


A COMPARATIVE EVALUATION OF

FUEL UTILISATION BY DIFFERENT

THERMAL REACTOR SYSTEMS

Thesis Submitted to the

UNIVERSITY OF BOMBAY

for the Degree of

DOCTOR OF PHILOSOPHY

in the Faculty of Science

(PHYSICS)

by

M.R. Balakrishnan
Bhabha Atomic Research Centre

Bombay 400085

October 1992



A COMPARATIVE EVALUATION OF FUEL UTILIZATION BY
DIFFERENT THERMAL REACTOR SYSTEMS

1. INTRODUCTION

This work, for the first time, analyses the fuel utilization efficiencies
of different reactor systems working on different fuel cycles, meeting the
demand for nuclear capacity growing under the Fisher-Pry model. For
comparison, and for sensitivity analysis, two different constant annual
growth rates also have been considered. Even though fission of heavy nuclei
is the mechanism for the release of energy in all the different types of
nuclear reactors, and although for all practical purposes the quantity of
energy released in a fission reaction is the same irrespective of the type
of reactor in which fission reaction takes place, the amount of energy that
can be effectively made available by the different types of reactors from
a given quantity of the naturally occurring nuclear fuel resources, viz.
uranium and thorium, varies over a wide range. This fairly wide variation
in the fuel utilization capability of the different types of nuclear reactors
is the result of the differences in the neutronics behaviour of the different
types of reactors.

A comparative assessment of fuel utilization by different thermal
reactor systems is usually made by comparing the discharge burnup of the
fuel, in terms of natural uranium,, that can be achieved in each of the
different reactor systems. In the case of reactors using enriched uranium,
the quantity of electricity produced per kg of mined uranium depends on the
U235 content in the tailings from the enrichment plant.

When the installed nuclear capacity is growing, the quantity of
electricity generated per kg of natural uranium used in the power
programme depends also on the natural uranium inventory needed to
start a new reactor. The growth of installed nuclear capacity can either
be assumed to be at a pre-specified annual rate, or it can be computed by
the well established Fisher-Pry model. The relative merits of the different
reactor systems and fuel cycles can be assessed by estimating the total
quantity of natural uranium that would be needed for each of the different
options that we have considered in this analysis, during a pre-specified
number of years.
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2. AIMS AND OBJECTIVES

Four different types of thermal reactors are considered in this
analysis. They are :

(a) Pressurised Water Reactor (PWR),

, (b) Pressurised Heavy Water Reactor of the Pressure
Tube type (PHWR-PT),

(c) Pressurised Heavy Water Reactor of the Pressure Vessel
type (PHWR-PV), and

(d) High Temperature gas cooled Graphite Reactor (HTGR).

A brief description of each of the four different reactor systems is
given. In this analysis, established reactor designs have been used, with
a number of different types of fuel cycles. It is believed that the flexibility
to use different fuel cycles is an essential requirement of any reactor
design. Besides, the optimal mechanical and structural design is not
expected to be significantly different for the different fuel cycles considered
in this analysis. In any case, the fuel cycle parameters such as initial
enrichment, discharge burnup etc. have been suitably optimised for each
design. For each fuel cycle considered in the four different reactor systems,
discharge burnup of the fuel has been computed using an 84-group
neutronics model, followed by a 4-group condensed model for burnup
analysis. This analysis gives the annual fuel requirement. The initial
inventory requirement has been assumed to be the same as what is dictated
by the design specific power. Fisher-Pry model has been applied to arrive
at the possible growth of installed nuclear capacity. Two additional annual
growth rates also have been assumed in order to carry out a sensitivity
analysis. Fuel utilization efficiences have been investigated under the
dynamic situation. For each reactor system and fuel cycle combination, the
efficiency of natural uranium utilization has been investigated, by
assuming a nuclear power growth pattern for 100 years.
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3. NATURE OF THE WORK

Most of the earlier investigations on fuel utilization by different types
of reactors carried out internationally have considered an isolated unit
of the given type of reactor in order to estimate its fuel utilization charac-
teristics. This method does not give an accurate measure of the capability
of the particular type of reactor with a given type of nuclear fuel cycle, for
electricity generation in a situation where the quantity of natural uranium
available is limited, and the total installed nuclear capacity is growing.
Because of the differences in the annual running requirements and
initial core inventory requirements of different types of reactors, the total
cumulative natural uranium requirement for a given reactor system
providing a certain growth rate of installed nuclear capacity, depends
also on the particular growth scenario envisaged.

Neutronics characteristics of the different types of fuel cycles that
are considered were evaluated using a well established neutron energy
structure of 54 fast groups and 30 thermal groups for neutron spectrum
calculation, and by generating 4 condensed group crosssections for fuel
burnup analysis.

The fuel utilization efficiency of a reactor essentially depends on the
specific power and the discharge fuel burnup, both being measured in
terms of natural uranium. Specific power gives a measure of the efficiency
of the coolant in removing the fission energy released in the fuel without
violating any of the safety requirements. The higher the specific power, the
lower the fuel inventory required to start the reactor. The maximum fuel
burnup that can be attained in a reactor before the fuel is discharged depends
on the neutron economy prevailing in the reactor, and on the fuel manage-
ment scheme used. In the case of reactors using enriched uranium, energy
produced per kilogram of mined uranium depends on the U235 content in
the depleted uranium tailings from the uranium enrichment plant. The
net electricity made available from a given quantity of natural uranium by
using it in a reactor working on enriched uranium fuel cycle depends on
the energy that is consumed during the uranium enrichment process. This
quantity has negligible effect on the net electricity generation. In order to
demonstrate that the effect of energy consumption for the enrichment
process is negligible, it has been quantitatively analysed.
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For each of the different thermal reactor systems a number of feasible
fuel cycles have been considered. Each of t'.ie fuel cycles has been analysed
in detail in order to determine the characteristic parameters of the fuel
cycle. Some of the fuel cycles in which the discharged fuel is not reprocessed
has also been considered. The once-through cases have been considered
partly to highlight the importance of recovering the fissile material from
the discharged fuel and recycling it in the reactor. Under certain special
conditions the Once-Through cycle may turn out to be better than recycle
case, too.

In the case of PWR, three different types of fuel cycles have been
considered : once-through low enriched uranium fuel cycle; low enriched
uranium with recycling of plutonium; and enriched uranium mixed with
thorium with recycling of the Pu and U233 with thorium as the diluent.

In the case of Pressurised Heavy Water Reactor with Pressure Tubes
a number of fuel cycles are possible. Natural uranium once-through and
natural uranium with recycling of plutonium are possible in heavy water
reactors. The self-generated plutonium can be recycled either with natural
uranium or with thorium. The U233 recovered from the irradiated thorium
fuel also can be recycled. Natural uranium with recycling the recovered
fissile material with thorium has good potential to achieve a self-sustaining
stage at which the only external material that will have to be fed will
be thorium. Such a self-sustaining equilibrium thorium (SSET) cycle in
PHWR-PT system is quite attractive. The use of slightly enriched uranium
containing about 1.2 % U235 has been found to result in reducing the
total quantity of natural uranium required compared to the natural uranium
fuel cycle in heavy water reactors. The slightly enriched uranium fuel cycle
is also amenable to recycling the self-generated plutonium. Another fuel
cycle which has fairly attractive features in a PHWR-PT system is to use
thorium with highly enriched uranium and to irradiate the fuel to relatively
high levels of burnup in a once-though mode operation.

A parametric analysis has been carried out in the case of PHWR-PT
system operating on different fuel cycles in order to arrive at the optimal
parameters. The analyses have been done with the quantity of natural
uranium consumed as the parameter to be optimised. The PHWR-PT has
been analysed in greater detail, as it is the mainstay of the Indian nuclear
power programme.



The Pressurised Heavy Water Reactor with Pressure Vessel, also is
well suited to work on both natural uranium and slightly enriched uranium
fuel cycles. Both with natural uranium and with slightly enriched uranium,
it is possible to consider once-through fuel cycle as well as recycle of
plutonium.

The last type of thermal reactor that has been considered is the High
Temperature gas cooled Graphite Reactor with pebble bed core. At present
HTGR is not as widely used as the PWR or the two types of PHWR. However,
the opinion that both from the point of view of safety, and from the
standpoint of long term commercial viability, HTGR is a little more attrac-
tive than the present day design of water reactors is gathering momentum.
HTGR can be used with different types of fuel cycles, using low enriched
uranium, medium enriched uranium or highly enriched uranium. Unlike
in the case of water reactors, due to the higher neutron temperature and
harder neutron spectrum prevailing in HTGR, there is hardly any difference
in the relative performance of the different fissile nuclides in HTGR. In all
these cases the fuel cycle can be optimised either for once-through use
or with reprocessing and recycling the fissile material with thorium.

A simple method to make a comparative evaluation of the fuel
utilisation efficiency of a reactor working on a specific fuel cycle is to assume
that the installed capacity from that type of reactor working on the chosen
fuel cycle is growing at a specified annual rate and to estimate the annual
and cumulative natural uranium requirement to support the installed
capacity. The dependence on initial fuel inventory can be analysed by
changing the growth rate of the installed nuclear capacity. The annual
and cumulative natural uranium requirements for different growth rates
have been evaluated and analysed for each one of the 19 different reactor
system and fuel cycle combinations that have been discussed.

The Fisher-Pry model, developed during the early seventies, has been
found to predict the market share of new products in a well established
commerical market, with fairly well demonstrated accuracy. This model is
used to derive the growth pattern of installed nuclear capacity. It is assumed
that the demand for nuclear capacity is met by one of the reactor system
and fuel cycle combinations. For each of the 19 different scenarios, the
annual and cumulative natural uranium requirements have been computed.
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The results of the computation to determine the natural uranium
requirement give a satisfactory and clear indication of which reactor system
in combination with which fuel cycle is more efficient in the utilization of
mined uranium.

4. RESULTS AND DISCUSSION

The efficiency of the particular nuclear reactor system and fuel cycle
chosen to generate electricity from the available natural uranium resources
assumes great importance as we have started realising the need to
conserve natural resources of all kinds.

The efficiency of fuel utilization in a reactor depends on a number
of parameters. Some of these are related to the design of the reactor, and
some are related to the type of fuel cycle chosen. Dependence of fuel
utilization efficiency on the type of reactor arises from the fact that
materials used in the different types of reactors have different neutron
absorption characteristics. While the PWR is a very compact design, the
light water used as moderator-cum-coolant in the PWR absorbs neutrons,
and in order to increase the chance of a neutron getting absorbed in U235
and causing a fission, and thereby sustaining the chain reaction, the U235
concentration in the fuel is raised by using enriched uranium. Graphite and
helium used in the HTGR are not strong absorbers of neutron, though
graphite absorbs more neutrons than heavy water. HTGR has the
additional advantage of having a higher thermodynamic efficiency due to
the higher coolant temperature possible. Evidently, a higher efficiency
helps in getting more electricity from the same quantity of heat released
in fission. Another characteristic of the High Temperature gas cooled
Graphite Reactor is the higher neutron temperature, or in other words,
the harder neutron spectrum. It is the harder neutron spectrum that makes
HTGR particularly suited to the use of thorium as a fertile diluent material,
instead of U238. The neutronic characteristics of U233 are much superior
in the harder thermal neutron spectrum compared to those of plutonium
isotopes. The harder thermal neutron spectrum in the HTGR also has other
advantages such as lower neutron absorption in structural materials and
in fission products. The net outcome of these features is that fuel utilization
in HTGR is much better than what one would expect merely by considering
the properties of the moderator, viz graphite, compared to light water



V l l

and heavy water. Furthermore, in HTGR the residence time and the
discharge burnup of the fuel are much higher than in PWR and PHWRs
of both the pressure vessel and pressure tube types. The longer residence
time leads to in-situ burning of the major part of the fissile material produced
from the fertile material. As such the fuel which is finally discharged from
the HTGR has relatively low residual fuel value. This leads to a situation
where the advantage in reprocessing the discharged fuel and recycling
the recovered fissile material is not significant. In fact, HTGR is the best
type of reactor if one wants to adopt a once-through fuel cycle, treating the
entire discharged fuel as waste material with no net commercial value.

