments. 

Irradiation experiments have also shown that there is a strong dependence 
on temperature. Between 250°C — the operating temperature of the KSTR — 
and 320°C — the design temperature of the 250-MW(e) reactor — an appreciable 
decrease of production of debris is expected on the basis of these irradiation experi-
ments. To achieve the required purification of the reactor contents, the debris 
will be removed together with the necessary amount of intact particles. The 
purification might be effected by an etching treatment to reduce the amount 
of fission and erosion/corrosion products present on the outside of the fuel 
particles. From time to time appropriate amounts of fuel might be completely 
reprocessed, for example by dissolution followed by a Thorex type of process, 
and refabricated. 

The release of radiolytic gases (H2 and 0 2 ) appeared to be proportional to 
the reactor power and amounted to 4 kg of 0 2 per MW • h. The radiolytic gases 
could easily be recombined by the recombiner in the gas purification systems. On 
the basis of experiments at ORNL no radiolytic gas production can be expected 
at suspension temperatures above 280°C. 

In May 1977 the critical experiments with the KSTR were stopped according 
to plan. After the extraction of the fuel from the reactor the reactor system will 
be inspected. The inspections will concern: (a) the distribution of deposits of 
fission products and fuel over the primary system and the gas purification system; 
(b) system damage due to erosion and corrosion; and (c) the wear of various 
system components. 

5.2.3. Additional research and development 

In the second phase of the development programme of a suspension power 
reactor much additional research and development is necessary. The behaviour 
of the fuel suspension under the envisaged conditions should be studied more 
extensively. The fuel fabrication should be scaled up to the required production 
rate and should be adapted to recycle fuel. The treatment of the fuel for removal 
of fission and corrosion/erosion products should be investigated. 

The experiments with the KSTR and the design study are still being evaluated. 
Nevertheless it is already clear that further investigation of the following subjects 
is required: 

(a) Additional improvements in the decrease of erosion by adaptation of the 
suspension system, e.g. separation of particle flow and liquid flow for heat 
extraction; 
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(b) Improvement of the fuel distribution over the core volume and outer sus-
pension volume (this is an important factor both for the fuel inventory and 
the breeding ratio). Table XIII gives some data calculated for a 250-MW(e) 
heavy-water suspension reactor, illustrating the influence of the concentration 
of the suspension and of the ratio of total primary volume to core volume; 

(c) The spatial stability of the fuel distribution in large core vessels. 

The investigation of the second phase should result in the construction and 
operation of a plant of approximately 50 MW(e). On the basis of the experience 
obtained with this reactor it must then be possible to build, in the third phase, a 
demonstration reactor with a capacity between 250 and 1000 MW(e). 

The cost of such a total project is difficult to estimate. Nevertheless, a 
tentative estimate is as follows: 

5.2.4. Conclusion 

Several years of experience in operating high-temperature, high-pressure loops 
with aqueous suspensions of different concentrations have shown that these 
suspensions can be handled satisfactorily. 

Also, it has been proved that a reactor with a circulating suspension can be 
constructed and operated properly and that such a reactor is inherently safe. 

5.3. CANDU-Th REACTOR 

5.3.1. Background 

The CANDU nuclear power reactor system has been under development 
since the early 1950s by Atomic Energy of Canada Limited (AECL), in collaboration 
with Canadian industry. CANDU stands for CANada Deuterium Uranium, 
indicating that the reactor uses heavy water or deuterium oxide as moderator 
and natural uranium as fuel [6]. The use of the heavy-water-moderated reactor 
system has been consistently followed in the evolution of the nuclear power 
programme [7-10]. 

Building upon experience gained in construction and operation of the 
NRX [11] and NRU [12] research reactors, the first prototype CANDU reactor 

Estimated cost 
(US $) 

1st phase 
2nd phase 
3rd phase 

60 X 106 

1200 X 1Q6 

3000 X 106 
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TABLE XIV. CANADIAN NATURAL URANIUM HEAVY-WATER POWER 
REACTORS IN OPERATION, UNDER CONSTRUCTION OR COMMITTED 
(As of March 1976) 

Name 3 Location Type" Power Nuclear Date of 
(MW(e) net) designer0 first powei 

NPD Ontario PHW 22 AECL & CGE 1962 

Douglas Point Ontario PHW 208 AECL 1967 

Pickering A Ontario PHW 514 X 4 AECL 1 9 7 1 - 7 3 

Gentilly 1 Quebec BLW 250 AECL 1971 

KANUPP Pakistan PHW 125 CGE 1971 

RAPP 1 India PHW 203 AECL 1972 

RAPP 2 India PHW 203 AECL 1976 

Bruce A Ontario PHW 745 X 4 AECL 1 9 7 6 - 7 9 

Gentilly 2 Quebec PHW 600 AECL 1979 

Point Lepreau New Brunswick PHW 600 AECL 1980 

Cordoba Argentina PHW 600 AECL 1980 

Pickering B Ontario PHW 514 X 4 AECL 1 9 8 1 - 8 3 

Wolsung 1 Korea PHW 600 AECL 1982 

Bruce B Ontario PHW 750 X 4 AECL 1 9 8 3 - 8 6 

Darlington Ontario PHW 800 X 4 AECL 1 9 8 6 - 8 8 

Total 16 703 

3 NPD Nuclear Power Demonstration. 
KANUPP Karachi Nuclear Power Project. 
RAPP Rajasthan Atomic Power Project. 

b PHW Pressurized Heavy-Water Coolant. 
BLW Boiling Light-Water Coolant. 

c AECL Atomic Energy of Canada Limited. 
CGE Canadian General Electric Company Limited. 

(the 25-MW(e) NPD or Nuclear Power Demonstration reactor) was built and came 
into operation in 1962 [13]. This was followed by the 200-MW(e) Douglas Point 
reactor (first operation 1968) and the 4 X 500-MW(e) Pickering Generating Station 
(first operation 1971) [14]. All the units are known as CANDU-PHW units to 
indicate that the coolant is pressurized heavy water. Although the PHW system 
has received most attention so far and has been developed to a commercial stage 
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TABLE XV. R&D PROGRAMME FOR CURRENT CANDU REACTOR 
SYSTEMS [19] 

A. Fuel. Increased power and versatility while retaining excellent performance and safety 
margin. 

B. Reactor components. Continued improvements to components specific to reactors, to 
decrease capital or operating costs, to increase availability or to improve capability of 
Canadian industry. 

C. Activity fields. Equipment and techniques to control radiation fields around reactors, 
to reduce maintenance costs and to increase availability. 

D. Reactor safety research. Development of sophisticated and verified analysis to replace 
conservative assumptions in demonstrating the safety of reactors. 

E. Conventional components. Application of technology to improve the performance of 
components that affect the reliability and hence availability of reactors. 

F. Inspection. Increased application of non-destructive testing techniques during manu-
facture of components and for in-service inspection. 

G. Environment and monitoring. Minimizing any adverse impacts of nuclear power. 

H. Assessment and reactor physics. Provision and application of the calculational tools 
to assess promising changes in design or operation of reactors. 

I. Reactor control. Improvements of control systems to improve reactor performance, 
to decrease costs or, as required, to implement other improvements. 

J. Heavy-water production. Improvements of existing plants to increase production, and 
improvement of future plants to decrease costs; development of a new, cheaper process. 

TABLE XVI. R&D PROGRAMME FOR ADVANCED CANDU SYSTEMS [19] 

A. Fuel reprocessing. Development for, and demonstration of, a chemical plant to 
reprocess spent fuel, both U 0 2 and T h 0 2 . 

B. Active fuel fabrication. Equipment and procedures for fabricating plutonium-containing 
and thorium-base fuels in sealed containers and with shielding. 

C. Fuel design and irradiation. Development and large-scale irradiation of fuel appropriate 
to active fuel fabrication. 

D. Thorium supply. Identification of Canadian thorium sources and design of a thorium 
refinery. 

E. Reactor optimization. Necessary development, design and demonstration of a CANDU 
reactor optimized for the thorium fuel cycle. 
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at Pickering, other versions using either boiling light water or organic liquid coolant 
are under consideration and prototype or research reactor versions have been 
built [15]. 

Together with the development of the reactor system, another major activity 
has been the construction of plants to produce high-purity heavy water. In its 
support of the CANDU programme, the Canadian heavy-water industry has 
become the largest in the world [16]. 

5.3.2. Current status 

The CANDU reactor system may be classified as having reached a mature 
'commercialized' stage, as evidenced by Table XIV, which lists the reactors in 
operation, under construction or committed. Satisfactory performance has been 
obtained from both reactor and fuel operation [17, 18]. However, AECL is 
maintaining a research and development programme to further improve the 
current system, the main highlights of which are detailed in Table XV [19]. 

5.3.3. Thorium-cycle CANDU 

All current CANDU reactors operate with natural uranium oxide fuel. " 
However, to safeguard against the depletion of the readily accessible uranium 
resources and increased recovery costs, the use of thorium fuel has been 
studied [20—24]. These studies indicate that basically the current CANDU 
reactor as it is designed could operate on a self-sufficient thorium fuel cycle with 
zero uranium feed and a very small feed of thorium. 

To achieve this, an industrial capability to reprocess and recycle spent fuel 
is required. Currently there is no commitment in Canada to implement this 
programme. However, the required R&D programme has been studied and the 
main components would be as illustrated in Table XVI. It is estimated that a 
period of up to 20 years and a total capital investment of approximately 
500 millions of 1978 US dollars in demonstration facilities would be required 
to gain the necessary confidence to commit a large-scale industrial investment. 

In summary, the thorium-cycle CANDU reactor may be characterized as 
having an established industrial reactor system base but an as yet undeveloped 
fuel recycle industry. 

5.4. SEED-BLANKET AQUEOUS REACTOR 

5.4.1. Introduction 

Seed-blanket aqueous reactors appear to have the potential for making a 
major contribution to the fullest practicable utilization of the world's nuclear 
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fuel resources in providing energy for the foreseeable future. This can be 
accomplished using the well-established technology of fixed-fuel water-cooled 
reactors, thus avoiding the technical and licensability problems of less developed 
reactor types. A major advantage of these aqueous breeders is that they can be 
installed in most commercial nuclear power plants today with relatively minor 
modifications. 

5.4.2. Background 

The seed-blanket concept was originally introduced in 1951 as a means of 
minimizing the separative work required for the fuel of a light-water reactor. 
To obtain criticality in a natural uranium lattice a small, highly enriched core 
was to be inserted inside the lattice region. Such an arrangement can be shown 
to result in the minimum total amount of 235U for criticality, as well as the 
minimum amount of separative work from the uranium isotopic separation plant. 
The need for 235U of high enrichment is offset by the small concentration of 
23SU occurring in the natural uranium. The relatively small highly enriched region 
is called the seed and the larger natural uranium region the blanket. 

The seed-blanket concept was employed in the design of the first commercial 
PWR plant at Shippingport, Pennsylvania. A number of other advantages and 
characteristics became apparent: 

(a) The reactor could be controlled from the seed region. 
(b) More than half of the energy was generated in the natural uranium blanket. 
(c) The moderator temperature coefficient of reactivity was strongly negative, 

typical of small, highly enriched cores. 
(d) The blanket could be left in place until depletion to the metallurgical limit. 

Until this limit was reached, refuelling could be accomplished by inserting 
successive fresh seeds. The division of power between seed and blanket 
remained roughly constant, with only a small, gradual reduction in the 
fraction of total power generated in the blanket. 

(e) The low-resonance capture in the seed made it possible to utilize thin fuel 
elements, providing a large heat transfer surface per unit volume. This allows 
the high power density in the seed to be accommodated. 

5.4.3. Light-water breeder reactor (LWBR) 

It was long thought to be impracticable to breed with light water. The 
essential problem in designing a light-water breeder arises, on the one hand, from 
the relatively small value of the r¡ of the fissionable isotopes in the spectra of 
thermal reactors and, on the other hand, from the relatively high losses in structural 
materials and fission products in such spectra. 
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The values of 7? in a thermal reactor are given in Section 1.5. It should be 
noted that in a practical light-water reactor a substantial fraction of the fissions 
is epithermal. In the epithermal region the values of r¡ for 23SU and 239Pu are 
much reduced, while the value for 233U is only slightly lower. The thorium cycle 
appears to be most attractive for a thermal breeder. 

Several characteristics of the seed-blanket concept are especially advantageous 
for breeding: 

(a) Feasibility of 'geometry control' by variation of the leakage of neutrons 
into fertile material, rather than into parasitic control materials; 

(b) Feasibility of 'tailoring' the neutron spectra separately in the seed and 
blanket regions to best accomplish the functions of each region. 

In the seed, in which most of the burn-up of fissile material takes place, the 
spectrum is made as thermal as possible to maximize the value of TJ. In the 
blanket, in which most of the production of fissile material takes place, the 
spectrum is made as hard as possible to maximize the resonance absorption of 
the fertile material and the fast effect. The above points are discussed more 
fully in Appendix D. 

In a light-water breeder the breeding potential cannot be characterized by 
the conventional 'breeding ratio'. In a typical LWBR the breeding ratio might 
be 1.11 at the beginning of core life but would drop to 1.0 by the time at which 
maximum fissile fuel content is reached. 

At the beginning of core life there are no fission products and the seed 
position is such that the ratio of thorium captures to 233U destruction is highest. 
As the fission products build up, the seed is moved to decrease the thorium 
captures, and the breeding ratio falls. For this reason it has been found 
advantageous to introduce the FIR (Fissile Inventory Ratio) which is defined as: 

Amount of fissile fuel in core at time of discharge 

Amount of fissile fuel in core at the beginning of life 

Note that, to obtain a large value of FIR, it is necessary to have both a high 
breeding ratio and a high degree of burn-up. Thus the FIR would be an appropriate 
measure of breeding performance for all types of breeders. 

After preliminary work in the early 1960s indicated the feasibility of breeding 
in a light-water seed-blanket core on the thorium cycle, the USAEC (now DOE) 
authorized a demonstration of the concept in the Shippingport nuclear plant. 
This is the Light-Water Breeder Reactor (LWBR) project. Full-power operation 
of the demonstration began in December 1977. 
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As discussed in Appendix D, a number of compromises and conservatisms 
were incorporated in the LWBR Shippingport core. As a result, the predicted 
performance of the core is not necessarily indicative of the ultimate potential of 
this concept. 

The most important disadvantage of the LWBR for meeting the growing 
energy needs is the very high specific fissile fuel loading. This could be reduced 
in future designs if the results of the LWBR demonstration indicate a higher 
breeding gain than is now calculated. The fuel loading is kept high in the 
demonstration core, primarily in order to lower the thermal flux and thus reduce 
losses, especially from protactinium. The loss to the latter is almost directly 
proportional to the thermal flux. By the end of the decade, assuming continuous 
operation of the LWBR demonstration core, firm information should be available 
as to the breeding potential of this reactor type. 

As mentioned above, one especially attractive facet to the LWBR concept 
is the possibility of its use as a replacement core, although with appreciable power 
reduction, in existing light-water nuclear power plants, with relatively slight 
changes to the plant. This could be economically attractive if the price of uranium 
continues to increase. It should be noted that all studies to date have been for the 
use of the LWBR in a pressurized water plant. There is no inherent reason why 
an LWBR could not be applied to boiling water plants. 

For the Shippingport demonstration core the 233U has been supplied from 
the Savannah River production reactors. In case the LWBR is applied for full-scale 
power generation it is planned to employ a prebreeder phase to produce the 233U. 
Prebreeder cores are described in Appendix D. 

The costs of the LWBR programmes to date have been approximately 
US $300 000 000. A significant portion of this sum was necessary for special 
arrangements to suit the small size of the Shippingport core and still constitute 
a viable demonstration of breeding. 