If one looks at the four different reactor systems it is quite evident
that the pressurised heavy water reactor is the system that offers the most
attractive fuel cycle options. The self-sustaining equilibrium thorium (SSET)
cycle in a pressure tube type pressurised heavy water reactor has the lowest
natural uranium requirement. It is the single fuel cycle and reactor
combination that offers the possibility of having a nuclear power reactor
that can run with thorium as the only external material that is needed
after about 20 years at the beginning. During this period the transition
from a pure natural uranium core to an intermediate stage where the core
contains plutonium, thorium and natural uranium, then to a core
containing natural uranium, U233, plutonium and thorium, and ultimately
to a self-sufficient thorium and U233 core, takes place.

The next best fuel cycle from the point of view of fuel utilization
is also in the PHWR-PT system. It is the natural uranium with plutonium
recycle in PHWR that comes next to SSET, in the order of merit. Even
the third best fuel cycle is one that is readily feasible in the pressure tube
heavy water reactor system. The slightly enriched uranium with plutonium
recycle is the one that comes third after the natural uranium with plutonium
recycle. The next best two cycles are also in heavy water reactors but of
the pressure vessel type. In the PHWR-PV reactor also, natural uranium
with plutonium recycle is superior to low enriched uranium with plutonium
recycle.

The above discussed relative orders of merit are true if we take the
energy generation and uranium requirement over a period of 100 years,
during the first half of which the installed nuclear capacity grows at a
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pre-specifled rate and during the second half of which the nuclear capacity
is a constant. Evidently during the second half of the centennial the
dominant influence would be that of the annual feed requirement. The
influence of the inventory requirement to start a nuclear power reactor
would have disappeared at the end of a period of 50 years, after the last
power station was added.

If we take the first half of the 100 years, and consider only that
period when the installed capacity continues to grow, the picture that
emerges is different. The relative position of the self-sustaining equilibrium
thorium cycle is not the same as it was when we considered the entire 100
years. The self-sustaining equilibrium thorium cycle is no longer the
cycle which requires the lowest quantity of cumulative natural uranium
at the end of the first 50 years period. In a power programme which is
still growing, it is the natural uranium with plutonium recycle in
Pressurised Heavy Water Reactor that emerges as the best. When the
growth rate is 6 % per year the pressure tube type heavy water reactor
with plutonium recycling using natural uranium is a little better than the
pressure vessel type. With the Fisher-Pry model also, the pressure tube
type reactor with natural uranium and plutonium recycling is superior to
the pressure vessel type reactor. However if we take the case with the rather
unrealistic assumption that nuclear capacity is growing at the rate of 15 %
per year, then the pressure vessel type becomes slightly better. This
reversal of the order of merit between the pressure vessel type and the
pressure tube type is what can be anticipated because of the higher initial
natural uranium inventory needed in the pressure tube type heavy water
reactors. It is precisely to extract this type of influence clearly, that we have
used an unrealistic high growth rate of 15 % per year.

If one considers the once-through cycles alone, it appears that highly
enriched uranium mixed with thorium in High Temperature Graphite
Reactor is the best. Bacause of the higher specific power that can be
achieved in HTGR with the ceramic fuel, the initial inventory of uranium
needed in an HTGR is quite low, though not as low as in the natural uranium
fuelled heavy water reactor. The core of the HTGR using highly enriched
uranium (HEU), with thorium as the fertile material, contains hardly any
U238. Hence, all the fissile material produced in the HTGR working on
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HEU cycle, is U233. Much of the U233 produced in the HTGR working
on the HEU Once-Through cycle undergoes fission before the fuel is
discharged from the reactor. We have seen that in the hard thermal neutron
spectrum that prevails in the HTGR, U233 has much better neutronics
characteristics than U235 and Pu239. Thus, in an HTGR working with
highly enriched uranium and thorium, a fairly high fraction of the total
energy released is from the burning of thorium after its conversion to
U233. That explains why an HTGR working on highly enriched uranium
requires less natural uranium than other Once-Through fuel cycles, both in
HTGR and in other types of reactors.

Another interesting conclusion that one can draw by comparing the
different fuel cycles in HTGR is that, while the HTGR working on HEU
with recycle of the fissile material recovered after reprocessing is more
attractive than the corresponding Once-Through case if we evaluate the
relative performance over the entire hundred years period, if the analysis
is limited to 50 years the recycle case with HEU is inferior to the Once-
Through case except when the nuclear capacity growth rate is low. Both
under the Fisher-Pry model (growth rate about 8 % per year) and with 15
% per year growth, if one restricts the analysis to the first 50 years, the
HEU-OT case is slightly better than the recycle case. This seemingly
paradoxical conclusion comes from the fact that the effective total initial
inventory for the recycle case is higher than what is needed for the Once-
Through cycles.

5. CONCLUSIONS

The reference case that is considered in the evaluation of the relative
merits of the different fuel cycles in the four different reactor systems
is the one in which the installed nuclear capacity grows according to the
Fisher-Pry model. An annual growth rate of 6 % has been assumed as a
realistic alternative growth pattern. A growth rate of 15 % per year in the
installed nuclear capacity has also been considered not because it is felt
that a 15 % annual growth rate is feasible, but merely to see the effect of
capacity growth rate on fuel utilization efficiency. The relative merits of all
the 19 different cases considered in this analysis are evaluated under three
different formalisms for the fuel utilization efficiency. It is evident from the



analysis that the PHWR-PT system working on natural uranium with
plutonium recycling is the most efficient reactor-fuel cycle combination
as far as the ability to extract the maximum amount of energy from the
available natural uranium is considered. If the plutonium recovered from
the irradiated natural uranium is recycled with thorium and if the U233
produced therein is recovered and recycled, that fuel cycle strategy would
be superior to recycling the plutonium with natural uranium. The results
however, give the freedom to choose the fuel cycle and reactor system after
considering all constraints other than the fuel utilization efficiency.

If one looks at a long term view, the self-sustaining equilibrium
thorium cycle in PHWR-PT is the most fuel efficient system. But if one
vants to confine one's field of vision to a region where growth of nuclear

power does not reach a stage of saturation, then natural uranium with
plutonium recycling in the pressure tube type reactor is the best option. In
case one has to assume an unrealistic, and perhapsunacceptable, scenario
of not reprocessing the discharged fuel at all, then the HTGR system with
highly enriched uranium and thorium is the best. It is true, though strange,
that the system which is currently the most successful one in the commercial
sense, viz. Pressurized Water Reactor, does not figure in the merit list
under any scheme of classification. Perhaps, the answer to this paradoxical
situation may be that engineering-wise the PWR might be a very simple
system. Furthermore, historically it had the advantage of being the only
system which was suitable for nuclear propulsion of submarines. Evidently
the PWR system had gained a lot from the developmental effort that
preceded the introduction of nuclear submarines. Compactness is an important
characteristic that is desired in nuclear propulsion, and light water with
the excellent neutron slowing down characteristics of hydrogen has hardly
any competetion as far as compactness is concerned. But, if one is concerned
about conserving the limited quantities of nuclear fuel resources available
in nature for the generation of electricity, compactness is of no importance
and PWR is not the winner in the race for fuel utilization efficiency.
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A COMPARATIVE EVALUATION OF FUEL UTILIZATION BY
DIFFERENT THERMAL REACTOR SYSTEMS

S U M M A R Y

1. Usually comparative evaluation of effective fuel utilization by
different thermal reactor systems is carried out by estimating the amount
of electrical energy that is generated by each one of the different reactor
systems from a given quantity of mined natural uranium. In the case of those
thermal reactors which work on natural uranium, the computation is quite
straightforward. But in the case of reactors working with enriched uranium,
the quantity of electric energy produced per kg of mined uranium depends
on the the U235 content in the tailings from the enrichment plant.
In a realistic situation, when the installed nuclear capacity is growing at
a steady rate, the quantity of electricity generated per kg of natural
uranium used in the power programme depends on the natural uranium
inventory needed to start new reactors. In order to estimate the natural
uranium inventory requirements the growth of nuclear capacity may be
assumed to be at a specified annual rate. The relative merits of the different
reactor systems and fuel cycles can be assessed by estimating the total
quantity of natural uranium that would be needed for each of the different
options available over a period of pre-specified number of years. The growth
rate of installed nuclear capacity can either be assumed or can be computed
by the well established Fisher-Pry model.

2. Four different types of thermal reactors are considered. They are :

(a) Pressurised Water Reactor (PWR),

(b) Pressurised Heavy Water Reactor with Pressure Tubes
(PHWR-PT),

(c) Pressurised Heavy Water Reactor with Pressure Vessel
(PHWR-PV), and

(d) High Temperature gas cooled Graphite Reactor (HTGR).



A brief description of each of the four different reactor systems and the
salient features of the technology are given.

The most commonly used reactor type at present is the Pressurised
Water Reactor (PWR). Although the Boiling Water Reactor (BWR) continues
to be one of the nuclear steam supplying systems , PWRs are much more
preferred over BWRs. A standard PWR design is chosen to represent the
Light Water Reactor (LWR). BothPHWR-PT and PHWR-PV are commercially
available. HTGR is recognised to be a very promising type of thermal
reactor with attractive safety features. Further, its fuel utilization
efficiency is much less dependent on the type of fuel used. Prototypes
of HTGR have been in operation, and their performance is reported to be
quite promising.

3. The engineering design of a reactor is usually optimised so that
it can work with different fuel cycles. In this analysis, established designs
have been used, without making any attempt to reoptimise the mechanical
and structural design for each of the individual fuel cycles considered. It
is believed that the flexibility to use different fuel cycles is an essential
requirement of any design. Besides, the optimal mechanical and structural
design for one fuel cycle is not expected to be significantly different
from the optimal design for another fuel cycle. In any case, the fuel cycle
parameters such as initial enrichment, discharge burnup etc have been
suitably optimised for each design.

Nevertheless, parametric studies were carried out in the case of
pressurised heavy water reactors with presuure tube. The justification for
choosing the pressure tube type heavy water reactors alone for detailed
parametric studies, and the motivation for doing that, lie in the fact that
the Indian nuclear power programme is based on such reactors, and hence
, optimisation of the fuel cycle for heavy water reactors has immediate
relevance to the national nuclear power programme.

4. Neutronics characteristics of the different types of fuel cycles that
are considered were evaluated using a well established neutron energy
structure of 54 fast groups and 30 thermal groups for neutron spectrum
calculation, and by generating 4 condensed group crosssections for further
diffusion theory calculations and fuel burnup analysis.



5. The fuel utilization efficiency of a reactor essentially depends on
the specific power and the discharge fuel burnup, both being measured in
terms of natural uranium, and not enriched uranium. Specific power,
which depends on the fuel and thermal hydraulics design of the reactor,
gives a measure of the efficiency of the coolant in removing the fission
energy released in the fuel without violating any of the safety requirements.
The higher the specific power, the lower the fuel inventory required to start
the reactor. The maximum fuel burnup that can be attained in a reactor
before the fuel is discharged depends on the neutron economy prevailing
in the reactor, and on the fuel management scheme used. In the case
of reactors using enriched uranium, energy produced per kilogram of mined
uranium depends on the U235 content in the depleted uranium tailings
from the uranium enrichment plant. Strictly speaking, the net electricity
made available from a given quantity of natural uranium by using it in
a reactor working on enriched uranium fuel cycle also depends on the
energy that is consumed during the uranium enrichment process. This
quantity has negligible effect on the net electricity generation, though.
However, in order to demonstrate that the effect of energy consumption
for the enrichment process is negligible, it has been quantitatively analysed.

6. For each of the different thermal reactor systems a number of feasible
fuel cycles have been considered. Each of the fuel cycles has been analysed
in detail in order to determine the characteristic parameters of the fuel
cycle. Some of the fuel cycles in which the discharged fuel is not reprocessed
has also been considered. This does not imply that such fuel cycles are
expected to have fuel utilisation characteristics comparable to those in which
the discharged fuel is reprocessed and recycled. The once-through cases have
been considered partly to highlight the importance of recovering the fissile
material from the discharged fuel and recycling it in the reactor.