There are a number of possibilities for improving the core performance and 
significantly decreasing the specific fissile fuel loading within the framework of 
the light-water seed-blanket concept. However, a far greater potential for 
improvement appears to lie in the use of heavy water. Work on such a concept 
has begun on a modest scale and is described in Appendix D. Some exploration 
of this concept is being supported by the IAEA, and a feasibility study is being 
sponsored by the Electric Power Research Institute. Eventually, full-scale design 
studies will be needed both for the uranium-plutonium and thorium cycles. 
Overall development costs are estimated to be of the order of US $1 000 000 000, 
taking into account that many items already developed under the LWBR programme 
can be utilized. 

REFERENCES TO SECTION 5 

[1] McNEESE, L.E., et al., Program Plan for Development of Molten-Salt Breeder Reactors, 
Oak Ridge National Laboratory, Rep. ORNL-5018 (1974). 



6 8 5. BACKGROUND AND DEVELOPMENT 

[2] KERSTEN, J.A.H., CENERINI, R., MARKESTEIN, T., VAN DER PLAS, T., 
RALSHOVEN, J., An aqueous homogeneous zero-energy suspension reactor, Reac. Sei. 
Tech., J. Nucl. Energy, Parts A/B 16 (1962) 1 5 - 4 1 . 

[3] HERMANS, M.E.A., SLOTEN, H.S.G., in Peaceful Uses of Atomic Energy (Proc. 3rd 
Int. Conf. Geneva, 1964) Vol.11, UN, New York (1965) 450. 

[4] WENT, J.J., KERSTEN, J.A.H., HERMANS, M.E.A., WOLF, H., VAN ZOLINGEN, J.J., 
WIJKER, H., The Aqueous Homogeneous Suspension Reactor Project, Euratom Rep. 
EUR-161 le (1964). 

[5] Report on the Aqueous Homogeneous Suspension Reactor Project; Second, third and 
fourth quarter 1974, Reactor Development Group, N.V. KEMA, Arnhem, Netherlands. 

[6] McINTYRE, H.C., Natural-uranium heavy-water reactors, Sei. Am. (Oct. 1975) 17. 
[7] CAHILL, L., et al., Gentilly-2, Nucl. Eng. Int. (June 1974) 4 8 1 - 8 5 . 
[8] GRAY, J.L., MOON, C.L., Heavy Water Moderated Nuclear Power Reactors, Atomic 

Energy of Canada Ltd., Rep. AECL-3660 (June 1970). 
[9] HAYWOOD, L.R., The CANDU Power Plant, Atomic Energy of Canada Ltd., Rep. 

AECL-5321 (Jan. 1976). 
[10] FOSTER, J.S., The Canadian Nuclear Power Program, Atomic Energy of Canada Ltd., 

Rep. AECL-5534 (May 1976). 
[11] HURST, D.G., et al., Utilization of Canadian Research Reactors, Atomic Energy of 

Canada Ltd., Rep. AECL-2002 (Sep. 1964). 
[12] MANSON, R.E., The NRU Reactor (1964), Atomic Energy of Canada Ltd., Rep. 

AECL-1897 (Jan. 1964). 
[13] BATE, D.L.S., The Evolution of CANDU-PHW Power Reactors, Rep. PP-1 (1969). 
[14] MOON, C.L., Pickering generating station, Nucl. Eng. Int. (June 1970) 5 0 1 - 7 ; 

LOKEN, P.C., Core physics, ibid., p. 5 0 6 - 7 ; SIMMONDS, C.A., Mechanical design of 
the Pickering core, ibid., p . 5 0 8 - 1 0 ; KEY, F.J., Station control, ibid., p . 5 1 1 - 1 3 ; 
FANJOY, G.R., BAIN, A.S., Fuel and fuel cycle, ibid., p. 5 1 4 - 1 5 ; SMUCK, F.H., 
Construction and site work, ibid., p. 516. 

[15] The Canadian Nuclear Power Program, Atomic Energy of Canada Ltd., Rep. AECL-4767 
(Apr. 1974). 

[16] DAHLINGER, A., The Canadian Heavy Water Situation, Atomic Energy of Canada Ltd., 
Rep. AECL-5248 (Aug. 1975). 

[17] WOODHEAD, L.W., INGOLFSRUD, L.J., "Performance of Canadian commercial 
nuclear units and heavy water plants", Paper presented at European Nuclear Conference, 
21 April 1975, Paris, France. Summary in Trans.Am.Nucl.Soc. 20 (1975) 160. 

[18] PAGE, R.D., FANJOY, G.R., Fuel for CANDU Pressurized Heavy Water Reactors, 
Atomic Energy of Canada Ltd., Rep. AECL-5389 (Jan. 1976). 

[19] ROBERTSON, J.A.L., Research and Development for Canadian Nuclear Power, Atomic 
Energy of Canada Ltd., Rep. AECL-5314 (Jan. 1976). 

[20] LEWIS, W.B., How Much of the Rocks and Oceans for Power? Exploiting the Uranium-
Thorium Fission Cycle, Atomic Energy of Canada Ltd., Rep. AECL-1916 (1964). 

[21] LEWIS, W.B., DURET, M.F., CRAIG, D.S., VEEDER, J.I., BAIN, A.S., "Large-scale 
nuclear energy from the thorium cycle", Peaceful Uses of Atomic Energy (Proc. 4th Int. 
Conf. Geneva, 1971) Vol.2, UN, New York, and IAEA, Vienna (1972) 239. 

[22] BANERJEE, S., CRITOPH, E., HART, R.G., Thorium as a nuclear fuel for CANDU 
reactors, Can. J. Chem. Eng. 53 (1975) 291. 

[23] HATCHER, S.R., et al., Thorium Cycle in Heavy Water Moderated Pressure Tube 
(CANDU) Reactors, Atomic Energy of Canada Ltd., Rep. AECL-5398 (May 1976). 

[24] CRITOPH, E., et al., Prospects for Self-sufficient Equilibrium Thorium Cycles in 
CANDU Reactors, Atomic Energy of Canada Ltd., Rep. AECL-5501 (Mar. 1976). 



6. CONCLUSIONS 

(a) Current estimates of low-cost reserves (extraction cost up to 
US $50/lb U3O s) indicate an exhaustion in the early decades of the next century 
if an important fraction of the world's energy required is to be produced by 
currently available reactors. 

(b) Breeder and near-breeder reactors are essential to significantly reduce 
the uranium supply requirements. Their timely introduction and wide-scale 
application would limit the amount of natural uranium to be mined to the low-
cost reserves and would fuel further expansion as well. Many of the questions 
related to the uncertainty in present estimates of low-cost uranium reserves 
would thereby be eliminated. 

(c) The breeder reactor characteristics that are important in an expanding 
nuclear power system are breeding ratio and specific fissile inventory. The 
combined characteristics of low breeding ratio and low specific fissile inventory 
of thermal breeder reactors can provide the same breeding performance as is 
obtained by fast breeder reactors which are characterized by higher breeding ratio 
and higher specific fuel inventory. 

(d) The optimum performance for thermal breeders is obtained using the 
thorium-uranium fuel cycle, while that for fast breeder reactors is obtained using 
the uranium-plutonium fuel cycle. Consequently, the two types of breeder are 
essentially complementary with regard to complete usage of available fertile 
materials. 

(e) Decisions to use nuclear power on a large scale can only be made if the 
supply of nuclear fuel is deemed practically 'inexhaustible', which can be achieved 
only through the use of breeder reactor systems. The development of thermal 
breeders in parallel with fast breeders will increase the confidence that at least 
one viable breeder system will be available. The successful development of both 
programmes would allow utilities and national governments to choose the optimum 
system for their requirements. 

(f) The 'near-breeder' reactors (CANDU-Th and LWBR) do not offer as 
much potential with regard to reduction of future uranium supply requirements 
as the 'true' breeders (MSBR, HWSR and FBR), but they are based on commercially 
available reactors (CANDU and PWR) and consequently can be applied earlier. 

6 9 
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(g) Thermal breeder and near-breeder reactors can be designed in a 
proliferation-resistant mode, for example through the use of the 'denatured' 
thorium fuel cycle and 'safe' areas for sensitive fuel cycle operations. Some 
reduction in breeding ratio would result, but their use would still lead to a 
significant reduction in uranium supply requirements. 

(h) The inherent safety characteristics of some of the reactors considered, 
such as a prompt negative temperature coefficient, low inventory of long-lived 
fission products and low primary system pressure, might reduce the number of 
engineered safety features required to license these reactors. 

(i) Uncertainties in predicting future conditions make the estimation of 
generating costs for thermal breeders an almost impossible task. However, their 
application would limit the uranium requirements to the available low-cost reserves 
and so help preserve the competitive position of nuclear power relative to 
alternative sources of energy. The development costs of any reactor system will 
be of the order of the costs of a few-of these systems. Any development costs are 
insignificant relative to the cost of large-scale application. 

(j) From the standpoint of power plant availability, thermal breeder reactors 
appear to have the same characteristics as current reactors. Through the decreased 
requirements for uranium mining, the environmental impact of the use of nuclear 
energy can be significantly decreased by the use of breeding systems. 

(k) Although the development of the thorium fuel cycle in all its aspects 
to a commercial scale will require considerable efforts, a successful development 
can be expected with confidence on the basis of present experience. 

(1) Thermal breeders have no limitation in the possibility for using any 
available fissile fuel, but the use of 233U may be preferable because of its superior 
neutronic characteristics. 



7. RECOMMENDATIONS 

The following recommendations are made: 

(a) The further development of thermal breeder reactors and their associated 
fuel cycles should be considered a matter of urgency. 

(b) Thermal near-breeder reactors and their fuel cycle should be applied early, 
in order to contribute maximally to the conservation of uranium resources. 

While being fully convinced of the value and necessity of thermal breeder 
and near-breeder reactors, it is recommended that fast breeder reactor develop-
ment be pursued in a timely manner. 
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Appendix A 

TECHNICAL CHARACTERISTICS OF THE 
MOLTEN-SALT BREEDER REACTOR 

A-l. INTRODUCTION 

A conceptual design of a lOOO-MW(e) MSBR was prepared by ORNL, and in 
1971 a report [1] was issued describing the concept. Ebasco Services, Inc., and a 
number of industrial firms and utilities associated with them in a privately funded 
Molten-Salt Group, reviewed the molten-salt technology and ORNL design, and 
Ebasco and its industrial partners carried out a separate MSBR conceptual design 
study under an ORNL subcontract [2], The ORNL-4541 concept with some 
modifications is generally referred to as the reference MSBR design. A subsequent 
report, ORNL-4812 [3], treats specific features of the design, along with newer 
ideas in some cases than those given in ORNL-4541. In addition to ORNL's 
approach sometimes having changed, the views of Ebasco Services and its associates 
on specific features of MSBRs sometimes differ from those of ORNL; the major 
differences and information about them are also included in ORNL-4812. 

A-2. GENERAL CONCEPT OF THE SINGLE-FLUID BREEDER 

A single-fluid breeder reactor is illustrated in a simple form in Fig.A-l. The 
key feature of the concept is the use of a single salt that contains both uranium 
and thorium. To achieve this objective it was necessary to devise means for 
reducing neutron leakage from the core without using a separate fertile blanket, 
and a method was required for excluding most of the 233Pa from the high neutron 
flux region of the reactor. The former is accomplished by allowing the salt volume 
fraction in the outer region of the reactor to be several times as great as it is in the 
main part of the core. By varying the salt volume fraction, and hence the 
moderator-to-fuel ratio, a well-moderated core is obtained with an outer region 
that is undermoderated and in which thorium captures predominate to form a 
low-power-density fertile blanket. The protactinium is removed by molten 
bismuth extraction from the fuel salt in a small continuous processing plant which 
retains the protactinium outside of the core until it has decayed to 233 U. 
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FIG.A-1. Single-fluid, two-region molten-salt breeder reactor. For 1000 MW(ej, the fuel salt flow rate through the core is 
55 000 g/min, but less than 1 g/min passes through the processing plant. Electricity is produced from supercritical steam with an 
overall efficiency of 44%. 
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FIG.A-2. Sectional diagram of the MSBR vessel. 

The fuel and coolant salts are mixtures of fluorides having the following 
compositions and melting points: 

Fuel salt Coolant salt 

Composition (mol%) 7LiF 71.7 NaBF4 92 
BeF2 16 NaF 8 
ThF4 12 
UF4 0.3 

Li qui dus temperature (°F) 930 725 
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FISSION PRODUCTS 

TO WASTE 

FIG.A-3. Simplified flowsheet for processing a molten-salt breeder reactor. 

Lithium and beryllium fluorides, which have low neutron absorption cross-
sections, are used to obtain a composition having a liquidus temperature and other 
physical properties that are acceptable for reactor use. At reactor operating 
temperature, the fuel salt has a viscosity similar to that of kerosene and a remarkably 
low vapour pressure. Fuel salt is pumped through a core that is formed from bare 
graphite stringers and blocks; the salt does not wet the graphite and will not 
penetrate into it if material having small pore sizes is used. To exclude xenon from 
the graphite, its surface is sealed to a low permeability by deposition of pyrolytic 
carbon. A sectional evaluation of the MSBR reactor vessel and core is shown in 
Fig.A-2. The reactor vessel and the top head have been extended above the core 
sufficiently for a mechanical closure to be used and for the closure to be directly 
accessible when the head must be removed. 

Heat is transferred from the fuel salt, which leaves the reactor core at 
1300°F, to a coolant salt in an intermediate heat exchanger. A eutectic mixture 
of sodium fluoroborate and sodium fluoride is used as coolant which has the 
composition and melting point shown above. The coolant passes through steam 
generators where supercritical steam at 1000°F and 3600 lbf/in2 is produced, 
yielding an overall thermal efficiency of 44%. 

Drain tanks connected to the fuel and coolant systems can contain the salt 
when necessary. The fuel salt drain tank has a reliable natural circulation cooling 
system for disposing of fission-product decay heat. The system uses NaK to transfer 
heat from the drain tanks to water where it is either disposed of by forced cooling 
or, in an emergency, by boiling the water. The drain tank is also used as the 
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initial hold-up volume for the off-gas system, so that its heat removal system is 
continually in use and is not put into operation only in an emergency. The fuel 
salt drain tank is located below the reactor cell which is designed so that, in the 
event of a salt spill, the salt would reach the drain tank and be cooled. All metal 
surfaces that contact salt are made from Hastelloy N. 

The primary system and the steam generator systems are located in separate 
steel-lined concrete cells. The cells serve as shielding and containment barriers for 
radioactive materials and have controlled atmospheres which can be heated above 
the liquidus temperature of the salt or cooled to prevent overheating of the reactor 
equipment from fission-product decay energy when the salt is drained. Access for 
maintenance can be achieved by removal of shield blocks at the top of the 
reactor cell. 

Noble gases have a very low solubility in the fuel salt, which allows them to 
be stripped from the salt, thereby reducing the poisoning effect of 135Xe. Stripping 
of the noble-gas fission products is accomplished by injecting bubbles of helium 
into a side stream and subsequently removing them with centrifugal separators. 
The off-gas containing the xenon and krypton is then passed through charcoal 
traps in a clean-up system. 

To achieve good breeding in an MSBR, some of the salt-soluble fission 
products, and particularly the rare earths, must be removed in order to limit their 
concentrations in the fuel salt. A processing system for effecting fission-product 
removal in conjunction with protactinium removal has been developed. In the 
process, which is shown in a greatly simplified form in Fig.A-3, fuel salt enters 
the processing plant at a rate of about 0.9 g/min, which results in processing a 
salt volume equal to the fuel salt inventory of the reactor every ten days. The salt 
first passes to a fluorination column where about 95% of the uranium is removed 
as volatile UF6. The salt then flows to an extraction column where it is counter-
currently contacted with molten bismuth containing dissolved lithium reductant. 
The lithium enters the fuel salt in exchange for the protactinium which is selectively 
extracted into the bismuth phase. The protactinium is transferred to a separate 
captive salt phase where it is held until it decays to uranium which is removed by 
fluorination as volatile UF6. 

The fuel salt leaving the protactinium extraction column, now free of 
uranium and protactinium, is countercurrently contacted with molten bismuth 
containing reductant. Rare earths extracted into the bismuth phase are then 
selectively transferred to molten lithium chloride. In the overall rare-earth 
removal step, the bismuth acts somewhat as a selective membrane which permits 
the passage of the rare-earth fission products between the fuel salt and the lithium 
chloride without the passage of thorium. 

Finally, the UF6 removed in the initial process step, along with part of that 
recovered from protactinium decay, is absorbed into the processed fuel salt and 
reduced to UF4 for return to the reactor. Waste products in the processing plant 
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TABLE A-I. CHARACTERISTICS OF A 1000-MW(e) MOLTEN-SALT 
BREEDER REACTOR 

Useful heat generation 

Net electrical ou tpu t of plant 

Overall plant thermal efficiency 

Fuel salt inlet and outlet temperatures 

Coolant salt inlet and outlet temperatures 

Throttle steam conditions 

Reactor vessel inside diameter and height 

Core height 

Core diameter 

Radial blanket thickness 

Graphite reflector thickness 

Number of core elements 

Size of core elements 

Salt volume fraction in core 

Salt volume fraction in reflector 

Total weight of graphite in reactor 

Maximum salt velocity in core 

Pressure drop through reactor due to flow 

Average core power density 

Maximum thermal neutron flux 

Graphite damage flux ( > 5 0 keV) at point 
of maximum damage 

Estimated graphite Ufe at maximum damage point 2 

Total salt volume in primary system 

Thorium inventory 

Fissile fuel inventory of reactor system and 
processing plant 

Breeding ratio 

Fissile fuel yieldb 

Fuel doubling t ime (exponential)b 

2250 MW(th) 

1000 MW(e) 

44% 

1050, 1300°F 

850, 1 150°F 

3500 lbf/in2(abs), 1000°F 

22, 20 ft 

13 ft 

14 ft 

1.5 f t 

2.5 f t 

1412 

0.33 f t X 0.33 ft X 14.8 f t 

13 and 37% 

< 1% 

669 000 kg 

8.5 f t / s 

18 lbf/ in2 

22 W/cm3 

8.3 X 1014 n - c m ^ ' s " 1 

3.3 X 1014 n - c m ^ - s " 1 

4 years 

1720 f t 3 

68 000 kg 

1504 kg ' 

1.07 

3.6% per year 

19 years 

a Based on 80% plant factor and a fluence of 3 X 1022 n - cnT 2 ( > 50 keV). 
b At 80% plant factor. 
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are accumulated, given a final fluorination to recover any uranium that might be 
present, and put in storage in the reactor building where they are held as long as 
desired before transfer to a central waste management repository. 

Special materials will be required in the processing plant. The wall of the 
continuous fluorinator to which the fuel salt is fed initially will be protected 
from corrosion by a frozen layer of salt. The transfer lines will probably be made 
of molybdenum tubing, and some of the large vessels may be made of graphite. 

The design and performance characteristics of the reference MSBR are 
summarized in Table AT. 

The nuclear performance of the reference lOOO-MW(e) MSBR has been 
analysed and its major characteristics were found to be the following: 

Average core power density 22 kW/ltr 

Fissile uranium inventory of reactor 
and processing plant 1500 kg 

Breeding ratio 1.07 

Fuel doubling time (exponential) 
at 80% plant factor 19 years 

In considering the fuel cycle cost, the cost of the processing plant has been 
included to make it comparable with fuel cycle costs of solid-fuel reactors. As a 
result, the largest single item is the fixed charges on the processing plant. 

If graphite having no better irradiation resistance than that available today 
is used in the core, some of it will have to be replaced every four years. The cost 
of replacement on a four-year cycle, including the cost of special labour, has been 
included in the reactor operating cost. 

The capital cost of the reactor was estimated using, where appropriate, 
detailed cost information on a light-water reactor of about the same size. A basic 
assumption was that a molten-salt reactor industry had advanced to the point 
where development costs have been largely absorbed and the manufacture of 
components and the construction and licensing of plants have become routine. 
Under these conditions the capital costs of molten-salt and light-water reactors 
appear to be about the same. While a molten-salt reactor has some features adding 
to costs, particularly the provisions for remote maintenance of radioactive systems, 
it has also a high thermal efficiency and a low-pressure primary system that reduce 
costs. 

In sum, a single-fluid MSBR will have a relatively low breeding gain but a 
correspondingly small fissile inventory. The total of the fuel-cycle cost and the 
cost of graphite replacement should be below the fuel-cycle cost of light-water 
reactors, and the capital cost of the reactor and power plant should be about the 
same as that of a light-water reactor. 
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A-3. STATUS OF DEVELOPMENT AND MAJOR UNCERTAINTIES 

In this section, the status of development of areas pertinent to the reference 
design MSBR will be reviewed and the major uncertainties will be discussed. 

A-3.1. Reactor physics and fuel cycle 

In a fluid-fuel reactor many reactor physics problems, such as power-density 
distribution, localized burn-up and reactivity lifetime, are either not very demanding 
or non-existent. The most important matter in the MSBR is the accurate prediction 
of breeding ratio. Adequate data and methods of calculation exist (similar to those 
for other graphite-moderated reactors) and have been proved in the MSRE and in 
experiments at temperatures up to 1000°C in the High-Temperature Lattice Test 
Reactor. For the reference MSBR, with a calculated breeding ratio of 1.071, the 
total uncertainty in breeding ratio due to all sources of error in reactor physics is 
only ± 0.016. (Uncertainties about the behaviour of fission products add to this.) 
Capabilities for the calculation of critical concentration, rod worth and reactivity 
coefficients are also quite adequate. 

The dynamics of MSBRs are influenced by the circulation of the fuel, but 
these effects are well understood and predictable. As shown by the operation of 
the MSRE, the small delayed neutron fraction with circulating 233U fuel causes 
no problem. A prompt negative temperature coefficient of reactivity and a long 
neutron lifetime contribute to the stability enjoyed by molten-salt reactors. 

The core design of the MSBR was optimized on the basis of an index of 
breeding performance, consisting of the breeding gain divided by the square of the 
specific inventory of fissile material. Fuel cycle costs at this optimum are low and 
not very sensitive to rather wide variations in many of the design and operational 
parameters. 

Thus it appears that an extensive reactor physics programme to develop data 
and neutronic analysis methods for the MSBR would not be needed. 

A-3.2. Fuel and coolant chemistry 

There is no doubt about the choice of the fuel salt — the LiF-BeF2-ThF4-UF4 

system meets MSBR requirements far better than any other mixture. Its most 
serious shortcoming is the low solubility of oxide (30 ppm O2 -), which will require 
that the ingress of air or moisture be carefully controlled. Here experience with 
the MSRE provides confidence, since its oxide content changed little during 
plant life. 

Fission-product chemistry in fluoride salts is well understood, with substantial 
input from the MSRE experience. The physical behaviour of the noble-metal 
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fission products, which exist in elemental form, cannot be predicted with as much 
confidence as desired, however. The reactor designer, therefore, must use 
conservative assumptions as to their deposition on metal and graphite surfaces and 
transfer into the off-gas until data from the operation of another reactor have 
reduced these uncertainties. 

A fluoroborate mixture (the 92—8 mol% NaBF4-NaF eutectic) appears to be 
the best choice for the heat transfer circuit between the fuel and steam systems. 
The effects of steam inleakage on corrosion and the consequences of mixing 
fluoroborate and fuel must be explored further. A better understanding is needed 
of the behaviour of oxy and hydroxy forms in the fluoroborate coolant and of 
mechanisms by which tritium, diffusing from the fuel system, interacts chemically 
with the fluoroborate as demonstrated during operation of the Coolant Salt 
Technology Facility. 

Fuel and coolant salts in the MSRE were analysed by removing samples from 
the reactor and taking them to an analytical laboratory. However, considerable 
progress has been made since that time towards developing on-line methods for 
salt analysis. Most of them involve electro-analytical techniques, but visible-light 
and infra-red spectroscopy also offer promise. Several corrosion loops have been 
operated with a controlled voltammetry instrument that measures the U3+/U4+ 

ratio in the salt, which is extremely important in reactor operation. Methods 
suitable for hydrogen, chromium and other corrosion products, salt impurities 
and certain fission products have emerged from development efforts and, with 
additional work, may become usable. 

A-3.3. Graphite 

Graphite in molten-salt breeder reactors must meet three particular require-
ments: it must stand up to neutron irradiation; it must have pores sufficiently 
small that capillary forces exclude fuel salt, which does not wet graphite; and 
it must have a permeability to gases that is sufficiently low to limit the absorption 
of xenon. The MSRE graphite was required to exclude salt, and a special small-
pore material was developed by the manufacturers; but the total radiation dose 
received during MSRE operation was too low to make radiation damage a problem, 
and exclusion of xenon was not a specification. Thus, although a graphite stringer 
removed from the MSRE showed no effect from 2\ years in contact with fuel 
salt, it would not have met the radiation damage and gas permeability requirements 
of an MSBR. 

Radiation damage in graphite is caused by high-energy neutrons and in most 
graphites results in shrinkage followed by expansion. In conventional graphites, 
these changes result in rapid volume increases which begin at neutron fluences 
that are too low to be of interest for MSBRs. However, special grades of graphite 
that appear to be made by an uncalcined-coke process show little contraction and 
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require a longer period before rapid expansion begins. One kind of graphite that 
is said by the manufacturer to be commercially available has been tested in the 
HFIR at MSBR temperatures and found to be able to meet the four-year life 
assumption of the reference design. Consequently, a material that has adequate 
radiation resistance seems to be available, but longer graphite life is desirable, and 
there is hope that a growing understanding of graphite irradiation behaviour will 
lead to longer irradiation life. 

Progress with sealing graphite to exclude xenon has not gone so far. Two 
techniques that involve the use of pyrolytic carbon — one that deposits it in the 
surface pores and the other that puts on a thin coating — can seal the material 
adequately, but the permeability of most of the small samples tested has increased 
excessively under neutron irradiation. Some understanding of why the permeability 
of the coated samples increases has been gained from remarkably sharp photographs 
obtained with a scanning electron microscope. The failures are thought to result 
from defects seen in the unirradiated material, and an improved procedure for 
depositing the coating has produced flaw-free samples which have successfully 
withstood irradiation equivalent to a four-year life in some cases. However, the 
sealing method has not been proven to work consistently, and a scale-up of the 
process for use with large pieces remains to be done, even if the method is 
successful. 

Sealing of the graphite by impregnating the surface pores with fuel-free salt 
is a possibility if pyrocarbons cannot be used; but if no sealing method can be 
developed, the breeding ratio of the MSBR will decrease somewhat because of 
increased neutron capture in 135Xe. The additional loss in breeding ratio will 
depend on the rate of stripping by the noble-gas sparging system but will probably 
lie between 0.005 and 0.01. 

A-3.4. Materials for salt-containing vessels and piping 

A commercially available nickel-base alloy, Hastelloy N, was developed for 
use with molten salts at the high temperatures needed in aircraft power plants 
(about 1500°F), and since it has good strength and good compatibility with 
fluoride salts, it was used for the construction of the MSRE. While the MSRE was 
being built, experiments revealed that the creep ductility of Hastelloy N is reduced 
by neutron irradiation. This embrittlement is caused by helium produced by 
thermal-neutron captures in the alloy, in contrast with the embrittlement due to 
void formation by fast neutrons that has been of concern for fast reactors. Analyses 
showed that stresses in the MSRE would be low enough for the reactor to be 
operated safely in spite of decreased ductility; but this would not be true for 
future reactors, and a development programme was begun to find a solution to the 
problem. 
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Extensive natural-circulation and forced-circulation loop tests showed that 
the corrosion rate of Hastelloy N by clean fuel salt is low, and it was no surprise 
when salt analyses and surveillance specimens from the MSRE showed that the 
generalized corrosion rates were very low in the fuel salt and not detectable in the 
LiF-BeF2 coolant salt. Near the end of the MSRE operation and during the post-
operation examination, however, there was a surprise when all Hastelloy N that had 
been in contact with fuel salt was found to form shallow, intergranular surface 
cracks when it was strained at room temperature. 

The cracks were generally less than 0.01 in deep, and the maximum depth 
did not seem to have increased with exposure time. Since material from the core 
and from the heat exchanger showed similar effects, irradiation did not seem to 
be involved, but a striking contrast between the fuel-salt and coolant-salt sides of 
the heat-exchanger tubes indicated a probable connection with fission products 
in the fuel salt. Samples were carefully leached and a variety of fission products 
was found in the material to a depth of about 0.003 in. Tellurium was deposited 
at the highest concentration. Tellurium and all other elements on which suspicion 
might fall were then deposited on Hastelloy N samples and held at MSRE tempera-
ture for 1000 hours. Tellurium caused cracks to form when the material was 
strained, but no other fission product did. 

As a consequence of these and many other tests of stressed and unstressed 
samples at various temperatures, times and methods of fission-product deposition, 
the evidence seems strong that tellurium is indeed the culprit. There is reason to 
suspect tellurium (and also selenium, although it has shown no evidence of 
misbehaviour) because of its similarity to sulphur, which can be troublesome with 
nickel-base materials. 

Studies of irradiation embrittlement and intergranular tellurium embrittlement 
were pursued for a number of modified Hastelloy N alloys [4]. The post-irradiation 
creep properties were found to be acceptable for Hastelloy N modified with 
2% titanium, 1—4% niobium, and about 1% each of niobium and titanium. The 
2% titanium-modified alloy was fabricated into a number of products and some 
problems with cracking during annealing were noted. The remaining alloys were 
only fabricated into 0.5-in-thick plates and 0.25-in-dia. rods; no problems were 
encountered. All of the alloys had excellent weldability and manufacture should 
be possible after development of suitable scale-up techniques. 

The resistance of the various modified Hastelloy N alloys to irradiation 
embrittlement depends upon the formation of a fine dispersion of MC-type carbide 
particles within the grain structure of the alloy. These particles act as trapping 
sites for helium and prevent the accumulation of helium in the form of bubbles 
at the grain boundaries, which would embrittle the alloy. After fabrication into the 
desired structural shapes the alloys would be annealed and finely divided carbides 
would precipitate during service at 5 00-650° C. At service temperatures exceeding 
this range the carbide precipitates tend to become larger and the resistance of the 
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alloy to irradiation embrittlement diminishes. Although some heats of the 2% 
titanium-modified alloys and niobium-modified alloys containing 3 to 4% niobium 
retained acceptable properties after irradiation at 760°C, it is questionable whether 
these alloys can be used at service temperatures in excess of 650°C. 

Various modified Hastelloy N alloys were exposed to tellurium using several 
experimental methods believed to be representative of reactor operating conditions. 
These included the use of metal tellurides, which produce low partial pressures of 
tellurium at 700°C, as well as in-reactor fuelled capsules. The addition of 1 to 2% 
niobium to Hastelloy N resulted in alloys with improved resistance to intergranular 
cracking by tellurium, but which did not totally resist cracking. Samples of these 
alloys were exposed to tellurium-containing environments for 6500 h at 700°C 
with very favourable results. Cyclic tests in which the tendency for crack propagation 
is measured in the presence of tellurium will be required to determine whether the 
alloys adequately resist embrittlement by tellurium. The mechanism whereby 
niobium additions diminish tellurium embrittlement has not been identified; 
however, it is believed that the tellurium forms surface reaction layers with the 
niobium in preference to diffusing along the grain boundaries of the alloy. These 
findings suggest very strongly that niobium-modified Hastelloy N containing 1 to 
2% niobium would be an acceptable material for an MSR having a maximum 
operating temperature of 650°C. 

Preliminary experiments in which the oxidation potential of salt-containing 
tellurium species was varied indicate that an attack of standard Hastelloy N as well 
as titanium-modified Hastelloy N can be prevented if the salt is sufficiently 
reducing. This finding could lead to a wider variety of acceptable Hastelloy N 
alloys for molten-salt reactor applications. 