7. In the case of PWR, three different types of fuel cycles have been
considered :

i. a once-through low enriched uranium fuel cycle;

ii. low enriched uranium with recycling of self-generated
plutonium; and

iii. enriched uranium mixed with thorium, with recycling of the
self-generated Pu and U 233 with thorium as the diluent.



8. In the case of Pressurised Heavy Water Reactor with Pressure Tubes
a number of fuel cycles are possible. Natural uranium once-through and
natural uranium with recycling of self-generated plutonium are possible
in heavy water reactors. The self-generated plutonium can be recycled
either with natural uranium or with thorium. The U233 recovered from the
discharged thorium fuel also can be recycled with thorium. Natural uranium
with recycling the recovered fissile material with thorium has good potential
to achieve a self-sustaining stage at which the only external material
that will have to be fed will be thorium . Such a self-sustaining equilibrium
thorium (SSET) cycle in a PHWR-PT system is quite attractive. The use of
slightly enriched uranium containing about 1.2% U235 has been found to
result in reducing the total quantity of natural uranium required compared
to the natural uranium fuel cycle in heavy water reactors. The slightly
enriched uranium fuel cycle is also amenable to recycling the self-
generated plutonium. Another fuel cycle which has fairly attractive
features in a PHWR-PT system is the use of thorium with highly enriched
uranium and to irradiate the fuel to relatively high levels of burnup in a
once-though mode operation.

A parametric analysis has been carried out in the case of PHWR-
PT system operating on the different fuelcycles in order to arrive at the
optimal fissile material concentration. The analyses have been done with
the quantity of natural uranium consumed as the parameter to be optimised.

9. The Pressurised Heavy Water Reactor with Pressure Vessel, using
heavy water as moderator and coolant, also is well suited to work on both
natural uranium and slightly enriched uranium fuel cycles. Both with
natural uranium and with slightly enriched uranium, it is possible to
consider once-through fuel cycle as well as recycle of self-generated
plutonium.

10. The last type of thermal reactor that has been considered is the High
Temperature gas cooled Graphite Reactor using pebble bed type core. At
present HTGR is not as widely used as the PWR or the two types of PHWR.
However, recognition of the fact that both from the point of view of safety,
and from the standpoint of commercial viability, HTGR is a little more
attractive than the present day design of water reactors is gathering
momentum. HTGR is also suitable to be used with a number of different



types of fuel cycles using low enriched uranium, medium enriched uranium
or highly enriched uranium. Unlike in the case of water reactors, due to
the comparatively high neutron temperature or harder neutron spectrum
prevailing in HTGR, there is hardly any difference in the relative
performance of the different fissile nuclides in HTGR. In all these cases
the fuel cycle can be optimised either for once-through use or with
reprocessing and recycling the fissile material with thorium.

11. A simple method to make a comparative evaluation of the fuel
utilization efficiency of a reactor working on a specific fuel cycle is to assume
that the installed capacity from that type of reactor working on the chosen
fuel cycle is growing at a specified annual rate and to estimate the annual
and , cumulative natural uranium requirement to support the installed
capacity. The dependence on initial fuel inventory can be analysed by
changing the growth rate of the installed nuclear capacity. The annual and
cumulative natural uranium requirements for two different growth rates
have been evaluated and analysed for each of the different reactor systems
working on the different fuel cycles considered.

12. The realistic situation is one in which the role of nuclear power
in meeting the demand for total installed capacity is determined by
parameters and factors which usually decide the market penetration of
any new product. The Fisher-Pry model, propounded during the early
seventies, has been found to predict the market share of new products in
a well established commercial market, with fairly well demonstrated
accuracy. This model is used to derive the growth pattern of installed
nuclear capacity, and it is assumed that the demand for nuclear capacity
is met by one of the different reactor system and fuel cycle combinations
that have been discussed. For each scenario the annual and cumulative
natural uranium requirements have been computed.

13. The results of the computation to determine the natural uranium
requirement give a satisfactory and clear indication of which reactor system
in combination with which fuel cycle is more efficient in the utilization of
mined uranium.



1. INTRODUCTION

Even though fission of heavy nuclei is the mechanism for the release
of energy in all the different types of nuclear reactors that have been
developed over the last few decades, and although for all practical purposes
the quantity of energy released in a fission reaction is the same, irrespective
of the type of reactor in which fission reaction takes place, there is
considerable variation in the amount of energy that can be effectively
made available by the different types of reactors from a given quantity
of the naturally occurring nuclear fuel resources, viz. uranium and
thorium. This fairly wide range of fuel utilization capability of the different
types of nuclear reactors is the result of the differences in the neutronics
behaviour of the different types of reactors working on the various fuel
cycles that are possible. Differences in the nuclear characteristics of the
moderator, coolant and structural materials used in nuclear reactors, and
the relative proportions of the quantities of these materials used in the
different types of reactors, are to a great extent responsible for the differ-
ences in the fuel utilization characteristics of the different types of reactors.
Nevertheless, the design of any particular type of nuclear reactor can
be chosen in such a way that some of the performance characteristics, such
as fuel utilisation efficiency and cost of energy generation, are within
certain permitted ranges. Often the dependence of the performance
characteristics on the design parameters is of such a nature that design
modifications aimed at improving one performance characteristic may
result in making another one less attractive. The final design of a reactor
is frozen in such a way that the overall performance under the given set
of economic and technical parameters is the optimum one. Often the final
design is so chosen as to make the cost of electricity generation the lowest
under the prevailing economic conditions. Of course, there are certain basic
features related to ensuring safety of the public and of the operating
personnel, which are viewed as basic essential requirements that can not
be violated. The design of any particular type of reactor frozen after taking
into consideration the economic parameters and invoilable engineering
constraints, can be accepted as the optimized design for that type of reactor
whenever the underlying economic parameters are valid.

Having accepted the fact that the design data of the different
types of reactors are all optimized values, the relative merits of the different



reactor systems will depend on the frame work under which the merits
are analysed. The technological development and the consequent engineer-
ing capability of a country to manufacture the components and equipment
required for a given type of reactor, the total electrical energy that can be
generated from a given quantity of naturally occurring nuclear fuel
material, the maximum installed electricity generating capacity that can
be attained and sustained with the available nuclear fuel, and the rate
at which the total installed nuclear electricity generating capacity can
grow, are some of the items that have to be considered while evaluating
the relative merits of the different types of reactors. The relative importance
of each of these considerations in comparison with the cost of electricity
generation depends on the particular milieu.

In a world with ever dwindling natural resources, the effective
utilization of the limited quantities of natural resources that mankind
is endowed with should assume great importance. The significance of
better utilization of any natural resource is often overlooked when the
resource under consideration is available in plenty. However, once a natural
resource becomes scarce, or more expensive, better utilization of the resource
assumes greater importance. In the case of nuclear reactors, the efficiency
of a reactor system to utilize fuel resources is not of much significance
as long as inexpensive natural uranium is available in plenty. Once the
low cost uranium gets exhausted and the cost of recovering uranium from
poor quality ores goes up, or the availability of uranium itself becomes rather
uncertain, then the ability of a reactor system to make use of the limited
quantity of available uranium resources assumes a great deal of importance.

Most of the analyses of fuel utilization by different types of reactors
that have been carried out internationally have considered one isolated
unit of the given type of reactor in order to estimate its fuel utilization
characteristics. This method does not give an accurate measure of the
potential of the particular type of reactor for electricity generation with
a given type of nuclear fuel cycle in a situation where the quantity of natural
uranium available is limited to a specified value and the total installed
capacity is growing. Because of the differences in the annual running
requirements and initial core inventory requirements of different types
of reactors, the total cumulative natural uranium requirement for a given
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reactor system providing a certain growth rate of installed nuclear capacity,
starting from a base of installed nuclear capacity, depends also on the
particular growth scenario envisaged.

The total growth of installed nuclear capacity will be decided by
the ability of nuclear power plants to penetrate into the electric power supply
industry. The exact time frame for the introduction of nuclear power in a
country will depend on a number of considerations which may be neither
technical nor economical. This particular aspect has not been examined
in the present investigation. It is confined to an analysis of the fuel
utilization characteristics of different types of nuclear reactors based on the
neutronics characteristics of the specific reactor system and of the fuel cycle
considered. Once the introduction of nuclear energy has progressed to a
certain minimum level, the percentage contribution from nuclear to the
total electricity generating capacity should grow at a rate following a
well established pattern. Localised perturbations to the traditional growth
pattern can be expected due to influences which are other than technological
and economical in nature. However, these perturbations can be considered
as mere ripples and can be expected to disappear without leaving any
significant long term impact on the overall general trend of nuclear capacity
growth.

In almost all the countries of the world construction of fast reactors
is being postponed. In such a situation it may be more attractive to recycle
the self-generated fissile material in the same type of thermal reactors. As
such, the fuel utilization characteristics of thermal reactors in an environ-
ment of growing installed nuclear capacity based entirely on thermal
reactors and working on the different possible fuel cycles, both the monce-
through type and with fuel reprocessing and recycling of the recovered
fissile material, are of importance.

After the fuel cycle characteristics of isolated single reactor systems
working on the various possible fuel cycles are determined, fuel utilization
characteristics of the different types of thermal reactors are analysed
by taking an isolated reactor into consideration and assuming that
the installed capacity from the particular type of reactor is growing at
the rate dictated by the market penetration theory. These fuel utilization
characteristics are called global fuel utilization characteristics in order
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to differentiate them from the point fuel cycle characteristics of a single unit
of a reactor system that was discussed earlier.

The general technological details of the different thermal reactors
considered in this analysis, viz. Light Water Reactors (Pressurized Water
Reactor), Heavy Water Reactors (both Pressure Tube type and Pressure
Vessel type), and High Temperature Gas cooled Reactors are given in
Chapter 2. A brief description of the well established and very commonly
used theoretical model used in the neutronics analysis of the various
fuel cycles in the different thermal reactor systems is given in Chapter
3. A brief discussion of the design parameters which are of importance
in evaluating the fuel utilization characteristics of reactor, no matter what
type of reactor it is, can be seen in Chapter 4. The results of fuel cycle
analysis of thermal reactors, which are needed for evaluating fuel
utilization characteristics are discussed in Chapter 5.

In all the thermal reactor systems the fuel cycles chosen are those
which have been considered internationally. However, in the case of
Pressurised Heavy Water Reactor with Pressure Tubes (PHWR-PT) a number
of additional fuel cycles have been analysed in detail. The cases considered
and the results are given as Appendix I to Chapter 5. As explained in the
Summary, the motivation and rationale for analysing the PHWR-PT system
in greater detail lie in the fact that this particular reactor system is the
work horse of our national nuclear power programme. Out of all the fuel
cycles considerd in Apendix I of Chapter 5, only those which appeared
to be worth considering are included in the subsequent analyses.

The analysis in Chapter 5 is based on a single unit of a reactor system
operating on one of the indicated fuel cycles. However, as mentioned
earlier, the fuel utilization efficiency of a reactor type depends on the rate
at which the installed nuclear capacity grows. A simple method to estimate
the installed nuclear capacity in a growing system is to assume that the
installed nuclear capacity increases every year at a specified rate. The
fuel utilization of a reactor in a situation where the installed capacity is
growing at a constant rate has been called "global fuel utilization'VThe
global fuel utilisation characteristics are discussed in Chapter 6.
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In all the analyses in Chapter 6, an arbitrary growth rate of installed
nuclear capacity has been assumed. There are scientific methods available
to predict the growth of installed nuclear capacity. During the early seventies
a new technique was developed for analysing the diffusion of new technolo-
gies, and to forecast the market penetration of new industrial products. This
method is commonly known as the Fischer-Pry model, named after the two
engineers of General Electric Co of the USA who developed this model. In
the present analysis this method has been employed in order to project
the growth of installed nuclear electricity generating capacity, which is
used to analyse the fuel utilization characteristics of different types of
thermal reactors. Adaptation of a method initially developed for predicting
market penetration of new products, in order to compute the share of
nuclear capacity in total electricity generating capacity is presented in
Chapter 7. The results obtained from this analysis have been called, for
want of a better terminology and in order to distinguish them from the
static and global fuel utilization characteristics, "dynamic fuel utilization
characteristics". The results are presented and discussed in Chapter 7.
There is no reason to doubt the usefulness of established procedures that
have been successfully used in market analysis, in the analysis of the
penetration of nuclear power in the total installed electricity generating
capacity. An analysis of this kind based purely on the neutronic aspects
of the different types of reactors gives valuable insight into the relative
merits of the different types of reactors.

It has to be admitted that often the final choice of a reactor system
may be based on considerations which may have hardly anything to do
either with the technology of the reactor system or with its fuel utilization
characteristics. However, that does not reduce the importance of having an
analytical method with sound scientific foundation, in order to investi-
gate the relative merits of different reactor systems from the point of view
of fuel utilization. Besides, the analytical method is capable of ranking
all the different thermal reactor system - fuel cycle combinations in the
order of their fuel utilization efficiency. If one wants to, one can eliminate
those reactor systems and fuel cycles, which are not acceptable due to some
or other consideration which may not be scientific in nature, and then
choose from among the acceptable systems after giving careful weightage
to the fuel utilization efficiency. It is that kind of freedom and flexibility
that is offered by the methodology and results of analysis reported in this
document.



2. REVIEW OF THERMAL REACTOR SYSTEMS

2.1 Introduction

During the last forty odd years, a number of thermal reactor
systems have been suggested and analysed in detail by different design
and development groups throughout the world. There are two types of
reactors using light water as moderator and coolant. As discussed in Section
2.2.1 the Boiling Water Reactor is gradually giving way to the Pressurised
Water Reactor, and as such the only light water moderated reactor system
that probably deserves consideration now is the Pressurised Water Reactor.
Among the different reactor systems using heavy water as moderator, the
Pressure Vessel type and the Pressure Tube type, both using heavy water
as moderator and coolant, are commercially successful. Hence both the
systems deserve consideration. Though graphite moderated reactor system
was the first one to be developed for central electricity generating stations,
both the first generation Magnox type and the second generation Advanced
Graphite Reactor have turned out to be uneconomical. At present the
only graphite moderated reactor with commercial potential seems to be the
High Temperature Graphite Reactor using ceramic fuel and helium
coolant. Hence, the four types of thermal reactors which can be considered
at present as well established systems with reasonably assured future
prospects are :

1. Pressurised Water Reactor (PWR),

2. Pressurised Heavy Water Reacator with
Pressure Tube (PHWR-PT),

3. Pressurised Heavy Water Reactor with
Pressure Vessel (PHWR-PV) and,

4. High Temperature gas cooled Graphite Reactor (HTGR).

Out of these four reactor systems, the PWR is currently the most
widely used in many countries of the world. The PHWR-PT is the system
with the best proven performance record, and is being used in a number

11
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of countries. The Pressure Vessel Heavy Water Reactor system has been
fully developed, is commercially available and has had some international
commercial success as well. The high temperature graphite reactor, though
not yet established on a commercial footing, has certain features which
make it very attractive. In addition to its use in central power generating
plants, HTGR is well suited for applications where very high temperature
is needed, such as in metallurgical industry and coal gasification. It is also
a good reactor system for working on thorium fuel cycles. In the long run
these characteristics may give certain definite advantage to the High
Temperature gas cooled Graphite Reactor.

Even though it is not a very significant one, the size of the reactor
does have some influence on the neutronics of a reactor system, and
thereby on the fuel utilization characteristics. In this analysis it has been
assumed that all the different reactor systems are of about 1C00 MWe size.

2.2 Pressurised Water Reactor (PWR)

2.2.1 Introduction

Pressurised Water Reactor was originally developed for deployment
in nuclear powered submarines. Light water, because of the hydrogen
contained in it, is the most efficient neutron slowing down material that
is easily available in nature. Owing to its high slowing down efficiency,
relatively small quantity of light water is enough to achieve complete
thermalisation of neutrons. Thus, light water reactors can have higher
power density, and consequently lower core volume for the same total
reactor power, than any other type of thermal reactor. In other words, LWRs
are very compact in size. The compactness of this reactor system is one
of the features that make it particularly suitable for marine propulsion.
Pressurised Water Reactor uses light water as moderator and coolant.
In order to attain satisfactorily high temperature without permitting the
coolant to boil, water is maintained at about 158 bar pressure. Though light
water is an excellent neutron moderator - which is why the size can be
compact - it is a fairly good neutron absorber. Hence, enriched uranium
is essential to run a PWR. Currently almost all PWRs use enriched uranium
in the form of uranium dioxide, containing 2.5 to 4.5% U235, as fuel.
However, PWRs can work with other fuel cycles as well. Because of the very
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compact size and a few other attractive characteristics of PWR, all the
nuclear powered submarines and ships throughout the world use PWR
to provide the shaft horse power.

The relatively high system pressure makes it necessary to have
rather thick pressure vessels for a Pressurised Water Reactor. The hot
coolant coming out of the PWR core is circulated through a steam generator
to produce steam, which will be sent to a turbine. If the coolant water can
be permitted to boil inside the reactor, the design pressure can be reduced
to about 75 bar, and the steam generator can be eliminated. Then the
reactor becomes a Boiling Water Reactor (BWR). The reduction in the
pressure vessel thickness and the absence of steam generator were thought
to result in improved economy. However, over the years the Boiling Water
Reactor has emerged as the less attractive of the two different light water
reactor (LWR) systems. While the Pressurised Water Reactor is being
marketed by 3 out of the 4 major nuclear power reactor manufacturers in
the USA, the Boiling Water Reactor is being offered by only one reactor
vendor in the U.S. Besides, outside the USA, reactor manufacturers in
France, West Germany and Japan have adopted the PWR, while only
one reactor supplier in Sweden and another one in Japan tried to market
the Boiling Water Rector. Almost all the new LWRs being added anywhere
in the world currently are PWRs. Taking these factors into consideration,
Pressurised Water Reactor (PWR) has been taken to represent the Light
Water Reactor genus. Apart from the fact that Pressurised Water Reactor
is now capturing all the market share of Light Water Reactor, another
factor that contributed to the decision to consider PWR alone, and not BWR
as well, is that, for a given fuel cycle there is no substantial difference
between the fuel utilization characteristics of PWR and BWR.

2.2.2. Reactor Description

The reactor core is contained in a vertical stainless steel pressure
vessel of about 4.6 m diameter, with about 24 cm wall thickness, and with
a height of 11 m, including a closure head which can be removed at the
time of the refuelling operation. The pressure vessel is surrounded by water
and a concrete structure, which together serve as biological shielding to
protect personnel from neutrons and gamma rays coming out of the reactor.
The biological shielding and the pressure vessel are opened during the
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refuelling operation. Coolant water from the reactor goes to the steam
generator where the heat energy contained in the coolant is transferred to
the secondary coolant, viz. demineralised water. The primary coolant at
reduced temperature coming out of the steam generator is pumped back to
the reactor, while the steam produced in the steam generator is sent to a
turbine. Usually the entire reactor heat transport system is divided into
four loops so that coolant flowing through a quarter of the total number
of fuel assemblies will have an independent loop consisting of a pump and
steam generator. In addition to one steam generator to each loop, the entire
reactor system will have a presssuriser which is also known as surge tank
or accumulator. The surge tank absorbs all the pressure fluctuations that
are bound to be present in the coolant circuit. The accumulator contains
water and steam in dynamic equilibrium. The irradiated fuel removed from
the reactor has to be cooled for a few months before it can be reprocessed
or disposed of in any other manner. The discharged fuel is naturally
highly radioactive, and the storage pool is made in such a way that no
radioactivity can escape into the environment. The reactor block, the
primary coolant pumps, the steam generator and the accumulator are all
contained inside a steel and concrete containment structure designed to
withstand a certain level of excess pressure at temperature well above
100 degrees C. The containment is almost leakproof, with the maximum
leakage rate being 0.25% of the total volume per day. The containment
building of about 60 m diameter with a wall thickness of about 60 cm
provides shielding from radiation. Besides, the containment building
will hold any radioactivity that may be released to the reactor containment
from the reactor or from the primary heat transport system in the unlikely
event of an accident. Attached to the reactor building there is the turbine
building, electrical power supply equipment building, reactor auxiliary
building etc. The essential features are shown in Fig. 2.1

Inside the reactor vessel there are 241 fuel assemblies. The core
layout of the PWR is shown in Fig. 2.2 The design parameters of the
core are given in Table 2.1. Each assembly contains enriched uranium oxide
fuel rods arranged in an array of 16 x 16, with 20 out of the 256 locations
being occupied by five guide tubes, each guide tube containing either control
elements or reactor instrumentation. The cross section of a PWR fuel
assembly is shown in Fig. 2.3. The design parameters of the fuel assembly
are given in Table 2.2. In the initial core, according to the current practice,
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the fuel assemblies will have fuel rods with three different enrichments,
and some of the fuel rods will contain gadolinium as a burnable poison.

2.3 Pressurised Heavy Water Reactor with Pressure
Tube (PHWR-PT)

2.3.1. Introduction

Preliminary experimental and theoretical investigations carried out
immediately after fission reaction was discovered indicated that although
deuterium is not as efficient a neutron slowing down material as hydrogen,
owing to its almost zero neutron absorption cross section, heavy water
could be the best neutron moderating material. A few grams of Norwegian
heavy water that was taken to Canada just before Norway was occupied
by Hitler's army became the nucleus of reactor research in Canada, and
eventually led to the development of the Pressure Tube Pressurised Heavy
Water Reactor using natural uranium as fuel. The Nuclear Power Demon-
stration (NPD) reactor of 25 MWe power output built at Rolphton during
the fifties, and the 200 MWe Douglas Point power station built near Toronto
during the early sixties, demonstrated the technological feasibility of this
reactor system. The Pressurised Heavy Water Reactor with Pressure Tube
(PHWR-PT), which was used in the 8 unit Pickering and Bruce Nuclear
Power Stations in Canada, has established itself as the most reliable type
of reactor, judged from performance characteristics such as plant availa-
bility and utilization factor. Owing to the on-load fuelling of PHWR-PT,
the reactor need not be shut down for carrying out refuelling operation,
thereby giving a high availability factor. In addtion to its ability to
work with natural uranium fuel, the PHWR-PT system is modular in nature
and consequently reactor units of different sizes can be built using the same
modules. Though many units of 200 MWe and 500 MWe are in operation,
600 MWe and 750 MWe are currently the standard design sizes. The fuel
utilization characteristics do not show any substantial size dependence,
especially beyond this power level.

Out of the three neutron slowing down materials used as moderator
in a reactor, heavy water has the lowest neutron absorption crosssection
and has better slowing down properties than graphite. However, as the
slowing down power of heavy water is relatively low, compared to light water
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or graphite, a much larger quantity of the moderator is needed to achieve
effective neutron slowing down. Nevertheless, owing to the almost zero
neutron absorption in heavy water, given adequate quantity, the average
energy of neutron in a heavy water reactor is considerably lower than that
in graphite moderated or light water moderated reactors. Since the quantity
of heavy water required for achieving effective neutron moderation is
significantly larger than what is needed to remove the energy released in
fission, a relatively small portion of the heavy water alone is circulated as
coolant through pressure tubes. The bulk of the heavy water playing
the role of neutron moderator is kept at lower temperature and lower
pressure.

2.3.2 Reactor Description

The reactor core is contained in a horizontal stainless steel calandria
of about 6 m length and 7.6 m inside diameter, with 2.9 cm wall thickness.
The calandria vessel, with an end shield on either side, is housed in a
calandria vault which acts as the biological shielding for ionising radiations.
The calandria vault is inside the reactor containment building. The reactor
building is a vertical double domed cylindrical structure of pre-stressed
concrete with 42.5 m diameter, 1 m thickness and about 51 m height. The
containment is designed to withstand a pressure of about 2.25 bars. The
essential components of a PHWR-PT reactor system are shown Fig. 2.4.