Thus, it appears that a number of materials options exist which, when 
developed, could lead to improved performance and increased materials reliability. 

A-3.5. Reactor components and systems 

Although many of the components and systems on an MSBR power plant are 
similar to those needed for solid-fuel reactors, the design requirements on others 
are different, and a number of them are unique to the molten-salt system. Many 
of the different or unique aspects were investigated in the development 
programmes for the aircraft reactor and the MSRE, but not all have been used or 
tested, and increases in size or performance are required in most cases. 

Starting first with pumps, vertical-shaft centrifugal pumps with overhung 
impellers were developed for molten-salt service and used satisfactorily on the 
Aircraft Reactor Experiment and the MSRE, as well as used and tested in a number 
of salt loops. (A small oil leak from the MSRE primary pump caused problems 
with the off-gas system, but the pump itself was used without trouble for the 
reactor life, and the leak was easily corrected in a spare pump.) Although steps 
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that add up to a 10 to 15-fold increase in capacity will be needed in a progression 
from the MSRE to full-size MSBRs, the same basic design as that used on the 
MSRE is specified in the reference MSBR design, and the scale-up should be 
relatively straightforward. Consequently, although several years will be required 
to develop and test larger pumps, the problems are well understood and satisfactory 
pumps can be obtained. Byron-Jackson, a pump manufacturer and an associate 
of Ebasco in the Molten-Salt Group, has expressed similar confidence. 

The MSRE intermediate heat exchanger and air-cooled radiator operated 
without difficulty, and analyses showed no decrease in performance throughout 
the plant life. Heat-transfer experiments, as well as the operation of the MSRE 
units, indicate that salts act as ordinary fluids and their heat-transfer behaviour 
can be predicted reliably as long as accurate physical property data are available. 
The aspects of the MSBR that differ from the MSRE, aside from size, have to do 
with the need for high performance with the MSBR to limit the fuel-salt inventory 
and the requirement that either failed tubes can be located and plugged in place 
or the tube bundle or entire unit can be replaced. Both of these approaches create 
design problems. To obtain compactness, either smaller-than-usual tubes or tubes 
deformed to enhance heat transfer have been shown in MSBR heat-exchanger 
concepts, and use of either will require a testing programme. Some increase in 
fuel-salt inventory will result if the compactness shown is not achieved, but since 
only 17% of the fuel salt is in the heat exchangers, a moderate increase in their 
volume will have a limited overall effect. Providing repair of the heat exchanger 
is a part of the overall MSR maintenance problem, but techniques for plugging 
tubes that are being developed for other uses should be helpful. 

There were no steam generators on the ARE and MSRE, and experience with 
steam generation using high-melting salts has been limited to steady-state and 
dynamic experiments with a single-tube re-entrant-type steam generator [5]. The 
major problem is that in conventional steam cycles the feedwater enters the steam 
generator at a temperature below the melting point of the MSBR coolant salt. 
As a result, unless other measures are taken, some salt would freeze on the tubes. 
Allowing a layer of salt to form might be acceptable, but to get around the question 
in the reference concept, the steam cycle was altered to increase the temperature 
of the steam entering the steam generator. A supercritical steam cycle was 
adopted, but modified to mix some exit steam with feedwater in order to raise 
its temperature to about the salt melting temperature. The penalty is some 
additional equipment and a small loss in efficiency, but the net effect does not 
appear to be very great. Other ways of overcoming the salt freezing problem also 
appear feasible, such as the re-entrant tube approach that appears in some sodium-
heated steam-generator concepts. The Foster Wheeler Company has explored 
molten-salt steam generator concepts under an ORNL contract. Hastelloy N 
appears to have adequate corrosion resistance for use in a high-temperature steam 
system; however, additional studies will be necessary before one can be conclusive. 
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The sodium fluoride/sodium fluoroborate coolant proposed for the MSBR 
melts at 725°F, which provides a 125°F melting point advantage over the LiF-BeF2 

used in the MSRE. In addition, it is much cheaper, but there is limited experience 
with fluoroborates in engineering systems. Over a period of several years an 
isothermal MSRE-scale loop was operated with fluoroborate, as well as two forced-
convection loops with heaters and coolers, and a number of natural-circulation 
loops. A fairly extensive chemistry and analytical chemistry programme was also 
carried out. The major difficulty with fluoroborate is that it has a greater 
tendency to pick up moisture than the other salts that have been used, which 
makes it more corrosive, but the corrosion rate with clean salt is modest. The 
BF3 vapour pressure over the salt requires some special provisions in the cover-gas 
system, but these have been worked out satisfactorily in the loops that have been 
operated. 

The likelihood of steam generator leaks that introduce moisture into the 
coolant will require that a coolant salt clean-up system be provided. The method 
for preventing transfer of tritium to the steam system will almost certainly involve 
trapping it in the coolant and removing it from there, and the processing system 
to accomplish this probably can serve both purposes. 

The noble gases are insoluble in fuel salt and, consequently, the fission-
product poisoning in an MSBR can be greatly reduced by sparging the xenon from 
the salt. This was demonstrated to be very effective in the MSRE, where over 
80% of the 135Xe was removed. A more effective and better controlled system 
is proposed for the MSBR, however, that involves injecting helium into a bypass 
stream of salt and removing it and the noble gases with a centrifugal separator. 
Experiments using water have provided designs for the equipment and indications 
of the performance to be expected, but testing with salt is still needed. 

A-3.6. Cells, buildings and containment 

The containment philosophy and the containment building design for the 
MSBR differ little from those for solid-fuel reactors, although the probability of 
greater contamination by radioactivity during maintenance will require more 
extensive filtration and clean-up provisions. The proposal to use the reactor and 
coolant cells as ovens in which to heat the salt systems, however, is not only 
unique to the MSBR but is also different from the MSRE, where components and 
pipes were enclosed in insulation and individually heated. The existing 
uncertainties mainly have to do with the best way of insulating the cell and how 
the equipment will be supported and restrained to resist an earthquake. No 
limiting problems are foreseen, but if some arose, an alternative would be to 
return to the concept used successfully in the MSRE. 

The method of providing access for maintenance by removing sections of 
shielding from the top of the cell was used without difficulty on the MSRE, and 
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the major difference with the full-scale MSBR is the larger size of components to 
which access will be required. 

A-3.7. Instrumentation and controls 

MSBRs have some features that are favourable with regard to reactor control 
and a few features that add difficulties. Chief among the latter are the high 
freezing temperatures of the salts, which require that special provisions be made 
in the control and protection systems to avoid freezing during transient conditions 
and part-load operation. In addition, the rates of temperature change probably 
have to be controlled during load changes to prevent excessive transient stresses 
in the system. While control methods have not been worked out in detail, several 
alternative schemes appear to be possible, and at least one should be satisfactory. 

The small amount of excess reactivity required in an MSBR and the dynamic 
characteristics of the reactor greatly simplify the reactivity control requirements. 
Maintaining a long-term reactivity balance will be difficult on an MSBR because 
of the continuous fuel processing, and new techniques may have to be developed. 

Significant experience with instrumentation systems has been obtained with 
high-temperature facilities of various kinds, and in particular with the MSRE where 
the reliability of the thermocouples was particularly satisfactory. The pressure and 
flow rate of the fuel salt were not measured directly in the MSRE, however, and 
having the entire MSBR reactor cell heated adds the complication that all of the 
instruments in the cell must be able to operate at high temperature. Hence some 
new instruments and measurement techniques will be needed for the MSBR. 

A-3.8. Fuel processing 

The achievement of a significant breeding gain in a thermal spectrum reactor 
is dependent on rapid removal of the fission products and, in the case of the single-
fluid MSBR, also on separation of the protactinium from the fuel salt. The 
chemical steps involved in the processes at present proposed for accomplishing 
these separations have been thoroughly investigated and appear to be well 
established. However, engineering development and the demonstration of 
satisfactory container materials have not progressed nearly so far. 

Fluorination to recover uranium from radioactive fuel has been used several 
times, most recently in the fuel processing at the MSRE. However, the scheme 
proposed for the MSBR involves continuous fluorination, which has only been 
demonstrated in small equipment and which requires better corrosion protection 
for the fluorination vessel than has been achieved before. Although many aspects 
of continuous fluorinators have been investigated, including the formation of 
frozen-salt layers that are expected to protect the fluorination vessel, a significant 
development effort on the fluorinator remains to be made. 
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Direct reduction of UF6 for return to the reactor by its absorption into fuel 
salt has been demonstrated in small laboratory experiments and the behaviour 
found to be satisfactory. However, no engineering experiments have been done. 
One favourable result of the recombination experiments was the discovery that 
gold is not attacked by the process fluids, and gold plating may provide adequate 
corrosion protection for the recombiner. 

Reductive extraction of uranium and zirconium, whose behaviour is similar 
to that of protactinium, has been demonstrated with fuel salt and molten bismuth 
in a packed-column contactor. Flooding velocities and mass-transfer rates were 
measured and found to be as predicted from data on mercury/water and 
aqueous/organic systems. A demonstration of reductive extraction using 
representative concentrations of protactinium is needed. 

All the steps in the rhetal transfer process have been demonstrated in a small 
single-stage integrated experiment, and a larger, but still single-stage experiment 
has been carried out. A three-stage experiment that would be 5 —10% of 1000 MW(e) 
MSBR scale was designed but not constructed. 

Losses of fissile material from the processing plant must be kept low. 
Although the process fluids circulate repeatedly through the plant, actual losses 
can occur only in the wastes. These are therefore collected, held to await 
protactinium decay, and then batch-fluorinated to recover any traces of uranium 
before discard. Experience with fluorination shows that the uranium content can 
be reduced to a very low level by this technique. In addition, close attention to 
potential loss of fissile material during maintenance or equipment replacement 
would be required. 

Fuel salt and lithium chloride are compatible with some common construction 
materials, but nickel dissolves in bismuth, and the solubility of iron is good enough 
for mass transfer to occur rapidly in a system having significant temperature 
differences. Consequently, materials such as molybdenum, graphite and tantalum 
will be required for the processing plant. The fabrication of molybdenum has 
always appeared very difficult, but a variety of forming and joining techniques 
have been developed. Graphite should be less expensive to use than molybdenum; 
however, insufficient data are available on the compatibility of graphite with 
bismuth containing large concentrations of lithium or trace quantities of other 
materials. A small natural-circulation loop built of a tantalum alloy was operated 
with bismuth; the corrosion rates of tantalum and of the alloy seem acceptably 
small, but there is some inconsistent evidence of embrittlement of the alloy. 

Carry-over of significant quantities of bismuth to the reactor where it could 
attack Hastelloy N must be avoided. One Hastelloy N natural-circulation loop 
containing fuel salt was operated with an open capsule of molten bismuth in 
contact with the salt. No effect of the bismuth was observed, but more needs to 
be learned about how tolerant the reactor would be of small quantities of bismuth 
in the salt. Little is known about the tendency of bismuth to be entrained in salt, 
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and its solubility in salt has not been measured accurately, although basic thermo-
dynamic considerations indicate that the solubility must be very low. The 
favoured approach to preventing bismuth carry-over is to develop salt/bismuth 
contactors with stirred interfaces in which the bismuth and salt are not dispersed, 
and a preliminary demonstration of this technique has been made in two metal 
transfer process engineering experiments. Even if such techniques are used, how-
ever, careful analysis for bismuth, plus a final clean-up step, such as passing the 
salt through a bed of nickel wool, would probably be necessary. 

Failure to develop systems for rapidly removing protactinium and the rare 
earths would prevent the attainment of a significant breeding gain in a single-fluid 
MSBR. Fortunately, alternative approaches appear to exist for most, but not all, 
parts of the process. The combined use of graphite and molybdenum for the 
plant material appears possible, and tantalum and its alloys represent another 
possible alternative for parts of the plant. If some parts of the fluorination/reductive 
extraction process proposed at present cannot be made to work, an oxide 
precipitation process that has been investigated in a limited way appears to offer 
an alternative; protactinium can be selectively precipitated as Pa205 by treating 
fuel salt with a mixture of steam and hydrogen fluoride, and uranium can 
subsequently be removed by a similar process. 

There is no known attractive substitute for the rare-earth removal process, but 
because its development has progressed further than that of the remainder of the 
processing systems, it seems most likely to be successful. In addition, it is the 
step least coupled to the reactor, and reducing the rare-earth removal efficiency 
several-fold would not have a prohibitive effect on the breeding ratio. (A three-
fold reduction would lower the breeding ratio by about 0.01.) 

One more observation should be made about the processing system. No 
plant has ever processed material that is as short-cooled as that which would enter 
the MSBR processing system. Although the salt and process fluids are not 
damaged by radiation or increases in temperature, a demonstration that the 
accompanying heat release can be accommodated would be possible only in a 
plant attached to an operating reactor. 

A-3.9. Maintenance 

Since fission products are circulated in the primary system of a molten-salt 
reactor and also transported to the drain tank, the off-gas system and the chemical 
processing system, special procedures and equipment are needed for the repair 
or replacement of equipment. Four fluid-fuel reactors have been operated at 
ORNL, and the maintenance philosophy developed for them would be useful in 
planning the maintenance of MSBRs. The MSRE experience was particularly 
encouraging in that the radioactivity remaining in equipment from which fuel had 
been drained was not readily dispersed during maintenance. Nevertheless, MSBRs 
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would involve larger components, higher radiation levels and probably more 
extensive contamination than have been dealt with before. 

Much can be done in the design and layout to facilitate maintenance, and the 
MSBR design must incorporate such measures to the fullest. Versatile manipulators, 
automatic welding equipment and remote inspection techniques are being developed 
for other systems, and these would be useful for MSBRs. However, most would 
need some tailoring for the particular reactor. Consequently, although some 
general development of maintenance tools and techniques could be done, most of 
the remaining maintenance development effort must be directed to perfecting 
the tools and procedures needed for the particular application. 

A-3.10. Design studies and capital cost estimates 

ORNL completed a conceptual design study of a molten-salt breeder reactor 
in 1970. A comparative cost estimate of that plant and a light-water reactor was 
made afterwards by taking the basic cost data for a recent PWR and using it to 
the extent possible to estimate the cost of the MSBR. 

The depth of the examination in the conceptual design study varied widely 
throughout the plant, with particular emphasis being given to those parts that are 
the most unconventional or are unique to molten-salt reactors. As mentioned 
earlier, Ebasco Services and its partners completed a conceptual design study and 
examined some features of the reactor in greater depth than was done by ORNL. 
The major aspects of the design that Ebasco Services identified as requiring further 
study have to do with the transient thermal stresses in the primary system after 
rapid changes in reactor operating conditions, and the methods for supporting the 
reactor components and providing restraint to resist shaking by earthquakes. 
Ebasco favours replacing graphite an element at a time rather than replacing the 
entire core as a unit, as had been proposed earlier. 

In our studies to size components and evaluate alternatives, only simplified 
elastic-stress analyses have been made. Before actual components can be built for 
reactor use, however, additional mechanical property measurements will have to be 
made (the extent depending on what material is used), and extensive stress analyses 
will have to be performed. Design rules, analysis methods, and stress limits that 
reflect the time-dependence of material properties and structural behaviour will 
have to be used because the strength of likely materials at reactor temperatures will 
be limited by creep effects. Design methods to cover these requirements are 
currently being developed in the LMFBR programme and would be available for 
use in MSBR design. 

A capital cost comparison for a fully developed MSBR and a present-day 
PWR indicates that the costs are roughly the same. Although the accuracy of an 
estimate such as this is not highly dependable, mainly because of the limited depth 
of the MSBR design, it is believed that the technique of using actual PWR cost 
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breakdowns for the basic cost data helps to limit the uncertainty. Ebasco Services 
has also made a cost estimate for the MSBR which indicates a favourable cost 
comparison relative to light-water reactors; this provides additional assurance 
because of their experience as architect-engineer on many light-water reactor 
power plants. 