The calandria vessel contains 400 horizontal fuel channels. Each fuel
channel consists of a 6 m long calandria tube made of Zircaloy-2 with inside
diameter of 12.92 cm and wall thickness of 1.4 mm. Inside the calandria
tube is housed the pressure tube made of Zirconium-2.5% Niobium alloy.
The pressure tube has a length of 630 cm, outside diameter of 11.16 cm
and wall thickness of about 4.3 mm. Each pressure tube houses 12 fuel
bundles. One bundle has 37 fuel rods arranged with one pin in the centre,
and 6, 12 and 18 pins in three concentric circles of 1.49 cm, 2.88 cm and
4.33 cm radii. Each fuel rod contains a number of fuel pellets of about
12.16 mm diameter stacked inside a cladding tube of Zircaloy-4 of 13.1
mm outer diameter and 0.42 mm wall thickness. One bundle contains
about 18.5 kg natural uranium as uranium oxide. If the reactor is working
on the natural uranium fuel cycle, which is what is now being used in all
the operating PHWR-PT power reactors, the reactor core will contain a total
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of about 90.6 T natural uranium. The design parameters of the reactor
are given in Table 2.3, while the parameters of the fuel assembly are given
in Table 2.4.

Each reactor has two fuelling machines , one on either side of the
reactor. These fuelling machines carry out refuelling operation when the
reactor is running at power. In order to re-fuel any particular channel,
the two fuelling machines are connected toeither end of the coolant channel
without losing any substantial amount of heavy water. Most of the heavy
water lost at the time of refuelling is recovered. During the refuelling
operation the coolant flow is maintained through the fuelling machines.
Usually 8 fresh fuel bundles are pushed in from one side, and 8 irradiated
fuel bundles are pushed out into the fuelling machine at the other end.
In adjacent fuel channels fresh fuel bundles are loaded from opposite sides
so that neutron flux and power peaking at one end can be avoided.

Since the fuel used so far in all the operating reactors is natural
uranium, and as the irradiated fuel is being replaced without any reactor
shutdown when the fuel burnup reaches about 7,000 MWD/T, the excess

-reactivity that is required in the fresh core is very low. Under equilibrium
condition when fresh fuel will be loaded at the rate of a few bundles every
day, the excess reactivity in the PHWR-PT core is very small, of the order
of about 10 ink. This may be compared to more than 100 mk in a PWR
just after one refuelling operation after the equilibrium condition is
reached. Such low excess reactivity makes much less stringent demands on
the control system. Usually a PHWR-PT system has a primary shutdown
mechanism of solid neutron absorber rods falling through vertical guide
tubes. In addition to the primary shutdown system, there is a secondary
reactivity mechanism. Often it consists of liquid poison injected into the
moderator at high pressure. The actual locations where the neutron
absorbing material is introduced into the reactor core are not of any
consequence in the analysis of fuel utilization. The above considerations
have significant importance in ensuring reactor safety.

The core layout is shown in Fig. 2.5. The guide tubes for introducing
reactivity control mechanism are all perpendicular to the fuel channels.
Cross section of the fuel bundle and the fuel bundle itself are shown in
Fig. 2.6.



18

The horizontal fuel channels are divided into four banks. In adjacent
channels the flow of coolant is in opposite directions. The ends of the
pressure tube are connected to coolant feeder pipes which join together at
the inlet or outlet headers. Each loop has a coolant circulation pump and
a steam generator. In this system also a pressuriser is provided to take
care of fluctuations in the primary heat transport system pressure.
Demineralised light water passing through the secondary side of the steam
generator is converted into steam due to transfer of heat energy from the
primary coolant heavy water to the light water in the steam generator.
The steam goes to a turbine, and the cooled heavy water returns to the
reactor. Since heavy water is an expensive material, the primary heat
transport system is designed to meet high standards of leak tightness. Apart
from loss of heavy water, escape of tritium, which is a health hazard, if
inhaled, is another consideration in demanding low leakage standards.

2.4 Pressurised Heavy Water Reactor with
Pressure Vessel (PHWR-PV)

2.4.1 Introduction

The modular structure of the pressure tube type reactor has undoubt-
edly a few advantages. As the bulk of the neutron moderation is by
relatively low temperature heavy water at about 70 degrees C, the neutron
spectrum is very well thermalised. Besides, as the diameter of the pressure
tubes is rather small, there is no need to fabricate heavy pieces of equipment
like a large sized pressure vessel. However, if the individual pressure
boundaries in the form of the pressure tubes and the calandria tubes are
removed, and if a single pressure vessel is used as the sole pressure
boundary containing all the moderator and coolant heavy water, the
engineering becomes similar to that of the Pressurised Water Reactor
(PWR) system. It also eliminates the labyrinth of feeder pipes connecting
the individual coolant channels with the main coolant header. Thus, a
pressure vessel type heavy water reactor combines the excellent neutronics
characteristics of the heavy water reactor and the technology of the more
commonly used Pressurised Water Reactor. The Federal Republic of Germany
pioneered the development of the technology of pressure vessel type heavy
water reactor. The 57 MWe Multi-purpose Research Reactor (MZFR) unit
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which we.s built and operated from 1965 to 1985 at Karlsruhe in the Federal
Republic of Germany, and the 367 MWe Atucha-1 built by KWU of Germany
in Argentina established the viability of the PHWR-PV system. Since
the quantity of heavy water that is needed for effective moderation,
compared to the amount of light water in a LWR, is relatively large, the
core size of a PHWR-PV is much larger than that of a similar PWR of similar
power output. The size of the pressure vessel for a PHWR-PV often puts
a limit on the largest size of a PHWR-PV reactor unit.

2.4.2 Reactor Description

Pressure vessel type heavy water reactor is commercially available
at different power ratings. The size of the pressure vessel that is required
to house the reactor core is likely to be the limiting factor in deciding the
largest size PHWR-PV unit that can be built. A design of 665 MWe capacity
is considered in this analysis. The reactor core is housed in a stainless steel
pressure vessel of about 14.3 m height and 7.4 m diameter, with a wall
thickness of 26 cm. Although the entire bulk of heavy water is at the same
pressure, the coolant and the moderator portions are separated with the
help of coolant channels. The coolant channels do not constitute a pressure
boundary, and evidently they need not be thick. The coolant channels
are of 5.5 cm inside radius and of 2.5 mm wall thickness. They are made
of Zr-2. The reduced quantity of zircaloy in the core improves the neutron
economy. However, the higher moderator temperature of 170 degrees
C, compared to 70 degrees C in the PHWR-PT system, reduces the effect of
this benefit.

Inside the pressure vessel 428 coolant channels are arranged
vertically. Each coolant channel of 11 cm diameter contains fuel
assemblies containing 37 fuel rods of 1.2 cm diameter with zircaloy
cladding of 0.55 mm thickness. The fuel is 5.4 m long and the coolant
channels are arranged in a triangular array with a lattice pitch of 26.2
cm. Like the pressure tube variety, the PHWR-PV system also follows the
practice of on-power fuelling. However, unlike in the horizontal PHWR-
PT system, in the vertical PHWR-PV reactor refuelling operation is carried
out by a fuelling machine housed at the top of the reactor pressure vessel.
This results in certain simplifications in the reactor design. In the PHWR-
PT there are two end-closure plugs, one on either end of the coolant tube.
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The PHWR-PV system has only one closure plug for each channel. The
coolant channel closure head, along with the coolant closure plug, constitutes
the pressure tight closure of the coolant channel.

The coolant at a high temperature of 315 degrees C coming out of
the reactor core is taken to a steam generator. The coolant heavy water
coming out of the steam generator at a lower temperature of 275 degrees
C is pumped back into the reactor. The heat energy transported from the
reactor by the coolant heavy water is passed on to demineralised water
in the steam generator so that the water will be converted into steam at
high temperature and high pressure. Thus the primary heat transport
system consists of the reactor core housed inside the pressure vessel, the
steam generator and the coolant pumps. A pressuriser is included in
order to take care of pressure fluctuations. The relevant design data are
given in Table 2.5. The heavy water is at a pressure of 115 bars. The coolant
heavy water is at average temperature of 295 degrees G. The moderator
portion of the heavy water is maintained at about 170 degrees C. The layout
of the PHWR-PV system is shown in Fig. 2.7. The core layout is shown
in Fig. 2.8 . Table 2.6 gives the design data pertaining to the fuel assembly.
Fig. 2.9 shows the PHWR-PV fuel assembly.

The thermal insulation between the moderator and the coolant
in the PHWR-PV is not as good as in the PHWR-PT system. Consequently
a substantial part of the fission heat appears in the moderator, thereby
raising its temperature. The moderator temperature is usually kept at
about 170 degrees C by circulating the moderator heavy water through
a separate heat transfer system. The heat energy removed from the
moderator is used in heating the feed water going to the steam generator.

The balance between the reduced parasitic neutron absorption in
structural materials in the reactor core, and the effect of the higher neutron
temperature on neutron balance will depend on the particular type of fuel
cycle chosen. The net result may be to reduce the fuel utilization efficiency
in the case of uranium and plutonium based fuel cycles. This effect will
be much less pronounced with thorium cycles.
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2.5 High Temperature Graphite Reactor

2.5.1 Introduction

Next to heavy water, graphite is the best neutron moderator.
As it is much more abundantly available, the first chain reactor built in
the University of Chicago used graphite as moderator. Graphite, like heavy
water, can make a natural uranium fuelled reactor critical. The first commercial
nuclear power station built at Calder Hall in the U.K. is with graphite
moderated, natural uranium fuelled and carbon dioxide cooled reactor,
which is commonly known as Magnox reactor. Though the early Magnox
reactors were competitive with fossil fuelled power stations, they have a
few drawbacks associated with the use of metallic fuel. Besides, graphite
used in Magnox reactors had problems associated with Wigner energy
release. Carbon dioxide is not a particularly efficient coolant, either.

The High Temperature gas cooled Graphite Reactor (HTGR) offers
the attractive features of graphite moderator without the drawbacks of the
first generation Magnox reactors; these defects were mostly due to the
use of carbon dioxide as coolant and metallic uranium with a metal cladding
as fuel. The use of helium as the coolant and the absence of any metallic
structural materials in the reactor core lead to improved neutron economy,
and consequently better fuel utilization. Another distinctive characteristic
of HTGR is the use of oxide fuel with ceramic materials like carbon and
silicon in place of metallic cladding. The use of ceramics with oxide fuel
established the feasibility of achieving significantly higher coolant tempera-
ture. This opens up the possibility of using this type of reactor as a source
of high temperature heat in certain areas of application such as
metallurgy. It is not possible to use any of the other types of thermal
reactors for high temperature applications such as metallurgy, because
the highest temperature attainable would not be high enough. In the
generation of electricity too, higher coolant temperature results in higher
thermodynamic efficiency: about 40% in HTGR compared to about 30% in
other types of thermal reactors. Besides, HTGR can be operated with a wide
variety of fuel cycles. Low enriched uranium with about 8% U235, medium
enriched uranium containing about 20% U235, and highly enriched uranium
containing more than 90% U235 with thorium as the diluent; all can be used
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equally well. The fuel cycle used can be chosen depending on the various
economics parameters pertaining to the fuel cycle, such as the prevailing
costs of uranium enrichment services, of natural uranium and thorium ,and
fuel fabrication and reprocessing costs.

2.5.2 Reactor Description

Two different types of High Temperature Graphite Reactors have been
developed. One type is designed to use solid fuel rods made in the form of
fuel assemblies arranged in graphite blocks - the so called prismatic fuel
assemblies. The second type uses fuel in the form of small spherical balls,
and is commonly known as the pebble bed reactor. As far as fuel
utilization characteristics are concerned, there is no significant difference
between the two different types of fuels. For thorium fuel cycles, the
design using fuel pebbles is more attractive. The pebble bed reactor was
designed and developed by the Juelich Nuclear Research Centre in Germany.
The one with graphite blocks containing cylindrical fuel rods was developed
by the General Atomic Corporation of the U.S.A. While the German design
is usually called the pebble bed type High Temperature Graphite Reactor,
the American design is commonly referred to as the HTGR design with block
fuel or prismatic fuel.

The pebble bed type reactor uses a relatively complex and innovative
fuel design. The fuel element is a sphere of 6 cm diameter. The outer 0.5
cm thick material is a graphite shell; the inner 5 cm diameter region consists
of about 10,000 small coated particles embedded in a matrix of graphite.
Each of these tiny coated particles is less than 1 mm in diameter, and consists
of a kernel of heavy metal oxide with an intermediate coating of low density
graphite, and another outer coating of graphite which is capable of contain-
ing the gaseous fission products. The inner spherical kernel of heavy metal
oxide is only 0.4 mm diameter. The retention of fission products can be
enhanced by having an additional layer of silicon carbide coating in between
the two layers of graphite coating. The fissile material and the fertile
material can be in separate spherical fuel balls, and these balls can be
separated from each other after irradiation in the core. The core of a 1,250
MWe reactor contains about 2.8 million fuel balls. Fuel bearing balls are
dropped at the top of the reactor vessel, and are withdrawn at the bottom.
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The withdrawn balls can be checked for burnup and fuel integrity, and
can be re-fed or discharged as the case be.The coolant helium gas is also
pumped from top to bottom.

In the present analysis the pebble bed type HTGR is used. It is felt
that eventually this type of HTGR is likely to be preferred, as the block
type HTGR with prismatic fuel is not receiving any significant commercial
support. Furthermore, the pebble bed type reactor is amenable to more
versatile fuel cycles, as well. The design data pertaining to HTGR are given
in Table 2.7. The reactor layout is illustrated in Fig. 2.10. The parameters
related to the fuel design are given in Table 2.8. The cross section of HTGR
core is shown in Fig. 2.11 and the fuel element is shown in Fig. 2.12.

The pebble system allows fuel balls to pass through the reactor core
and stay outside the core for a certain interval of time when each of the
fuel balls can be examined to assess its reactivity worth and its structural
integrity. It is possible to load those fuel balls which are not damaged again
into the reactor core. A damaged fuel separator at the bottom of the reactor
core separates the damaged fuel balls and sends them to a damaged fuel
storage system. The good ones are mixed with new balls and are returned
to the reactor core. An arrangement of this type where the fuel elements
irradiated in the reactor for a certain interval can be made to pass through
an external inspection system before they are again loaded into the reactor
core is particularly attractive for a thorium fuel cycle. The time interval
spent outside the core helps in increasing U233 production from Pa233,
in a thorium fuelled reactor, by reducing the production of U234 from Pa233
by absorbing a neutron.

Reactivity control in the pebble bed design is achieved by making
effective use of the negative temperature coefficient of reactivity. Reactivity
can be added or removed, and consequently power level can be raised or
lowered, merely by temporarily changing the coolant flow. Reactor
shutdown and reactivity regulation for longer duration can be done by
means of control rods inserted into the core from the top. In addition to
the "in-core rods", there are "reflector rods" in the peripheral reflector region
which can be removed or inserted.

The reactor core vessel, coolant circulating pumps and steam
generators are housed in a pre-stressed concrete pressure vessel. The
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reactor core vessel is made of graphite and serves as neutron reflector as
well. The bottom portion is conically shaped at an angle of 30 degrees, and
it opens into a fuel element discharge pipe of about 1 m diameter. In large
size reactors, in order to ensure that the fuel balls flow smoothly, there
will be two such openings. The reactor pressure vessel , made of pre-
stressed concrete, is in the form of a vertical cylinder with flat slabs at the
top and bottom. The cylindrical walls are about 5 m thick, while the bottom
and top slabs are about 5.25 m thick. The pre-stressed concrete reactor
vessel has a diameter of 37 m and height of 42 m, and it is designed to
withstand a pressure of 72 bar. The operating pressure is about 65 bar.
The pre-stressed concrete reactor vessel (PCRV) is basically a multi-
cavity structure with the core cavity at the centre. The peripheral cavities
house the primary cooling system components such as the helium circulating
blowers, steam generators etc.

Six gas blowers force the helium coolant to flow from the top of the
reactor downward. Helium at 280 degrees C enters the reactor core. By
the time the gas comes out at the bottom its temperature is raised to 700
degrees C. The hot coolant is circulated through steam generators where
the feed water boils and becomes superheated. The helium coolant comes
out of the steam ganerator after it is cooled to 280 degrees C. The coolant
gas at 280 degrres C is sent back to the reactor core. The coolant circuit
has a pressure relief system which will come into functioning in the
event of any overpressure in the coolant circuit.

2.6 General Remarks

Analysis of the fuel utilization is carried out for the four reactor
systems described in this Chapter. Though PWR and PHWR-PT are the
two major reactor systems which are well established, PHWR-PV and
HTGR systems are also considered, because from considerations of
engineering viability they are well developed reactor systems and are
commercially available. They may very well turn out as the more attractive
systems from the point of view of fuel utilization for certain fuel cycles.
Besides, from the point of view of safety , HTGR is thought to be a little
superior to the water cooled reactors. The brief design details given in this
Chapter have very little bearing on the fuel utilization characteristics.
Nevertheless, those details are given so that a full understanding of the
reactors which are analysed , can be achieved.



T A B L E 2.1

Design Parameters of Pressurised

Thermal power, MWth
Electrical power, MWe
Inside radius of pressure vessel, cm
Thickness of pressure vessel, cm
Inside radius of core shround, cm
Thickness of core shroud, cm
Inside radius of core support barrel, cm
Thickness of core support barrel, cm
Height of pressure vessel, cm
Total number of fuel assemblies
Equivalent radius of core, cm
Equivalent length of core, cm
Total heavy metal loading, T
Inlet temperature of coolant, deg. C
Outlet temperature of coolant, deg. C
Coolant pressure, bar
Power density, kW/litre
Specific power, kW/kg

Water Reactor

3,006
990
231.5
24
198
1
199.5
6
1100
241
181.6
380.0
98.8
296
328
158
76.43
30.42
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T A B L E 2.2

Design Parameters of Pressurised Water Reactor

Radius of fuel pellet, mm
Thickness of zircaloy clad, mm
Outer radius of fuel rod, mm
Lattice pitch of fuel rods, cm
Number of fuel rods per assembly
Spacing between fuel rods, mm
Outer dimension of the fuel assembly, cm
Water gap between adjacent fuel assemblies, mm
Effective length of fuel rods, cm
Heavy metal loading per fuel assembly, kg
Total number of fuel assemblies in core
Total heavy metal loading in core, T

Fuel Assembly

4.1
0.65
4.85
1.29
16x16 - 20
3.2
20.25
6.0
380
410
241
98.8
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T A B L E 2.3

Design Parameters of Pressurised Heavy
with Pressure Tubes

Thermal power, MWth
Electrical power, MWe
Length of calandria vessel, cm
Inside radius of calandria vessel, cm

Central region of 400 cm length
Shell of 96.5 cm length on either end

Thickness of calandria vessel, cm
Total number of fuel channels
Outer radius of calandria tubes, cm
Wall thickness of calandria tubes, mm
Length of calandria tubes, cm
Calandria tube material
Outer radius of pressure tubes, cm
Wall thickness of pressure tubes, mm
Length of pressure tubes, cm
Pressure tube material
Coolant inlet temperature, degrees C
Coolant outlet temperature, degrees C
Average coolant temperature, degrees C
Coolant pressure, bar
Power density, kW/litre
Specific power, kW/kg
Equivalent radius of core, cm
Equivalent length of reactor core, cm

Water Reactor

2,580
750
593

380
340
2.9
400
6.6
1.4
600
Zr-2
5.6
4.3
630
Zr-2.5%Nb
270
308
290
107
13.03
27.70
321.6
593.0
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T A B L E 2.4

Design Parameters of Pressure Tube Pressurised
Heavy Water Reactor Fuel Assembly

Inner radius of pressure tubes, cm
Thickness of pressure tubes, mm
Pressure tube material
Number of fuel bundles in each channel
Length of fuel bundle, cm
Outside radius of fuel bundle, cm
Length of fuel assemblies, cm
Number of fuel pins in a bundle
Number of fuel pins in inner ring
Radius of the inner ring of fuel rods, cm
Number of fuel pins in the intermediate ring
Radius of the intermediate ring of fuel rods, cm
Number of fuel pins in the outermost ring
Radius of the outermost ring of fuel rods, cm
Radius of fuel pellet, mm
Length of fuel pellet, cm
Fuel cladding material
Clad outside radius, mm
Clad thickness, mm
Uranium contained in a fuel bundle, kg
Square pitch of fuel channels, cm
Total uranium in the reactor core, T

5.15
4.3
Zr-2.5% Nb
12
49.5
5.12
48
37
6
1.49
12
2.88
18
4.33
6.08
1.6
Zr-4
6.55
0.42
18.5
28.5
90.6
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T A B L E 2.5

Design Parameters of Pressure Vessel Pressurised Heavy
Water Reactor (PHWR-PV)

Thermal power, MWth
Electrical power, MWe
Inside radius of pressure vessel, cm
Thickness of pressure vessel, cm
Height of pressure vessel, cm
Number of fuel assemblies
Outer radius of coolent tubes, cm
Thickness of coolant tubes, mm
Triangular lattice pitch of fuel channels, cm
Number of fuel rods per assembly
Uranium content per assembly, kg
Total uranium in the core, T
Rector operating pressure, bar
Coolant inlet temperture, degrees C
Coolant outlet temperature, degrees C
Average coolant temperature, degrees C
Average moderator temperature, degrees C
Equivalent radius of core, cm
Equivalent length of core, cm
Power density, kW/litre
Specific power, kW/kg

2,293
665
370
26
1430
428
5.75
2.5
26.2
37
186.5
79.8
115
275
315
295
170
284.6
540
16.7
28.7
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T A B L E 2.6

Design Parameters of Pressure Vessel Pressurised Heavy
Water Reactor Fuel Assembly

Radius of fuel pin, mm
Cladding material
Clad thickness, mm
Radius of fuel rod, mm
Number of fuel rods per assembly
Length of fuel rods, cm
Inner radius of coolant tube, cm
Thickness of coolant tube, mm
Coolant tube material
Number of fuel pins in the inner ring
Radius of the inner ring of fuel rods, cm
Number of fuel pins in the intermediate ring
Radius of the intermediate ring of fuel rods, cm
Number of fuel pins in the outer ring
Radius of the outer ring of fuel rods, cm
Triangular pitch of fuel assemblies, cm
Number of fuel assemblies in the core
Heavy metal per fuel assembly, kg

5.5
Zr-4
0.55
6.1
37
540
5.5
2.5
Zr-2
6
1.52
12
2.91
18
4.38
26.2
428
186.5
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TABLE 2.7

Design Parameters of HTGR

Thermal power, MWth
Electrical power, MWe
Inside radius of PCRV, cm
Inside height of PCRV, cm
Thickness of cylindrical wall of PCRV, cm
Thickness of top and bottom slab, cm
Helium pressure, bar
Helium inlet temperature, degrees C
Helium outlet temperature, degrees C
Total amount of heavy metal in core, T
Equivalent core radius cm
Effective core height, cm
Fuel type
Power density, kW/litre
Specific power kW/kg

3,000
1,250
1,850
4,200
500
525
65
280
700
33.4
590
550
Spherical balls
4.99
89.8



32

T A B L E 2.8

Design Parameters of HTGR Fuel Assembly-

Outer radius of fuel pebble, cm
Radius of fuel zone in the pebble, cm
Thickness of outer graphite shell, mm
Weight of a fuel pebble, gm
Weight of carbon in a fuel pebble, gm
Weight of heavy metal in a fuel pebble, gm
Average total number of coated particles in a pebble
Average density of the fuel balls, kg/litre
Effective number of fuel pebbles inside the core, million
Heavy metal in the core, T

3.0
2.5
5
204
192
12
10,000
1.81
2.8
33.4
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Fig. 2.1 Major Components of PWR
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Fig. 2.2 PWR Core Layout
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Fig. 2.3 PWR Fuel Assembly
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Fig. 2A Major Components of PHWR-PT
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37

Fig. 2.5 PHWR-PT Core Layout
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Fig. 2.6 PHWR-PT Fuel Assembly
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Fig. 2.7 Major Components of PHWR-PV
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Fig. 2.8 PHWR-PV Core Layout
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Fig. 2.9 PHWR-PV Fuel Assembly
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Fig. 2.10 Major Components of HTGR
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Fig. 2.11 Cross Section of HTGR Core
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3. THEORETICAL MODEL FOR MULTIGROUP
NEUTRONICS ANALYSIS

3.1 Introduction

The neutronics analysis has to take into consideration the energy
distribution of the neutrons and the spatial variation of the neutron flux.
Essentially the neutron flux distribution as a function of space coordinates
and energy has to be estimated so that the various reaction rates can be
accurately estimated. The neutron transport in energy as well as in three
dimensional space domain can be represented by Boltzman equation. For
any volume element 'dr' at space 'r' and for energy interval 'dE' at energy
'E', one can write neutron balance equation as

dr.dE. 2(r,E). c|>(r,E) = dr.dE/*dr'[S(r',E) +

y"dE'. 28(r',E' -> E) $(r', E1)] .P(r' -> r,E) (3.1.1)

where

2(r,E) = total reaction crosssection at space point r for neutrons
with energy E.