* 

A-3.11. Environmental effects and safety 

A significant development area with regard to environmental effects is related 
to demonstrating a practical engineering solution to control tritium release. 
Tritium poses special problems because of its high production rate in the fuel salt 
and because it readily diffuses through metals at MSBR temperatures. The 
distribution of tritium in the MSRE was determined and found to agree reasonably 
well with an analytical model developed for predicting its behaviour. When this 
model was used to estimate tritium behaviour in the MSBR, with no special 
measures taken to block its passage, an excessive amount (790 Ci/d, i.e. 29.2 TBq/d) 
was found to reach the steam system. Engineering experiments in the Coolant 
Salt Technology Facility, an MSRE-scale coolant test loop in which salt is 
circulated at 800 g/min, have demonstrated that the fluoroborate coolant salt 
interacts strongly with tritium to form tritium-containing species which readily 
volatilize from the coolant salt into the helium purge to the coolant salt pump. 
In the experiments, tritiated hydrogen was allowed to diffuse through a Hastelloy N 
tube in contact with the flowing coolant salt to simulate tritium transfer between 
the fuel and coolant salts in an MSBR via diffusion through the intermediate heat 
exchangers. Several experiments were completed, including two runs of two months 
duration in which a condition of steady state was achieved with essentially complete 
material balances on tritium in each of the two experiments. Results of the 
experiments show a significant build-up of chemically bound tritium in the 
circulating coolant salt, an almost complete removal of the tritium via volatilization 
of chemically bound species into a helium purge stream in the pump, and an easily 
detectable but negligible loss of tritium through the loop walls. While the under-
lying chemistry responsible for the observed tritium behaviour is only poorly 
understood, it is believed to involve oxy and hydroxy compounds normally 
present in the fluoroborate coolant under conditions where very low corrosion 
rates of Hastelloy N are observed. If one assumes a similar behaviour of tritium 
in a 1000-MW(e) MSBR and uses the experimental measurements in what appears 
to be a straightforward manner, the calculated total tritium release rate is less 
than 10 Ci/d (370 GBq/d), which is significantly below that observed at present 
for light-water reactors. 

Additional work would be required to elucidate the pertinent chemistry, 
equilibria and associated reaction rate constants. Also, further operation of a 
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large engineering system having the important features of the coolant salt system 
is necessary to demonstrate that satisfactory long-term operation would result. 

The situation with regard to kinetics and nuclear safety is unique because of 
the circulating fuel. The kinetic behaviour of molten-salt reactors is well understood, 
however, and predictable by methods proved in the MSRE. The small delayed 
neutron fraction causes no difficult problem, as demonstrated by operation of the 
MSRE on 233U fuel with an effective delayed neutron fraction of only 0.0018. 
Thus there is an ample basis for being confident that damaging nuclear excursions 
are highly improbable. Of the potential sources of reactivity increases, the one 
that will require the most study is the hide-out of fissile material. Conditions that 
could lead to such hide-out are known (oxide precipitation), but it appears that 
these conditions can be safely avoided. 

The afterheat situation is also unique. The major heat source is less intense 
than in solid-fuel cores because in an MSBR the bulk of the fission products is 
incorporated in a large mass of fuel salt. Furthermore, this heat source can be 
transferred to a reliably cooled situation (the drain tank) under any accident 
condition. A somewhat separate problem is the smaller radionuclide heat sources 
that may be found in the processing plant, in the reactor off-gas system, and 
deposited on surfaces in the fuel system, which will also require cooling. The 
MSRE provided useful information on fission product behaviour, but uncertainties 
in noble-metal behaviour dictate conservatism in design for cooling the fuel loop 
and off-gas system. On the whole, however, afterheat promises to be less of a 
problem in MSBRs than in other reactors. In particular, the dilute heat source 
makes the "China syndrome" less of a concern. 

The design-basis accident in an MSBR is a rupture in the fuel system that 
quickly spills the entire fuel inventory, and the containment of the radioactivity 
in this event is the chief safety consideration for an MSBR. The containment 
must be tight, but the behaviour of the spilled salt and its contained fission products 
is predictable and there appears to be no need for innovative development of 
containment technology to take care of this event. 

It appears from basic considerations that site requirements for an MSBR 
plant should eventually not be different from those for other reactors of like 
power and its safety provisions should be no more expensive. Because of the 
unusual nature of an MSBR, however, it will be necessary to begin with fundamental 
principles and develop criteria appropriate to this kind of reactor, and then to 
perform a safety analysis comparable in depth to those for reactors now going 
into operation. 
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Appendix B 

TECHNICAL CHARACTERISTICS OF THE 
HEAVY-WATER SUSPENSION REACTOR (HWSR) 

B-l. GENERAL 

Aqueous suspension reactors are characterized by the use of solid fuel 
particles dispersed in a heavy-water moderator. The particles consist of oxides 
of both fissile material and thorium. The suspension is circulated through a 
primary circuit which has as main components a core vessel, a circulation pump 
and a heat exchanger. These are the basic principles of a design for a 250-MW(e) 
HWSR, based on the experience collected in many years of research and develop-
ment and for a major part acquired by the operation of the experimental 
reactor KSTR. 

The general process flow scheme (Fig.B-l) gives a survey of the principal 
process data of the conceptual design. 

The main parts of the reactor are: 

Fuel 
Suspension system (SS) 
Main intermediate cooling system (MICS) 
Turbine system (TS) 
Reflector and reactivity control system (RCS) 
Volume control system (VCS) 
Fuel transport system (FTS) 

B-2. FUEL 

The fuel of the HWSR consists of mixed crystals of thorium oxide and 
uranium oxide in the form of 5 pm spheres. The fertile material is thorium; 
in the equilibrium condition the fissile material is 233 U. 

The quantity required for critical operation of the reactor is about 2% U0 2 , 
with approximately 90% enriched uranium. For the start-up of the cycle it is 
possible to choose 235U or 239Pu, incorporated in the mixed crystals, as a fissile 
material instead of 233 U. Moreover, natural uranium can be substituted for 
thorium as a breeding material. The fuel choice is therefore extremely flexible 
and can even be gradually changed during operation. The 5 pm fuel particles 
are dispersed in heavy water which has the combined function of moderator, 
reflector and cooling medium. 

9 7 
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The size of the particles is such that after the fission event all fission 
products come to rest in the water rather than in the particles. Under normal 
conditions of operation, however, flocculation of the particles occurs, resulting 
in more or less loose clusters of particles. The interparticle distance in these 
clusters is small and therefore fission products leaving one particle may come 
to rest within another fuel particle rather than in the water. Consequently, 
only 70% of the fission products are found outside the particles. The presence 
of-the fission products outside the fuel particles makes it possible in principle 
to remove these products continuously, particularly the gaseous ones. 

Another consequence of the ejection of fission fragments is that most of 
the heat is produced directly in the water, leading to a large prompt negative 
temperature coefficient. It has been proven experimentally (see Section 5.2) 
that rapid additions of reactivity, exceeding even one dollar, can easily be coped 
with. From this it follows that the HWSR has the outstanding advantage of 
being inherently safe. 

The particles are heavy (specific mass about 10 g/cm3) and their sedimentation 
velocity is relatively large. Care has to be taken in the design to prevent settling 
of particles, which might lead to a decrease of the amount of circulating fuel. 
Especially, settling onto the walls of the core vessel has to be prevented, as this 
might lead to locally high wall temperatures. 

Furthermore, the design should reduce as far as possible fluctuations in 
the flow pattern, resulting in local changes or gradients in fuel concentration. 
Some remarks about the radiation damage of the particles and the consequences 
for reprocessing have been made in Section 5.2. 

To prevent erosive attack on the construction material by the flowing 
suspension, which is important for the integrity of the system, it must be avoided 
that fuel particles can penetrate the laminar boundary layer of the flow and/or 
that they can hit the surfaces under high impact angles. It has been shown by 
experience in the KSTR that erosion can be reduced considerably by careful 
design, for instance by a proper adaptation of shapes in order to induce the 
required flow patterns. This condition, in combination with an optimal quality 
assurance during construction, is essential for the integrity of the system and 
for the safe operation of the reactor. 

A further design consideration is the high radioactivity of the circulating 
fuel suspension, as a result of which some of the system components are 
gradually contaminated and therefore their accessibility is strongly reduced. 

In an early stage of the design, possibilities for remote removal and repair 
of components must be taken into consideration, such that the procedures for 
remote maintenance can be kept as simple as possible. The layout of the 
system and the construction of the separate components for this purpose 
require special provisions. 
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B-3. SUSPENSION SYSTEM (SS) 

B-3.1. General 

The suspension system consists of a reactor vessel to which four main 
circuits are connected. Each circuit consists of an intermediate heat exchanger 
which transfers the heat from the SS to the main intermediate cooling system; 
a main suspension pump which circulates the suspension through the reactor 
vessel; and the connecting tubes. The suspension is introduced tangentially, at 
the bottom of the reactor vessel (tube diameter 580 mm), with a flow rate of 
about 5600 kg/s and a temperature of about 295°C. 

The suspension passes the core of the reactor, rotating upwards, and 
leaves the reactor vessel through four outlet openings which are also connected 
tangentially (tube diameter 630 mm). In the reactor vessel the suspension is 
heated up to a temperature of about 325°C and subsequently led to the inter-
mediate heat exchangers. After discharging the heat in the heat exchangers, 
the suspension is pumped back to the reactor vessel by means of the main 
suspension pumps (Fig.B-1). 

Directly below the reactor vessel and in each of the four circuits at the 
suction side of the pump, sedimentation tanks have been installed where fuel 
particles can settle when the circulation is stopped and where the particles can 
be redispersed when the circulation pumps are restarted. The dimensions of 
the sedimentation tanks are such that no criticality can occur, or else special 
provisions will be installed for that purpose. The afterheat can be discharged 
by natural circulation via the main intermediate cooling system or by forced 
circulation via the tank coolers in the suspension drain system. To prevent 
sedimentation of the suspension in non-defined places, the connecting tubes 
in the SS have been positioned at a minimum angle of 30° with the horizontal plane. 

The inner shape of the reactor vessel, suspension pumps and intermediate 
heat exchangers has been designed taking into consideration the rheological 
properties of the suspension, in order to promote a stable flow pattern with a 
minimum of turbulence. Erosion damage to the walls is prevented by keeping 
the flow velocity of the suspension in the tubes lower than 5 m/s at all places. 
Experience has shown that at these velocities in tubes and in large-radius bends 
of tubes no erosion occurs over the whole temperature range up to 250°C. 
On experimental evidence it is assumed that no erosion will occur at 325°C either. 

A by-pass circuit has been connected to the suspension system for the 
discharge of gaseous fission products and other gases to the gas purification 
system (GPS). Another function of this system is to facilitate the thermal 
expansion of the contents of the suspension system and to recombine any free 
oxygen that may have been formed from heavy water by radiolysis. Finally, 
this system provides the necessary overpressure on the suspension system and 
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TABLE BT. PROCESS DATA OF THE 250-MW(e) SUSPENSION SYSTEM 

Fuel 2% U 0 2 + 98% ThO : 

Fuel concentrations 200 g /dm 3 

Mean particle diameter 5 Aim 

Moderator D2O 
Reflector D2O 
Nominal power 250 MW(e) 

Thermal power 786 MW(th) 

Power density 35 kW/dm3 • 

Core inlet/outlet temperature 295/325°C 

Max. operating pressure 160 bar 

Pressure gas helium 

Geometry of reactor core spherical 

Volume of reactor core 22 m 3 

Total suspension volume 159 m 3 

Diameter of reactor core 5.3 m 

Mass flow (suspension) 5600 kg/s 

Flow velocity max. 5 m/s 

Number of ciruits 4 

the required quantities of particle-free water. A system for the supply and 
discharge of fuel (FTS) has been connected to the supply and discharge lines 
of one of the main suspension pumps. 

All components of the SS are enclosed within the primary containment, in 
a number of completely separated, leak-tight compartments: one for the 
reactor vessel and four for the loops of the main intermediate cooling system 
(MICS). These compartments are interconnected automatically in case of a 
system rupture and the resulting pressure rise in one of the compartments, in 
order to prevent unacceptable pressure build-up. The floors of these com-
partments are self-draining; the floor water is normally discharged to one of 
the suspension drain tanks, where the suspension is collected also in case of a 
severe fracture in the SS or in the MICS. These drain tanks have sufficient 
cooling capacity to discharge the afterheat and are designed so that a sufficient 
degree of subcriticality is guaranteed under any circumstances. Table B-I 
gives some process data of the 250 MW(e) suspension system. 
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FIG.B-2. Reactor vessel of the 250-MW(e) HWSR. 

B-3.2. Reactor vessel, reflector and pressure vessel 

Since the suspension flowing through the reactor vessel is only quasi-
homogeneous, it is essential for the nuclear behaviour that the flow pattern in 
the reactor core is adequate and well controlled. This flow pattern shall be 
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such as to effect a stable and even concentration distribution of the particles 
and thus a neutron flux that is also stable and even. This holds not only for 
an average over long periods but also for short intervals of time. 

For an optimum neutron economy a spherical core is preferred. To obtain 
a regular flow pattern, however, this spherical shape has to be modified. The 
flow through the reactor vessel is in an upward direction. To prevent erosion 
of the vessel walls, centripetal radial velocity components in the vicinity of the 
wall must be created. The controlled introduction of tangential velocities 
should be sufficient in order to obtain a stable flow pattern in the core. The 
effects of tangential inlets at the bottom of the vessel have not yet been 
investigated experimentally, but they might create centrifugal forces upon the 
solid fuel spheres resulting in partial segregation. The adaptation of the inlet 
section to prevent turbulence must therefore be the subject of future investigations; 
it is expected that these will lead to acceptable designs. 

The reactor core shell, which is connected to the reactor vessel top lid, is 
surrounded by a reflector of nearly particle-free D 2 0 which flows through the 
annular space between reactor core and reactor vessel. This reflector is 500 mm 
thick. The heavy water is supplied from the gas purification system and flows 
through the reflector space in a downward direction. The bottom of the conical 
part of the reactor core, together with the enclosing pressure vessel, forms a 
crevice from where the reflector water mixes with the main suspension flow. 
Here, the pressure conditions are such that there is always a positive flow. 

The reflector space contains a boric acid system in the form of a spiral 
tube located in the reflector area and surrounding the reactor core. This system 
is required only for special situations, for instance during start-up and shut-down 
and, in some emergency cases, for control of reactivity and power. 

To reduce neutron absorption in the material of the reactor core shell, this 
shell is made of Zircaloy, only 10 mm thick. It is therefore essential that only 
small pressure difference's exist between the reactor and the reflector space. 

To facilitate inspection and repairs, the upper part of the reactor vessel 
(the top lid), with the core shell connected to it, can be removed under remote 
control in a vertical direction. The flanged connection of the top lid with the 
vessel has a double sealing, between which any leakage can be detected. 
Figure B-2 shows an option for the design of the reactor vessel. 

B-3.3. Main suspension pumps 

For the circulation of the suspension through reactor core and intermediate 
heat exchangers four identical circulation pumps are provided, one for each 
circuit. Each pump has an output of about 1.4 m3/s, with a head of about 
5 bar. To ensure a smooth flow of the suspension in the pump, only one stage 
is preferred and a pump with Francis impeller blades was chosen (Fig.B-3). 
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CAPACITY: 5000 m 3 / h (1376 kg/s) 
PRESSURE H E A D : 5.5 bar 
D E N S I T Y OF C I R C U L A T I N G L IQUID: 

( C O N C E N T R A T I O N 
O P E R A T I N G TEMP.: 3 0 0 ° C 
DESIGN PRESSURE: 175 bar labs.) 
DESIGN TEMP.: 3 5 5 ° C 
POWER (300°C) : 1 2 5 0 k W 
NR. OF R E V O L U T I O N S / M I N : 1450 
M A T E R I A L OF PUMP HOUSING: 22 NIMoGr 37 

W.NR.: 1.6751 
C L A D D E D 

BEARINGS - WATER L U B R I C A T E D 
(GRAPHITE—STELLITE) 

TO DEGASIF IER 

T O REACTOR VESSEL 

POSIT ION OF PUMP U N I T : 
V E R T I C A L W I T H E L E C T R O M O T O R A T T H E TOP 

O U T L E T C O O L I N G W A T E R 

RINSING W A T E R 

I N L E T SUSPENSION 

FIG.B-3. Main suspension pump of the 250-MWfe) HWSR. 
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The circulated suspension has a concentration of 200 g/ltr. Special requirements 
for the pumps of this system are: 

Completely leak-tight construction; 
Protection against attack of pump components by suspension particles; 
Reliable operation of bearings and motor; 
Use of insulation of stator windings that is resistant to radiation and to 

mechanical loads during start-up and shut-down. 

Canned rotor pumps are used to meet the criterion of leak-tightness. 
Around the bearings of the rotor, particle-free water is flowing and therefore 

water-lubricated bearings are used. Practice has shown that these bearings (both 
radial and axial) can be constructed so as to be sufficiently reliable, provided 
that the rotor space is kept free from particles by supplying clean water for 
continuous rinsing. This water has to be fed into the rotor space with sufficient 
overpressure and it flows from the rotor space to the pump part via an annular 
crevice. For this reason the pump has been installed vertically, with the motor 
on top of the pump housing. At the top a connection is provided for venting, 
through which water is extracted continuously from the rotor space, thus 
preventing free gases from accumulating around the bearings, which might 
hamper lubrication and heat discharge. 

The shape of the pump housing and the impeller have been adapted to 
the suspension flow pattern in such a way as to reduce the risk of eddies reaching 
the walls. To reduce erosion an exchangeable wall piece, made of a highly 
wear-resistant material, is inserted in the bottom of the pump housing. 

B-3.4. Intermediate heat exchangers 

Each of the four main circuits contains one intermediate heat exchanger, 
for which a tube/shell-type heat exchanger was chosen. 

Since the suspension flow of about 1500 ltr/s is passing at full concentration 
through the heat exchanger, special requirements have to be met with regard to 
flow disturbances and the prevention of clogging. Of course, the design must 
be in accordance with leak-tightness requirements. No trouble is to be expected 
for the tubes themselves when the flow velocities are not in excess of 5 m/s 
and when quality control during manufacture is optimal. 

Figure B-4 shows the design of a heat exchanger, where special attention 
has been given to the following points: 

(a) Leak-tightness of a tube: The leak-tight connection of tube and plate can 
be ensured by locating the weld such that there is no contact with the 
flowing suspension, by a proper design in which turbulence is avoided, and 
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TABLE B-II. DESIGN DATA OF HEAT EXCHANGERS 
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Surface for heat transfer 

On the tube side: 

Medium 

Concentrations of fuel particles 

Temperature 

Mass flow 

Design pressure (abs.) 

Design temperature 

Suspension velocity (max.) 

On the side of the shell: 

Medium 

Temperature 

Overpressure in relation to SS 

Design pressure (abs.) 

Design temperature 

Mass flow 

3000 m2 per item 

Suspension of fuel particles in D2O 

200 g/dm3 suspension 

325/295°C 

1310 kg/s 

175 bar 

355°C 

5 m/s 

D2O 
275/305°C 

8 bar 

185 bar 

353°C 

1180 kg/s 

by providing sufficient expansion facilities. In addition, the construction 
shall be such as to take into account the possibility of optimum quality 
control. 

(b) The inlet and outlet sections are adapted so that turbulence is avoided. 
The suspension inlet line is connected axially to the heat exchanger shell 
and the sections have a conical shape. The inlet and outlet openings are 
such that here, too, the inflow and outflow are free from turbulence and 
that the surface which can come into contact with particles is very small. 

(c) To facilitate expansion and to ensure that the stresses in the tube/plate 
welds are kept as low as possible, the tube bundle is shaped as a hairpin, 
as is the shell of the heat exchanger which, enclosing the pipes directly, 
also has a U-shape. The heat exchangers are installed vertically. 

A summary of the design data of the heat exchangers is given in Table B-II. 
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FIG.B-4. Primary heat exchanger. 
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B-3.5. Construction material 

Experience has shown that it is not necessary to deviate from the commonly 
used materials for areas where the flow velocity is below 5 m/s and where there 
is no special cause for turbulence. Austenitic stainless steel 18/8 of an easily 
weldable and generally applied type was selected as construction material for 
the minor components of the suspension system. 

Good weldability and a thorough knowledge of the manufacturing process 
on the part of the manufacturer are conditions for good quality. The major 
components shall be made of carbon steel (fine-grained pressure vessel quality), 
and on the system side be covered with a stainless-steel cladding. 

Wear-resistant materials have been used only for areas where, for specific 
reasons, the flow velocity has to be higher (pumps, cyclones), and where the 
adaptation of design and flow pattern is already optimal in itself. In this case 
insert pieces of chromium steel have been used. 

B-4. MAIN INTERMEDIATE COOLING SYSTEM (MICS) 

The main intermediate cooling system of the HWSR consists of four 
circuits. Apart from the main heat exchangers (Section B-3.4) each of the circuits 
is composed of a pump, a steam generator and connecting tubes. The construction 
of the system is completely conventional. It serves as a barrier between the 
active suspension system and the non-active turbine system. Each circuit is 
built as a unit, with the intermediate heat exchangers in a leak-tight compartment. 
Figure B-l gives some process parameters. 

The ultimate steam production is 100 m3/s steam of 270°C at a pressure 
of 55 bar. 

B-5. TURBINE SYSTEM (TS) 

Like the main intermediate cooling system, the turbine system is conventional 
for present pressurized-water reactors. The turbine has a gross electric power of 
approximately 275 MW(e). At this power level the cooling water output for the 
condensor is approximately 1200kg/s. The inlet temperature is 22°C. The 
thermal efficiency of the steam cycle is about 31%. 
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B-6. GAS PURIFICATION SYSTEM (GPS) 

The principal parts of the gas purification system are: 

A contactor in which heavy water and a helium-vapour mixture are brought 
into contact with each other; 

A part filled with heavy-water suspension, consisting of a particle separator, 
a mixer and a pump, with connecting tubes; 

A helium-vapour part consisting of a condensor, a blower, a recombiner 
and a heat exchanger (see Fig. B-l ). 

The purpose of the GPS is: 

(a) To maintain an overpressure on the suspension system to prevent boiling; 
(b) To reduce to a minimum the concentration of gaseous fission products 

(e.g. 135Xe, Ä5Kr and tritium) in the suspension system; 
(c) To recombine any oxygen formed as a result of radiolysis; 
(d) To produce particle-free water for the reflector, and for rinsing pump 

bearings and valves in suspension-carrying systems. 

An essential function of the GPS is processing continuously about 6.5% 
of the main system flow. In this process the particles are first separated from 
the suspension by a hydrocyclone. Then the remaining water with a very low 
solid content is stripped of gases and returned to the suspension system. The 
gaseous fission products are processed in the off-gas system. 

B-7. VOLUME CONTROL SYSTEM (VCS) 

The volume control system is of importance for the operation of the 
suspension system as well as for the main intermediate cooling system. Its 
principal purpose is: 

(a) To return the condensate coming from the gas-vapour part of the GPS 
to the suspension system. 

(b) To compensate any changes in the heavy-water volume in the SS and in 
the MICS as far as these exceed the range of control of the contactor 
and the expansion vessel of the MICS, respectively. These changes in 
volume occur in case of changes in the temperature level due to load 
variation, during start-up and shut-down, etc. 

(c) To function as a link between the heavy-water storage system and the SS 
and MICS, respectively, during the supply or discharge of large quantities 
of heavy water from or to these systems. 
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(d) To function as an intermediate system between any chemical dosing tank 
and the SS, MICS and GPS, so that inhibitors can be supplied as protection 
media, among other things against corrosion. 

(e) To compensate small leakages in the MICS, and to supply rinsing/sealing 
water to the SS. 

This system contains also four heavy-water tanks for the storage of heavy water 
from the suspension system, the main intermediate cooling system or the gas 
purification system. The flow scheme (Fig.B-1) gives some process data. 

B-8. FUEL TRANSPORT SYSTEM 

To attain a conversion factor larger than 1, continuous purification of the 
fuel is required. In addition, it is desirable that the reactor can be easily 
(re)fuelled. With a view to these two aspects a fuel transport system has been 
designed in the HWSR which has sufficient storage capacity for the safe storage 
of the total amount of fuel in the SS. 

The complete system is located within the primary containment. It 
consists of a sluice vessel which can be connected to the SS, a sub-system for 
the supply of fresh reprocessed fuel, a sub-system for discharging fuel and 
heavy water to the reprocessing facility, a storage part for irradiated fuel from 
the main system, and the required cooling facilities (see Fig.B-1). 

B-9. REFLECTOR AND REACTIVITY CONTROL SYSTEM (RCS) 

Actually, these parts constitute two independent systems which serve for: 

Cooling of the reflector space by supplying practically particle-free heavy 
water from the GPS to the reactor vessel; 

Regulation of the reflector effectivity and therefore of the reactivity and 
power of the reactor. 

The heavy water coming from the GPS is fed into the reflector space at the 
top of the vessel and mixed with the main suspension flow at the bottom. While 
the flow is passing through the reflector space at a mass flow of 100 kg/s, its 
temperature rises from about 287°C to about 310°C. For regulation of the 
reflector effectivity a spiral-shaped tube is located around the reactor core. 
The liquid in this tube, which is made of Zircaloy to minimize neutron absorption, 
is a solution of boric acid and has an adjustable boron concentration, which 
allows a controllable shielding of part of the reflector. 
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The regulating spiral, a boric acid storage tank, a cooler, fittings and the 
connecting tubing, which together form the (mechanical) control part of the 
RCS, are located within the reactor vessel compartment. 

B-10. COMMENT 

The conceptual design has been made with the purpose of defining the 
problems that could be expected when designing an actual nuclear power plant 
based on the HWSR principle. From the design study it became clear that, in 
principle, solutions are available for the essential design problems of such a 
reactor, either from the KSTR experiment or from corresponding development 
work and theoretical studies. 

However, elaborate work of development and optimization is still required 
before the ultimate design of some major parts can be performed. 
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TECHNICAL CHARACTERISTICS OF CANDU REACTORS 

C-l. CANDU PLANTS FUELLED WITH NATURAL URANIUM 

The CANDU system has been used successfully with the once-through, 
natural uranium fuel cycle in several power plants, amongst them the 2000-MW(e) 
Pickering Generating Station [ 1 ] and the 3000 MW(e) Bruce Generating Station [2]. 
The basic concept is flexible and capable of using different fuels, e.g. thorium, 
plutonium-uranium, enriched uranium, etc. Table CT lists the technical 
characteristics of the natural-uranium-fuelled Gentilly II plant [3]. 

C-2. CANDU-Th REACTORS 

Because of the excellent neutron economy inherent in CANDU reactors [4], 
thorium cycles in these systems were investigated by Lewis and co-workers [5—7] 
as a potential means of conserving fuel resources and as a possible alternative to 
fast breeder reactors. These preliminary investigations have led to a recently 
completed, in-depth study of thorium cycles in CANDU reactors [8, 9]. This 
study indicates that there are no feasibility questions associated with the 
introduction of thorium in CANDU reactors designed for uranium, though there 
is need for extensive work on all aspects of the fuel cycle before the technology 
can be considered to have been demonstrated for commercial use [10, 11]. 

Fuel cycle characteristics for a conceptual 1000-MW(e) CANDU-Th design 
are given in Table C-II. These data refer specifically to the 'self-sufficient 
equilibrium thorium' cycle in CANDU. Data for other thorium cycles are 
given in Ref.[12] and compared with those for other water-moderated reactor 
systems. The prospects and potential for 'improving' these cycles and moving 
from the near-breeding to the true breeding situation are evaluated in Ref.[13], 

The technical description of the current CANDU 600-MW(e) reactor [14] 
given in sections C-3 and C-4 is in fact a description of the CANDU-Th reactor 
because the differences to accommodate thorium fuel will be minor. 

C-3. PLANT DESIGN CHARACTERISTICS 

This section describes the major systems and components of the standard 
600-MW(e) CANDU-PHW. Figure C-l is a simplified overall flow-sheet. 

113 
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TABLE C-I. CHARACTERISTICS OF GENTILLY II [2] 

Owner/operator 

Designers 

Nuclear plant 

Conventional plant 

Location 

Full-power date 

Power and efficiency 

Fission power 

Power output , net 

Thermal efficiency 

Reactor type 

Pressure tubes 

Quantity 

Material 

Inside diameter 

Thickness 

Lattice pitch 

Core 

Radius 

Length 

Moderator system 

Material 

Weight 

Flow 

Design temperature 

Heat transport system 

Type 

Coolant material 

Weight 

Flow 

Reactor inlet/outlet temperature 

Pressure, reactor outlet 

Hydro-Quebec 

Atomic Energy of Canada Limited 

CANATOM 

Gentilly, Quebec 

May 1978 

2180 MW 

640 MW(e) 

29.4% 

Pressurized heavy water 

380 

Zr - 2.5% Nb 

103.4 mm 

4.3 mm 

28.575 cm 

314.3 cm 

594.4 cm 

D2O 
265 t 

1035 kg/s 

93°C 

Indirect cycle 

D20 
179 t 

2.8 X 107 kg/h 

266°C/310°C 

9.99 MPa (abs) 
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TABLE C-I (cont.) 

Steam boilers 

Quantity 

Total steam output 

Feedwater inlet temperature 

Steam pressure 

Steam temperature 

Steam quality 

Heat to turbine cycle 

Reactor coolant pumps 

Quantity 

Capacity per pump 

Drive horsepower 

Fuel 

Type 

Form 

Number of bundles per channel 

Elements 

Material 

Diameter 

Thickness 

U 0 2 pellet diameter 

Core fuel inventory 

Bundle diameter 

Heat flux, nominal maximum 

Temperature, nominal maximum 

Burn-up 

Control 

Reactivity control 

Zonal control 

Reactor control 

Reactor shut-down 

4 

3.43 X 106 kg/h 

187°C 

4.7 MPa (abs) 

260°C 

99.75% 

2062 MW 

4 

2220 ltr/s 

7050 hp 

Natural uranium 

Bundles 

12 

37 

Zircaloy 

13.08 mm 

0.492 mm 

12.15 mm 

4560 bundles 

102.4 mm 

1288.5 kW/m2 

326°C outside sheath 

7500 MW-d/t U 

Light-water absorbers 

Solid control absorbers 

Solid adjuster rods; direct control 
by dual digital computers 
with CRT display 

Shut-off rods 
Liquid poison injection 
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TABLE C-I (cont.) 