(|>(r,E) = neutron flux per unit volume at space point r with energy
in unit interval about E

S(r,E) = strength of neutron source in unit interval of energy
and space at space point r and energy E. (The source can
be due to fission or external source).

2s(r',E'->E), = scattering crosssection at space point r for neutrons of
energy E' to scatter neutrons from space point r1 to r, and
from energy E' to E.

The limits of integration over energy can be terminated at 10 MeV as
there is hardly any neutron with energy above 10 MeV in a nuclear reactor.
Integration over space has to extend over the actual geometry of the reactor
under consideration.
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Solving this equation as it is, by taking space and time together as
continuous variables, is an extremely complex operation. There is no
known accurate analytic expression for neutron crosssections of nuclei as
a function of energy. Besides, heterogeneity in the reactor makes it
necessary to solve the equation in different regions with appropriate
boundary conditions such as continuity of neutron flux and neutron current.
Imposing such boundary conditions on an analytical solution with energy
as a continuous variable is rather difficult.

There is hardly any neutron with energy above 10 MeV. Hence in
all analysis, the neutron spectrum is assumed to be limited to the range
0 to 10 MeV. This energy range is divided into a finite number of discrete
intervals or groups as they are called. Space is usually divided into a finite
number of discrete elements or meshes.

The theoretical methods used for analysing the problem of neutron
distribution in space and energy are also not the same throughout the entire
energy range. The phenomenon at relatively low energies, in the electron
volt (eV) region, is primarily concerned with neutrons reaching dynamic
equilibrium with the molecules of the material. On the other hand, at higher
energies some of the nuclei exhibit sharp peaks in reaction corsssections.
These resonances lead to a hundred fold, or some times a thousand fold,
increase in the reaction crossections within a very narrow interval of
energy. Such resonances can, and do, occur in the capture crosssection
and fission crosssection of some of the nuclei. Taking these factors into
consideration, the normal practice in reactor analysis is to divide the
entire neutron energy range into a thermal region, an epithermal region
and a fast energy region. Each of these energy regions is subdivided into
a number of groups, and the different regions are separately treated to get
the neutron distribution in energy. Often, the analysis of neutron distri-
bution in space does not require very detailed treatment of the energy
domain. Hence, it is profitable and satisfactory to study the neutron
distribution in energy without taking the spatial distribution of different
materials in great detail. One can then collapse the neutron crosssections
and neutron fluxes into a very small number of energy groups. These
collapsed few group neutron crosssections are then used to investigate the
spatial distribution of neutron flux by taking space into fairly good detail.
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In the present analysis the thermal group ranging upto 0.625 eV
energy is divided into 30 groups for detailed analysis of neutron distribution
as a function of energy, and then it is collapsed into a single group for
carrying out detailed space analysis. The energy range above 0.625 eV
ranging up to 10 MeV is divided into 54 discrete energy groups for neutron
energy distribution analysis. Then the group crosssections are collapsed into
three fast groups. Thus detailed investigation on the spatial distribution
of neutrons in the entire reactor is carried out by taking 1 thermal group
and 3 fast groups. It has to be noted that in the 30 group thermal range
and 54 group fast range spectrum analysis the heterogeneity between fuel,
clad, coolant and moderator is taken explicitly. The spatial heterogeneity
is taken into account at three levels : the pin level, the box or cluster level
and the reactor level. At the pin level, the fuel pin is considered along with
its associated clad and coolant, or coolant-moderator, in explicit heteroge-
neity. All other structures are ignored. A reflective boundary condition is
assumed at the inter boundary of the coolant or coolant-moderator region.
It implies that one is effectively considering an infinite array of pin
cells. This analysis is done in the full 84 groups. The flux distribution
so obtained is used to homogenise the pin cell with or without collapsing
the energy range into a small number of groups.

At the box a cluster level, the interior of the box or cluster is replaced
by a mixture whose macroscopic cross sections are those obtained from the
pin level calculation. The structure of the box or the pressure tube and
coolant tube is considered explicitly So is the moderator outside. Any other
structure in the core is ignored. This analysis is also done using 84 neutron
groups.

At the reactor level the box or cluster is replaced by an equivalent
mixture. Different types of boxes or clusters are replaced by different
types of mixtures. Structural devices such as reactivity mechanism are taken
into explicit detail. This analysis is often done with 4 neutron groups.

3.2 Thermal Group Analysis

The neutron spectrum is evaluated using a well established code
THERMOS, which does a 30 group analysis of the neutron distribution
in a unit cell consisting of the fuel region, cladding, coolant and other
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annular regions surrounding the coolant. The unit cell is assumed to
consist of an inner cylindrical region surrounded by a number of cylindrical
annulii with differing neutron crosssections. The neutron flux and current
are continuous at the internal boundries. The outer boundary is presumed
to have a reflecting neutron current condition. This is because the unit cell
is assumed to be surrounded by identical cells all around, and it is assumed
that there is no net neutron current from one unit cell to another. The
neutron balance equation assumes the form

2(r,E) (j)(r,E) = / dE'dr1 O(r', E1 -> E) tfr'.E1)] + S(r, E) (3.2.1)

The space integration covers the volume of the cell while the
integration over energy ranges upto E = 0.785 eV, which is the upper range
of the 30 thermal groups. Though the 30 thermal groups extend upto 0.785
eV, the condensed single thermal group cross section is computed over the
lower 29 groups extending upto 0.625 eV.

It is possible to reformulate equation 3.2.1 in terms of neutron density
instead of neutron flux, and neutron velocity instead of neutron energy.
We get an equation of the form

v.N(r.v) = / d v ' T(r, r'.v). H(r', v) (3.2.2)

Here v is the neutron velocity, N(r,v) is the density of neutrons with velocity
v at space point r, T(r, r',v) is the neutron transport kernel representing
the probability of a neutron with a velocity v at space point r1 being scattered
to space point r, and H(r', v) is the source kernel at point r'.

v*
H(r , v) = S(r , v) + / dv1 P(r , v ,v') N(r ,v>) (3.2.3)

Here P(r ,v ,v') is the probability of a neutron of velocity v' at point r
undergoing a scattering collision which changes its velocity to v.

S(r,v) is the source of neutrons with velocity v per unit volume at
point r. This source is primarily due to slowing down of neutrons from
velocity above v*. v* is the highest velocity in the thermal region.
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If the volume space and the energy range are divided into a finite
number of small elements, the above equation will be converted into a
set of equations which will be in the form of a matrix equation.

V.N.. = I T . . . . E . (3.2.4)
i i j i j k k i

It

where N.. is the neutron density in the volume element V. and velocity group
i, Hk. is the source of neutrons in the velocity group i in the volume element
k, T\ . k is the average uncollided flux of neutrons of velocity v. in volume
V. due to a unit source of neutrons of velocity v. uniformally distributed
in the volume V,. v. is the average velocity of neutrons in the ith energy
group.

I P k i l . N k l (3.2.5)

In Eqn. 3.2.5

Sfc . = slowing down source in volume element Vk and velocity
group V.

Pk . j = probability of a neutron in volume element Vk and velo-
city group Vj having a collision which throws it into
velocity group v..

The scattering kernels are defined as

P (v, -> v.) = 2 k.T0 ̂  . V. Z8(E, -> E.) (3.2.6)

where Za(E, -> E) is the scattering corsssection. The scattering could be
isotropic or anisotropic. Since isotropic scattering is a special case of ani-
sotropic scattering, both can be represented under the same formalism. In
order to represent anisotropy it is common practice to expand this scattering
kernel in spherical harmonics.

ZB(E, -> E., n) = 2 2n±l 2J (E, -> E.) Pn (n) (3.2.7)



where \x is the cosine of the angle of scattering, and P (|x) is the Legendre
polynomial of order n. The greater the anisotropy, the larger will be the
number of terms of the infinite series needed to approximate 2s(Ej -> Ej, n).
For perfectly isotropic scattering just one term, with n = 0, will be sufficient.
The components of 2a can be, written as

+1

?• (Ej -> E.) =fi r (E, -> E., ji) . P > ) d|i (3.2.8)

For most of the elements Po kernal alone is sufficient. For hydrogen Px term
also is used. Po and Px kernels are computed and stored in the thermal
group crosssection library.

3.3 Thermal Group Computation

Equations (3.2.4) and (3.2.5) can be written in a matrix as given below

V N t J = 2 T i j k [ S k i + N k l P l k l ] (3.3.1)

This equation is iteratively solved by normalising the source to unity. If A
is an operator representing neutron absorption then AN is the total absorp-
tion and it has to satisfy the relation AN = 1, since the total source is
normalised to unity. Essentially AN is represented by

AN = 2 V. 2A v. N. . (3.3.2)
j=l, I ' i, j J »• J
i=l,J

where Z.A. = macroscopic neutron absorption crosssection in the
volume element V. and energy group j

v. = average velocity of neutrons in the group j

N. . = density of neutrons with velocity v. in volume
element V.

I = total number of volume elements

J = total number of energy groups
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At the end of the nth iteration, let the solution be represented by N(n), and
let us assume that this has already been normalised to unit source so that
AN(n) = 1. Then in the beginning of the (n+l)th iteration we have

PN(n) ) (3.3.3)

In general A G(n+1) will not be normalised to unity. Let us assume that

ri(n+1) = A.G(n+1) (3.3.4)

and

(3.3.5)

The, parameter r\ is a normalising factor. The next iteration is started with

= N<n) + ^R(n+1) (3.3.6)

where X is an over relaxation parameter. Usually it is taken to be 1.2. The
next iteration is carried out with N(n+1). The iterations are continued until
the residual R at each point becomes less than a pre-set value such as
0.00001.

So far the computation was carried out by taking the heterogeneity
of the unit reactor cell into consideration, but without taking into consid-
eration the finiteness of the size of the reactor. In order to apply corrections
for the leakage of neutrons, the cell parameters are homogenised as follows

2XE(E).N.(E) (3.3.7)
X (E) = j I

(

where the summation is carried out over the entire volume of the unit cell.
Essentially what Eqn. (3.3.7) does is evaluate the average value of the
parameter X by using neutron density as the weight factor. Since the average
value is estimated for each group separately, it does not matter whether
neutron flux or density is used as the weight factor. X represents
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2A, 2s, 2F, D2F, PO and P r These are the absorption crosssection, scattering
crosssection, fission crosssection, crosssection for the production of neutrons
due to fission, and the first and second Legendre moments.