Turbine 

Type 

High-pressure cylinder 

Low-pressure cylinders 

Speed 

Steam temperature 

Steam pressure 

Tandem compound; direct coupled 

1 

2 
1800 rev/min 

260°C 

660 lbf/ in2 (abs) 

TABLE C-II. FUEL CYCLE DATA FOR A lOQO-MW(e) CANDU-Th REACTOR 

Thermal power 3425 MW(th) 

Thermal efficiency 29.2% 

Net output 1000 MW(e) 

Reactor lifetime 30 years 

Load factor 80% 

Fuel rating 0.0263 MW(th)/kg HE a 

Equilibrium burn-up 10 MW d/kg HE a 

Equilibrium enrichment 1.64% 

Equilibrium conversion ratio 1.00 

Reactor loads (kg) Initial start-up Equilibrium 

U-235 3 065 168 
U-233 - 1 966 
Pu-fissile - -

U-238 234 8 
Th-232 126 920 126 287 

Reactor equilibrium fuel flow (kg/a) Load-in Load-out 

U-235 129 130 
U-233 1 511 1 518 
Pu-fissile - -

U-238 6 6 
Th-232 91 546 96 546 

Time f rom reactor start-up to equilibrium fuelling 10 years 

a HE = heavy elements. 
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The reactor is a large, horizontally oriented cylindrical tank, called the 
calandria, which contains the cool, low-pressure heavy-water moderator. This 
tank is penetrated by a number of horizontal tubes, called fuel channels, which 
contain the natural uranium fuel and the pressurized, high-temperature heavy-
water coolant. This coolant is pumped through the fuel channels, removing 
heat from the fuel, and then through heat exchangers (boilers) where this heat 
is given up to produce steam which is fed to the turbine. The boilers and coolant 
pumps are located at each end of the reactor so that the flow is in one direction 
through one half of the fuel channels and in the opposite direction through the 
other half. A pressurizer maintains the coolant circuit pressure at a relatively 
high value. A high circuit pressure permits high coolant temperatures, which in 
turn permit the generation of steam at a high enough pressure to achieve reasonable 
turbine cycle efficiencies. 

The basic geometric configuration of the major components and systems 
is shown in Fig. C-2. 

The reactor (Fig. C-3) consists of a cylindrical stainless-steel calandria 
structure which contains the heavy-water moderator, reactivity control mechanisms 
and 380 fuel channel assemblies. The fuel channel assemblies contain the fuel and 
heavy-water coolant and pass through the calandria tubes. The gap between each 
fuel channel and calandria tube is filled with gas to provide thermal insulation. 
A cooling system is provided to dissipate heat transferred to the moderator from 
the high-temperature fuel channels and heat generated in the heavy water itself 
through interaction with fission neutrons and gamma radiation. 

The calandria is supported by end-shields which provide shielding between 
the reactor core and the fuelling machine operating areas. The calandria and 
end-shield are housed in the concrete vault which is steel lined and filled with 
light water serving as a cooling medium as well as biological shielding. 

i 
Neutron-absorbing systems, both liquid and solid, assist in controlling 

reactivity. Fast reactor shut-down is achieved using shut-off rods or liquid 
poison injection into the moderator. 

Each of the 380 fuel channel assemblies consists of a zirconium-niobium 
alloy pressure tube expanded at each end into the grooved hub of a stainless-steel 
end-fitting. Near the outboard end of each end-fitting is a side port to which the 
inlet and outlet feeder pipes are attached. 

The channel closure consists of a flexible seal disc mounted on a body 
which locks firmly into the end-fitting by means of a set of extendable jaws. 
A shield plug is locked into each end-fitting where this passes through the 
end-shield. Both the channel closure and the shield plug can be removed and 
reinserted by the fuelling machine during refuelling. 

The reactor is fuelled with natural uranium in the form of pellets of uranium 
dioxide (U02). Approximately 29 pellets, stacked end-to-end, are sealed in 
zirconium alloy sheath to form a fuel element. Thirty-seven of these elements 
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STEAM PIPES 

FIG. C-l. CANDU reactor simplified flow diagram. 
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DOUSING WATER TANK 
DOUSING WATER VALVES 
MODERATOR PUMP 
MODERATOR HEAT EXCHANGER 
FEEDER CABINETS 
REACTOR FACE 
REACTOR 
REACTIVITY MECHANISM 
PRIMARY HEAT TRANSPORT SYSTEM PUMP 
FUELLING MACHINE BhIDGE 

FUELLING MACHINE CARRIAGE 
12 FUELLING MACHINE CATENARY 
13 FUELLING MACHINE MAINTENANCE LOCK 
14 FUELLING MACHINE MAINTENANCE LOCK DOOR 

- 1 5 END SHIELD COOLING WATER DELAY TANK 
16 V A U L T COOLER 
17 PRESSURIZER 

- 1 8 STEAM GENERATOR 
„ 1 9 60-TON CRANE 

FIG.C-2. 600-MW reactor building cutaway. 
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c> 

1 CALANDRIA 
2 CALANDRIA SHELL 
3 CALANDRIA SIDE TUBE SHEET 
4 FUELLING MACHINE SIDE TUBE SHEET 
5 LATTICE TUBES 
6 END FITTINGS 
7 FEEDERS 
8 CALANDRIA TUBES 
9 STEEL BALL SHIELDING 

10 ANNULAR SHIELDING SLAB 

PRESSURE RELIEF PIPES 
12 RUPTURE DISC 
13 MODERATOR INLETS (4 EACH SIDE) 
14 REACTIVITY CONTROL NOZZLES 
15 REACTIVITY CONTROL DEVICES 
16 HORIZONTAL FLUX DETECTORS 19) 
17 POISON INJECTOR NOZZLES (6) 
18 ION CHAMBER HOUSING (3 EACH SIDE) 
19 END SHIELD COOLING PIPING 
20 CALANDRIA V A U L T (LIGHT WATER SHIELD) 

FIG. C-3. 600-MW CANDU reactor. 
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are assembled into a fuel bundle (Fig. C-4). Each fuel channel accommodates 
twelve fuel bundles. 

The fuelling system is based on the on-power method which was successfully 
developed for the Douglas Point and Pickering reactors. Fuel bundles are pushed 
into the reactor channel by a remotely operated fuelling machine. Spent-fuel 
bundles are discharged simultaneously into another fuelling machine, at the 
opposite end of the reactor. The spent fuel is then transferred to a water-filled 
storage bay located in a Service Building adjacent to the Reactor Building. 

C-4. SAFETY SYSTEMS 

In the Canadian reactor, the safety systems are incorporated in the plant 
design to limit radioactive releases to the public for two classes of events: 
a single failure in a process system and a single failure in a process system combined 
with the failure of one of the safety systems (a dual failure). 

The safety systems are independent in operation and free from connection 
with any of the process systems, including the regulating system, to the greatest 
possible extent. 

Since it is assumed that any one of the special safety systems may fail to 
perform its required function when called upon to counteract a single process 
system failure, the plant design ensures that the release of radioactive material 
to the environment will be within the limits derived from the Atomic Energy 
Control Board Siting Guide in these circumstances. 

The provision of two reactor shut-down systems permits the assumption 
that at least one system will operate after any single process failure for which 
both systems are designed to be effective. In the case of a single process system 
failure for which only one shut-down system is designed to be effective, the 
plant is designed to ensure that in the event of the failure of this shut-down 
system the releases are within the limits derived from the Siting Guide for 
dual failures. 

Each safety system will be designed for an unavailability of less than 8 hours 
per year or 0.1%. 

Each process and nuclear measurement loop essential for the operation of 
a safety system is triplicated, such that a single loop component or power supply 
failure will not incapacitate or spuriously invoke the operation of the safety 
system. The design approach emphasizes isolation between loops of different 
channels and between the different safety systems. This is achieved by the use 
of unique transmitter mounting racks, electrical cubicles and power supplie'-

for each channel. 
To protect the plant against 'common-mode' incidents such as fires, turbine 

missiles, and aircraft strikes that could affect many safety systems at the same 
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2 Z I R C A L O Y FUEL SHEATH 
3 Z I R C A L O Y END CAP 
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7 INTER-ELEMENT SPACERS 
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FIG.C-4. 37-element fuel bundle. 
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time, all systems have been divided into two groups. These two groups are 
physically separated, so that no common-mode incident occurring either inside 
or outside the reactor building could disable more than one of these groups. 
The ultimate requirement is to avoid exceeding the siting release limits. The 
actual design requirements for the two groups are: 

(a) To shut down the reactor; 
(b) To remove decay heat from the reactor fuel; 
(c) To prevent any subsequent process failures; 
(d) To supply the necessary information to permit the operators to assess 

the state of the nuclear steam supply system; 
(e) To meet the siting release limits. 

C-4.1. Emergency core cooling system 

The emergency core cooling system is intended to provide light-water 
cooling to the reactor fuel in the event of a loss-of-coolant accident. The system 
takes its initial water supply from the emergency water storage tank (dousing 
tank) in the reactor building, the continuing supply being water recovered from 
the reactor building basement which is pumped to the heat transport system. 

Part of the water stored in the emergency water storage tank is reserved 
for emergency core cooling. Two lines leading from the storage tank contain 
light-water emergency cooling injection valves that are normally closed. Test 
valves, downstream of the above valves, are normally open but are closed for 
testing the emergency cooling injection valves. 

The lines from the light-water valves branch to the two shut-down cooling 
systems and each of the branches connects into the bypass lines around the 
shut-down cooling pumps and the heat exchangers. Each branch contains a 
motorized isolating valve and a check valve. To meet the design leakage require-
ments, two approaches are taken. The first involves the design of the envelope 
to minimize the leak rate. The second involves a system that will absorb the 
energy released to the envelope, thus reducing the peak pressure and the duration 
of the pressure excursion. The energy-absorbing system comprises a source of 
dousing water, spray headers and initiating valves, and building air coolers. 

C-4.2. Containment system 

The overall containment system, as shown schematically in Fig. C-5, 
comprises a prestressed, post-tensioned concrete structure with a plastic liner, 
energy sinks consisting of an automatically initiated dousing system and building 
air coolers, a clean-air discharge system, access air locks, and an automatically 
initiated containment closure system consisting of valves and dampers in system 
lines open or possibly open to containment during normal operation. 
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FIG.C-5. Reactor containment system. 
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Appendix D 

TECHNICAL CHARACTERISTICS OF THE 
SEED-BLANKET AQUEOUS REACTOR 

D-l. GENERAL 

For an account of the early development of seed-blanket cores, see 
Section 5 and Refs [1—3]. The application of the seed-blanket concept to 
breeding is described in Refs [4—6]. 

Two of the characteristics of the seed-blanket concept which are especially 
advantageous for breeding are: (1) the use of 'geometry control', and (2) 'tailoring' 
the neutron spectrum separately in the seed and blanket regions. These are 
described below. 

A key advantage of the seed-blanket concept is that it can employ a unique 
control system which avoids the usual loss of neutrons to parasitically absorbing 
control materials, as is the case in all conventionally controlled reactors. Because 
of the concentration of reactivity in the seed regions, it is feasible to control the 
reactor by motion of the seed. The seed and blanket regions (Figs D-l, D-2) can 
be so arranged that, as the seed is moved up and down with respect to the blanket, 
the leakage of neutrons from fissile to fertile material is varied, i.e. the leakage 
is increased to decrease reactivity and vice versa. This is what is known as 
geometry control. The seed is so arranged that the downward motion of the 
seed always results in reduction of reactivity and vice versa. The upward motion 
of the seed throughout core life also tends to move fission products accumulated 
in the seed to a region of lower neutron flux, thus reducing the losses to these 
elements. 

The separation of materials between seed and blanket makes it feasible to 
tailor the spectrum in each region for the best advantage. Thus in the seed the 
spectrum can be quite thermal since this will usually result in the largest value 
of 7? (number of neutrons emitted per neutron absorbed). In the blanket the 
spectrum is made as hard as possible, since this will result in the largest value of 
the fast effect and the (n, 2n) reaction, and also in the most efficient utilization 
of the bred fissile material. It will be recalled that a large fast effect not only 
has a beneficial Contribution to breeding but also results in direct burning of the 
fertile material at a rate approximately twice that of the fast-effect gain. With a 
fast effect of 3%, the ratio of fissions in fertile material to fissions in fissile fuel 
is approximately 6%. Thus the fast effect helps to realize one of the main aims 
of breeding, i.e. to obtain energy directly from fertile material. Hardening of 
the blanket spectrum is accomplished by minimizing the water content, which 
reduces the. loss of neutrons by hydrogen absorption. 
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Shutdown Position 
High- Leakage Geometry 

FIG.D-1. Variable-geometry nuclear control concept. 

BLANKET MOVABLE SEED 

FIG.D-2. Typical LWBR fuel module cross-section. 
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FIG.D-3. LWBR core cross-section. 
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TABLE D-I. MAJOR CORE AND PLANT PARAMETERS FOR THE LWBR 
DEMONSTRATION CORE AT SHIPPINGPORT 

Power plant 

Gross electrical output 62 MW(e)a 

Net station output 50 MW(e)a 

Net station heat rate 13 450 Btu/kW h 

Steam pressure 

Full load at generator 744 lbf/in2 (abs) 

No load at generator 895 lbf/in2 (abs) 

Number of loops 4 

Reactor pressure drop 69.2 lbf/ in2 

Coolant piping, OD 18 in 

Coolant piping, ID 15 in 

Coolant velocity, main piping 35 f t / s 

Reactor core 

Type Pressurized light-water-
-cooled and moderated 
seed and blanket 

Total reactor heat output 204 MW(th)a 

Total coolant flow rate 30.6 X 106 lb/h 

Reactor coolant inlet temperature at 236.6 MW(th) 520°F 

Reactor coolant outlet temperature at 236.6 MW(th) 542°F 

Average coolant temperature, nominal 531°F 

Primary system pressure, nominal 2000 lb/in2 (abs) 

Nominal core height, including T h 0 2 reflector 10.0 ft 

Mean core diameter 7.5 ft 

Fuel loading (thorium and uranium) ~ 4 2 t 

Lifetime, effective full-power hours (EFPH) a 15 000 

a These are the minimum expected performance values for the LWBR operation at Shipping-
port . To ensure that environmental impacts have been conservatively evaluated, the following 
parameters have been analysed in this environmental statement: Gross electrical output : 
72 MW(e); Net station output : 60 MW(e); Total reactor heat output : 236.6 MW(th); 
Lifetime, EFPH: 18 000. 
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TABLE D-IVa (cont.) 

Fuel material 

Movable seed 

Sta t ionary blanket 

Ref lec tor blanket 

Fuel cladding material 

Seed, blanket and ref lector 

2 3 3 U 0 2 - T h 0 2 ; with T h 0 2 

end-reflectors 
2 3 3 U 0 2 - T h 0 2 ; with T h 0 2 

end-reflectors 

T h 0 2 

Zircaloy-4, low ha fn ium 

Rod diameter and cladding thickness3 

Seed rod 

Blanket rod 

Power-f lat tening blanket rod 

Ref lec tor blanket rod 

Outside diameter (in) 

0 .306 

0 .5715 

0 .5265 

0 .832 

Cladding thickness (in) 

0 .022 

0.02775 

0 .02575 

0 .042 

Number of rods per module 3 

Type of Seed 
module 

Type I 

Type II 

Type III 

Type IV 

Type V 

619 

619 

619 

Standard 
blanket 

~443 

261 

187 

Power-flat tening 
blanket 

303 

446 

Reflector 
blanket 

228 

166 

See F o o t n o t e a. 

Another advantage of the seed-blanket design is that it lends itself to a 
unitized arrangement of individual seed-blanket assemblies (Fig.D-3). A core of 
any desired power rating can be manufactured, simply by using an adequate 
number of seed-blanket units. The usual need for a separate design for every 
substantial change in core power rating is eliminated. Zero-power initial experi-
ments are also simplified. 

Further, the unitized design leads to large negative temperature voids and 
power coefficients owing to the fact that each seed region leaks neutrons into the 
associated blanket region. Such negative reactivity coefficients are usually hard 
to obtain in large cores. 
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TABLE D-II. CORE LOADINGS FOR A BASE-TECHNOLOGY lOOO-MW(e) 
BREEDER CONCEPT 

Typical mechanical features 

Module configuration 

Number of modules 

Module pitch 

Full core enclosing diameter 

Fuel height 

Axial blanket height 

Seed rods 
Composition 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

Blanket rods 
Composition 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

Control mechanism • 

Hexagonal 

74 

17.237 in 

188 in 

10.5 f t 

0.75 ft 

2 3 3 U0 2 -Th0 2 

0.306 in 

619 

Zircaloy 

0.0220 in 

1.72 

2 3 3 U 0 2 - T h 0 2 

0.571 in 

444 

Zircaloy 

0.02775 in 

2.98 

Movable seed fuel 

Material inventory — initial charge 

Uranium, fissile 

Uranium, other 

Thorium-232 

Burn-up data 

Refuelling .interval 

Refuelling fraction 

Fuel exposure (MW-d/Mt heavy metal) 

Seed 

Blanket 

Specific power (MW/Mt fissile inventory) 

Initial 
3-year core 

Near-
equilibrium 
2-year core 

4 000 kg 

400 kg 

188 000 kg 

1/2 or 1 year 

1/6, 1/5, 1/4 
or 1/3 

24 700 

12 600 

956 

4 300 kg 

1 100 kg 

186 000 kg 

1/2 or 1 year 

1/6, 1/5, 1/4 
or 1/3 

16 300 

8 470 

812 
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The demonstration of the Light-Water Breeder Reactor (LWBR) in Shipping-
port, Pennsylvania, is described in Section 5. Full power on the demonstration 
core was achieved in December 1977. 

The major core and plant parameters are given in Table D-I. It should be 
noted that only the central three modules are typical of a large breeder core. 
Because of the small size (50 MW(e)) of the Shippingport demonstration plant, 
the outer core modules were designed to reduce neutron leakage from the three 
central modules and present the environment of a large-size core. 

The parameters for a 1000-MW(e) base core are given in Table D-II. Note 
that the fissile uranium fuel loading is about 4 kg per MW(e). 

As noted in Section 5, a number of conservatisms are incorporated in the 
design and stated performance of the LWBR demonstration. An outstanding 
area of conservatism is in the design of the grid structure to prevent motion of 
the fuel rods caused by the coolant flow. To ensure successful operation the 
grids have been fabricated from AM-350 steel, which imposes a heavy penalty of 
neutron absorption. Thus, if zirconium grids could be employed, the breeding 
gain would increase from about 1.02 to about 1.05. 

The nuclear constants utilized in the core design and evaluation were 
selected conservatively from the standpoint of breeding. No credit was taken 
in predicted core performance for the probable migration of gaseous fission 
products to plenums above the fuel elements. Such migration would reduce fission 
product absorption. 

The plant load factor was assumed to be 80%, in contrast to the con-
ventional 70% for commercial nuclear plants. The greater the load factor, the 
higher the production of fissile material; however, the losses to protactinium 
increase with load factor. Since each protactinium absorption is actually a 
double loss to the breeding (loss of the neutron and loss of a potential 233U 
nucleus), this is a significant effect. 

Should the results of the LWBR demonstration operation at Shippingport 
indicate a higher breeding gain than was calculated, it would be feasible in future 
designs to reduce the specific fissile fuel loading. The fissile fuel loading is kept 
high, primarily in order to lower the thermal flux and thus reduce losses, mainly 
in protactinium. The loss in the latter is almost directly proportional to the 
thermal flux. 

It also appears possible that in future reactors of this type the grid structure 
could be made largely of zirconium. This is based on the success of CANDU 
reactors in utilizing zirconium with a small addition of niobium for the pressure-
tube walls, and of General Electric Co. in using zirconium grids with steel springs 
in BWRs. 

One important, unanticipated feature of the thorium cycle is stability against 
xenon oscillation. It might be thought that, with the nuclear isolation of the seed 
regions from each other by the blanket regions, the LWBR would be especially 
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TABLE D-III. CORE LOADINGS (kg) FOR lOOO-MW(e) ADVANCED 
SEED-BLANKET BREEDER CONCEPTS 

Material inventory — initial charge 
Thorium Uranium, 

fissile 
Uranium, 
other 

Advanced breeder 
with low loading 
and 3-year life 

2 1 4 0 0 0 3200 900 

Initial advanced 
breeder with high 
power density and 
3-year life 

147 000 3800 400 

Near-equilibrium 
advanced breeder 
with high power 
density and 
2-year life 

146000 3900 1000 

TABLE D-IVa. CORE PARAMETERS FOR TYPICAL lOOO-MW(e) 
SLIGHTLY ENRICHED URANIUM-FUELLED PREBREEDER CONCEPTS 

Mechanical features 

Module configuration 

Number of modules 

Module pitch 

Full core enclosing diameter 

Fuel height 

Fuel rods 

U 0 2 enriched in 235U 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

Square modules in a typical 
PWR array3 

193 

8.475 in 

144.33 in 

12 f t 

0.250 in 

240 

Zircaloy 

0.020 in 

0.925 

3 The approach taken in estimating prebreeder configurations could have been applied equally 
well to any manufacturer 's PWR core design. 
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TABLE D-IVa (cont.) 

T h 0 2 fuel rods (control-rod module) 
Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

T h 0 2 fuel rods (non-control-rod module) 
Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

Control mechanism 
Soluble boron in coolant for reactivity lifetime 

Poison fingers for shut-down 

Material inventory — initial charge per module 

Uranium-234 

Uranium-235 

Uranium-236 

Uranium-238 

Thorium-232 

Burn-up data 

Refuelling interval 

Refuelling fraction 

Fuel exposure (MW • d/Mt heavy metal) 

U 0 2 rods 

T h 0 2 rods 

Specific power (MW/Mt fissile inventory) 

Net consumption of 235U 
233U production 

0.570 in 

88 

Zircaloy 

0.025 in 

1.58 

0.570 in 

109 

Zircaloy 

0.025 in 

1.58 

0.0 

2 2 . 6 - 1 7 . 8 kg 

0.0 

1 5 0 - 1 5 4 kg 

4 0 2 - 3 6 5 kg 

1/2 or 1 year 

1/6, 1/5, 1/4 or 1/3 

51 4 0 0 - 2 0 500 

8 2 0 0 - 1 300 

7 5 0 - 910 

0 . 6 8 - 0 . 8 8 kg/MW(e)• a 

0 . 3 1 - 0 . 5 0 kg/MW(e) a 
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TABLE D-IVb. CORE PARAMETERS FOR TYPICAL lOOO-MW(e) 
HIGHLY ENRICHED URANIUM-FUELLED PREBREEDER CONCEPTS 

Mechanical features 

Module configuration 
Concentric regions of small fuel rods and large fertile rods, separated by a can, all within 
a standard module space envelope3 

Number of modules 

Module pitch 

Core enclosing diameter 

Fuel height 

Z r0 2 - 23SU fuel rods 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

T h 0 2 fuel rods (control-rod module) 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

T h 0 2 fuel rods (non-control-rod module) 

Diameter 

Number per module 

Cladding 

Clad thickness 

M/W ratio 

Control mechanism 
Soluble boron in coolant for reactivity lifetime 
Poison fingers for shut-down 

Material inventory (per module when initially inserted into the core) 

Uranium-235 

Uranium-238 

Thorium-232 

193 

8.475 in 

144.33 in 

12 f t 

0.250 in 

240 

Zircaloy 

0.020 in 

0.925 

0.570 in 

88 

Zircaloy 

0.025 in 

1.58 

0.570 in 

109 

Zircaloy 

0.025 in 

1.58 

13.5 - 10.7 kg 

1 . 4 8 - 1.16 kg 

402 - 365 kg 

3 The approach taken in estimating prebreeder configurations could have been applied equally 
well to any manufacturer's PWR core design. 



D. SEED-BLANKET AQUEOUS REACTOR 137 

TABLE D-IVa (cont.) 

Burn-up data 

Refuelling interval 

Refuelling fraction 

Average fuel exposure 

6 months or 1 year 

1/3, 1/4, 1/5 or 1/6 

Zr0 2 - 2 3 S U0 2 rods3 .a 1.1 X 102'—5.1 X 1020 

fissions/cm 3 

T h 0 2 rods 

Net consumption of 235U 

Net 233U production 

1 0 9 7 0 - 1 610 MW-d/Mt 

0 .63-0 .88 kg/MW(e)-a 

0 .34-0 .58 kg/MW(e)-a 

See Footnote a. 

susceptible to xenon oscillation. However, calculation indicates that xenon 
oscillations will not occur for two reasons: (1) The total xenon yield is less for 
233U than for 235U; (2) a greater proportion of the xenon is emitted directly by 
233U, rather than by decay from iodine. This is a significant advantage since in 
large thermal reactor cores allowances need not be made in power rating, 
instrumentation and control for the contingency of xenon power oscillations. 

A study has been made of the possibility of reducing the specific fissile 
fuel loading by such measures as reducing the cladding and optimizing the power 
distribution. The results are given in Table D-III for advanced seed-blanket 
breeder concepts. As will be noted, the fissile fuel loading has been reduced by 
about 20%. 

For the Shippingport demonstration breeder core the necessary 233U was 
supplied by the Savannah River production reactors. For future applications it 
is planned that the 233U will be supplied from prebreeder cores which can be 
installed in standard PWR plants. 

Table D-IVa, b and Fig.D-4 give data for prebreeders in which the fissile fuel 
is either highly or slightly enriched uranium. In this case, pure thorium oxide 
rods for 233U generation are located in a separate region. 

Table D-V and Fig.D-5 give data for prebreeders in which plutonium from 
PWR discharge is mixed as an oxide with thorium oxide. There are also rods of 
slightly enriched uranium. 

A further discussion of prebreeders is given in Ref.[4]. Much further work 
remains to be done to optimize prebreeder design. 
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TABLE D-V. CORE PARAMETERS FOR TYPICAL lOOO-MW(e) PLUTONIUM-
FUELLED PREBREEDER CONCEPTS 

Mechanical features 

Module configuration Square modules in a 
typical PWR array3 

Number of modules 193 

Module pitch 8.475 in 

Full core enclosing diameter 144.33 in 

Fuel height 12 f t 

Fuel rods 
Composition No.l U 0 2 enriched in 235U 

Diameter 0.374 in 

Number per module 124 

Cladding Zircaloy 

Clad thickness 0.023 in 

M/W ratio 1.31 

Composition No.2 Pu02—Th02 

Diameter 0.374 in 

Number per module 188 

Cladding Zircaloy 

Clad thickness 0.023 in 

M/W ratio 1.31 

T h 0 2 rods 
Diameter 0.374 in 

Number per module 41 

Cladding Zircaloy 

Clad thickness 0.023 in 

M/W ratio 1.31 

Control mechanism 
Soluble boron in coolant for reactivity lifetime 
Poison finger rods for shut-down 

3 The approach taken in estimating prebreeder configurations could have been applied equally 
well to any other manufacturer's PWR design. 
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TABLE D-IVa (cont.) 

Material inventory — initial charge 

Uranium-234 0.0 

Uranium-235 14.1 - 8.7 kg 

Uranium-236 0.0 

Uranium-238 206 - 211 kg 

Thorium-232 358 kg 

Plutonium 7.7 kg 

Isotopic composition of plutonium: 57.7% 239Pu, 22.1% M<>Pu, 13.1% 241Pu, 7.1% 242Pu. 

Burn-up data 

Refuelling interval 1/2 or 1 year 

Refulling fraction 1/6, 1/5, 1/4 or 1/3 

Fuel exposure (MW d/Mt heavy metal) 

U 0 2 rods 26 4 0 0 - 8 8 1 0 

Pu-Th0 2 rods 18 5 5 0 - 6 8 2 5 

T h O j rods 5 8 0 0 - 1 1 3 0 

Specific power (MW/Mt fissile inventory) 8 4 0 - 1 1 4 0 

Net consumption of 235U 0 . 3 9 - 0 . 4 4 kg/MW(e) • a 

Net consumption of fissile Pu 0 . 1 2 - 0 . 2 0 kg/MW(e)-a 
M 3 U production 0 . 2 9 - 0 . 4 0 kg/MW(e) a 

D-2. MAJOR COST ITEMS 

In most areas the costs of a seed-blanket core and reactor plant are expected 
to be similar to those of standard PWRs. 

One item which may result in significantly greater costs is that of the moving 
seed control system. Although extensive development and testing has been 
carried out for the LWBR demonstration core, only a few of such control systems 
have been manufactured, so that there is not enough experience on which to base 
future costs for the large-scale use of this core type. 

Another item for which it is difficult to estimate costs is the thorium fuel 
cycle as a whole, including reprocessing and manufacturing of 233U fuel elements. 

The grid supports for the closely packed blanket fuel elements represent 
another area of substantial cost uncertainty. 
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FIG.D-4. Slightly enriched uranium prebreeder geometry. 

D-3. IMPORTANT SAFETY ASPECTS 

Although the LWBR demonstration core has fully met existing safeguards 
and licensing requirements, a number of areas of concern with regard to safety 
differ from standard PWRs. One area is, of course, the control by moving seeds 
for which there is no background of experience. The core has been carefully 
designed so that downward motion of the seed always results in reduced 
reactivity and vice versa. However, there might be some unanticipated change 
with burn-up, which could result in opposite effects. Further, the margin of shut-
down safety could be changed. 

If the core is shut down with large amounts of protactinium the reactivity 
could eventually rise with protactinium decay into 233U, so as to require the 
introduction of soluble poison. While this should present no safety problem, it 
is again a situation for which no prior experience exists. Finally, since there is 
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FIG.D-5. Plutonium-fuelled prebreeder fuel module. 

no prior experience with the large-scale use of thorium cycle fuel, some unanti-
cipated problem could arise. 

Emergency shut-down procedures are similar to those of standard PWRs, 
with the exception that soluble boron is not normally present in the core. 
Starting and stopping (normal operation) are similar to those for standard PWRs, 
again with the exception that soluble boron is not normally present in the core. 

D-4. THE CLOSE-PACKED HEAVY-WATER SEED-BLANKET BREEDER 

The close-packed heavy-water seed-blanket breeder opens up the possibility 
of a major advance in breeding over the light-water concept and in fact makes 
it feasible to obtain with aqueous technology breeding gains comparable with 
those which it is hoped to obtain from the LMFBR. Furthermore, either the 
thorium or uranium-plutonium cycles can be utilized. 
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Most studies in the past of the use of heavy water for breeding have 
examined very large moderator-to-fuel-atom ratios, between 10 and 20. These 
studies have indicated the possibility of very modest breeding gains and only 
on the thorium cycle. The breeding improves slightly as the amount of moderator 
increases, but this necessitates large capital investments in heavy water. 

The opposite possibility of decreasing the amount of heavy water is 
investigated in Ref.[7]. It is found that, at first, as the amount of heavy water 
is decreased, breeding is reduced. However, as the heavy water is still further 
reduced, breeding starts to increase dramatically in the neighbourhood of 
moderator-to-fuel-atom ratios of one or less. 

Explanations of this behaviour are probably as follows: 

(a) The spectrum becomes very hard with relatively few thermal fissions. The 
losses to fission products, xenon and protactinium are reduced. 

(b) Despite the hardening of the spectrum, the r¡ value of 233U holds up well 
in the epithermal range. Ultimately the spectrum becomes so hard that 
even the 7? of 239Pu improves. 

(c) At these neutron spectra the relative absorption of cladding and other 
structural material decreases. 

(d) The fast effect and the (n,2n) process increase greatly. This is especially 
marked for 239Pu and 238U, but even for thorium with 233U as much as 6% 
of the total energy comes from fast fissions. 

With this concept a much lower specific fuel loading should be feasible as 
compared with the light-water case. It should also be possible to extend the 
thorium exposure without too much loss in breeding. The very low moderator-
to-fuel ratios would be practicable, for example, through the use of fuel rods, as 
in the LWBR demonstration, or of plates. The feasibility of using uranium oxide 
plates was proved in the blanket of the second Shippingport PWR. 

As in the LWBR, xenon oscillations are not anticipated, even with the 
plutonium-uranium cycle, because of the low thermal component of the neutron 
spectrum and the greater coupling of seed-blanket units with the heavy-water 
moderator. 

An exploration of this concept is being supported by the IAEA. A feasibility 
study is being sponsored by the Electric Power Research Institute. 

Eventually, full-scale design studies will be needed both for the uranium-
plutonium and thorium cycles. Overall development costs are estimated to be 
about US $ 1 000 000 000, taking into account that many items already developed 
under the LWBR programme can be utilized. 
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