Once the average cell parameters for the homogenised cell are evalu-
ated, a Fourier transform is carried out. Consider the equation

f + 2(E) ] (j>(x, E, H) = H(x, E,
dx

+1 E

= S(x, E, n) + / dji / dE1 2s(E' -> E, n0) $(x, E1, n1) (3.3.8)
-1 0

where \iQ = \i. [t\ Taking the Fourier transform of Eqn. (3.3.8) is equivalent
to getting a solution of the form

<Kx, E, n) = (KE, & . eiB*

S(x, E, n) = S(E, n) . eiBx (3.3.9)

Superimposing Eqn. (3.3.9) on Eqn. (3.3.8) one gets

[ iBii + Z(E) ] (j)(E, n) = H(E, (i)

+1 E

= S(E, |i) + / djx1 / dE1. 2S(E' -> E, n0) . «J»(E', ji) (3.3.10)
-1

If all parameters with n as a variable are expanded in terms of Legendre
polynomials one gets

2'(E' -> E, n0) = 22n+l_ r ( E , _> E ) p ^ ( ^ (3.3.11)
n 2

«j)(E, n) = 2 2 n + 1 (iB)n . <j> (E) P (n) (3.3.12)
n 2 "

H(E, n) = 2 2 i ^ i GB)n . H (E). P (n) (3.3.13)
n 2 n

S(E, |i) = 2 (2n+l) (iB)n S (E) P » (3.3.14)
n
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The value of B is specified and the equations are solved to get the parameters
for 30 groups in the range 0 to 0.785 eV, with 29 groups in the range
0 to 0.625 eV. Once the 30 group parameters are evaluated, the values
for the 29 groups are averaged to get the average value for one thermal
group covering the range 0 to 0.625 eV. The averaged parameters that
are estimated are the diffusion coefficient D, the absorption crosssection
2°, neutron flux, and a neutron production crosssection i>ZF. These
parameters averaged over the entire thermal energy range are evaluated
for the different regions into which the unit reactor cell is divided in order
to solve the 30 group transport equation assuming reflecting boundary
condition.

3.4 Epithermal and Fast Group Calculation

The energy interval from 0.625 eV to 10 MeV is divided into 54 groups.
The neutron flux distribution in the unit cell for all the 54 groups is
determined by using a method which is a combination of the method
used in THERMOS, a neutron slowing down code MUFT and the codes ZUT
and TUZ for evaluating the resonance integrals. Unlike in the thermal group,
in the epithermal region there are a number of resonances in the cross-
section and these resonances require special treatment. The resonances are
treated by special methods depending on whether the width of the resonance
is more than the maximum energy loss in a collision or not. The two different
types of resonances mentioned above are called wide resonances and narrow
resonaances. The characterisation is based on the following criterion

P
T. = r ^o 4 = r / ^ < Enccn (3.4.1)

where

F = practical width of the resonance, which is the energy
interval over which the resonance crosssection is greater
than the potential crosssection,

P = natural width of the resonance,

aQ = crosssection at the peak of the resonance,
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a = potential scattering crosssection,

EQ = Energy at the peak of the resonance

a0 = 4A/(A+1)2

Assume a mixture of a pure absorber represented by index 0 and a
pure moderator represented by index 1. The neutron flux distribution then
is given by

1 E/(l-a) E/(l-a0)

ao E a i E

The integral equation for collision density is given by

,1 ^ W a n dE' 1 Wl-aJ a dE1

F(E) = — f F(E') — — + — / F(E) — — (3.4.3)
«o E °t E< a i E at E"

The effective resonance integral is given by

I = f F(E). dE. ^ _ (3.4.4)
a t

and the resonance absorption is given by

N
RA = 1 - p = —2- (3.4.5)

2s

where No is the resonance absorber atom density.

For numerical analysis it is advantageous to work with neutron lethargy,
rather than neutron energy. (The advantage arises from the fact that in
the slowing down region the group width in units of lethargy is uniform).
Lethargy is defined as

V
u = log — (3.4.6)

Eo



55

where Eo is the reference energy above which resonance absorption is
negligible. Then we get

1 u

ii d11 1
F(u) = — / F(u') . i i du1 + — / F(u') °!l du1 (3.4.7)

aQ u-log 1 a t ax u-logl a t
-log 1 at cij u-logl

l-aQ l-a2

and the resonance integral is

I = Ex / F ( u ) . f ° _ ,eu du (3.4.8)

These two equations are amenable to numerical integration. If the resonance
absoi ption is in discrete lines, between which the absorption goes to zero,
as in the case of U238 and Th232, and if contribution of each resonance
is small, then the resonance integral can be calculated separately for each
resonance E.. In such conditions, one gets

p. = 1 - q. • e"«i (3.4.9)

p = exp [ - 2q. ] = exp [ - ^o 2l. ] (3.4.10)

In order to take heterogeneity into account, we assume a cell
structure with Vo as the volume of absorber per unit length and Vj the volume
of moderator. Then we get the relation

1 ®/:L'ao dE1

iJ)02
T = PC(E)— /0<KE') 2 j g7 +P 1 0

2 J 4>10 (3.4.11)

where

(j>0 = average neutron flux in the absorber
Pc = internal collision probability, i.e. the probability that a

neutron acattered in the absorber down to an energy E
makes its next collision again in the absorber.

P10 = the probability that a neutron born at energy E in the
moderator makes its next collision in the absorber
lump.
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Pc = 1 - Po and P10 = Po (3.4.12)

Po is a function of the average chord length r and the mean freepath X
in the absorber.

r = f^ ; X = - (3.4.13)

Po = 7 G (3.4.14)

where G is the probability that a neutron passing through the surface in
any random direction makes a collision in the absorber lump.

i E ( W riP. P v T

t.020
T = (1-PO) 1 / £ (j, 2» _ + t O . (3.4.15)

o o ° a0
 y E ° ° E1 V|E28

Introducing lethargy instead of energy, and using the relation for collision
density per absorber atom, given by the general expression

F(u) = (1 - Po) [ T ] + Poat — (3.4.16)
E i

where the term T describes the specific resonance approximation,

we get
u

F(u) = (1 - Po) _L / F(u') %_ du1 + Po ato £1 (3.4.17)
a0 u-logl at0 a u

Here we have assumed that
u

T = — / F(u') °z_ du' (3.4.18)
a0 u-logl at

which amounts to the integral method of resonance approximation.
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In the general case, where there is a scattering material of crosssection
o per absorber atom, we get

F(u) = [ 1 - Po ] . [ I_ / F(u') JZ_ du1

a0 u-logl a t o + o m

l-a0

+ - f F(u') ^ _ d u ' ] + P0(a to+am) 1 - (3.4.19)
u l o g l o+a E
f

am u-logl
1-a

in

The equations for the collision density in the absorber area are of the general
form

F(u) = A(u ) / F(u) . R(u') . du' + B(u) (3.4.20)
u-A0

where A, B and R are known functions of lethergy u, and F(u) is assumed
to have its known asymptotic form for very low values of u. By introducing
a uniform mesh in lethargy, we get

u = Ao = log A - (3.4.21)

The integral in 3.4.20 is evaluated using Simpson's rule.

The 54 fast neutron groups are finally condensed to three fast groups
with the following energy structure :

Group 1 : Above 821 keV

Group 2 : 5.53 keV to 821 keV

Group 3 : 0.625 eV to 5530 eV
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3.5 Few Group Calculations

Once the condensed four group lattice parameters are obtained,
the 4 group neutron diffusion equations are solved. The equations are of
the form

(D.B2 + 2 ^ ) <j). + 2K f = i _ 2 (•u2F). . (j>. (3.5.1)
1 1 1 ' X j=l,4 * '

Here

B2 = energy independent buckling derived from the physical
dimensions of the reactor

X. = fraction of fission neutrons born in group i

(j)j = neutron flux in group i

K = eigenvalue, equivalent to effective neutron multipli-
cation factor

Dj = diffusion coefficient in group i

2.A = macroscopic absorption crosssection in group i
i

2.R = macroscopic removal crosssection from group i to
group i-1

i)2? = macroscopic crosssection for the production of neutrons
by fission in group i

This set of equations essentially presumes that the reactor can be
represented as a point reactor with no spatial dependence. In order to solve
these equations we assume that the fluxes are normalised in such a way
that

2 (v2F\ *. = X (3.5.2)
i=l,4



Thus we get

(D.B2 + Xf + Z?) (j). = X. + 2* 4.w (3.5.3)

Applying this set of equations to Group 1 in which there is no slowing
down source we get

( DXB2 + 2* + Zf) ^ = Xj = 0.75178 (3.5.4)

The value of $1 is obtained from this equation which permits solving the
equation (3.5.3) for

(D2B2

where X̂ , = 0.24822 (3.5.5)

Knowing that X3 and X4 are both zero, values of <j>3 and then <j>4 can be
estimated. Once the values of all the four group fluxes are known the
eigenvalue can be evaluated as

X = keff = 2 (vXF) + (3.5.6)
i=l,4

3.6 Burnup Calculations

Though neutronic analysis using 84 groups of neutrons is required
in order to take into consideration the differences in neutron spectrum that
prevail in different types of reactors, analysis of fuel burnup can be done
using four groups of neutrons. This is possible as the neutron spectrum
within each of the four broad groups does not undergo any significant
changes as the fuel gets irradiated. The changes in number densities of
burnable nuclides are evaluated by solving the following equation

= -Noa+ - \N + N'ac> +\"N" (3.6.1)

where N is the number density of the nuclide. The term o <j> is actually
the sum total of the product of absorption crosssection of the nuclide in each



60

of the four groups and the neutron flux in that group. \ is the decay constant
of the nuclide which may be zero if the nuclide is not radioactive. N1 is the
number density of the parent nuclide which on capturing a neutron will
get converted into the nuclide which is being analysed. Here also a^ is
the sum total of the product of crosssection of the parent nuclide and neutron
flux in four groups. The last term is to take into account the possibility of
the nuclide under consideration being formed due to the radioactive decay
of another nuclide. If such a possibility exists, X" and N" are the decay
constant and number density of the precursor nuclide. Thus, the first two
terms on the right hand side in Eqn. (3.6.1) account for the decrease in
number density due to absorption of neutron and decay of the nuclide, and
the last two terms take care of the production of the nuclide due to neutron
capture in the parent nuclide, and due to radioactive decay of the precursor
nuclide. In the case of fission products there will be one more term
contributing to the production of the nuclide due to fission. It will have
the general expression

Y = Zy. N . a r f (3.6.2)

where y. is the yield of the particular fission product, and the summation
is over all the fissile nuclides. In this expression too, of <j> is the sum of
products over the four neutron groups.

The above set of equations is solved by taking small intervals of
time, about one day long, and assuming that the neutron fluxes do not
undergo any changes during that interval. It leads to the expression

N(t+h) - N(t)
= Production - Destruction (3.6.3)

h

As N(t) is known at t - 0, all the equations are solved for successive
intervals.

The number densities at pre-specified intervals of about 10 days are
used to calculate the neutron multiplication factor keff for the given buckling,
in order to see whether the discharge burnup has been attained, i.e.,'
whether keff has come down to unity.



4. BASIC FUEL CYCLE CHARACTERISTICS

4.1 Introduction

One important feature which has a strong influence on the relative
merit of a reactor system is its ability to extract as much energy as possible
from the available natural resources. The economic performance of a reactor
system under changing cost of natural uranium will depend on the quantity
of natural uranium needed by the reactor to produce a given quantity of
energy. In this respect the different reactor systems that are currently used
for power generation, and which are being developed now, differ from one
another. The two important parameters which determine the fuel utilization
capability of a reactor are the amount of fuel that is needed initially to
start the reactor, and the quantity of fuel that is needed on a recurring
basis to produce energy.

4.2 Specific Power

Specific power is nothing but the ratio of the total thermal power
to the total quantity of heavy metal, i.e. uranium, plutonium and thorium,
if there is any, that is needed as the initial inventory to make the reactor
run at its full rated power level. Usually this parameter is expressed in
units of kW/kg or MW/T.

The inventory of fuel material needed in the reactor core depends
on the highest quantity of heat that can be removed from the fuel assemblies,
or in other words, the highest heat rating of the fuel that can be achieved.
Since the specific power can not be increased beyond the limits set by the
maximum permissible coolant velocity and material temperatures, raising
the specific power to the maximum possible value without violating any
safety criterion demands a high level of proficiency in the nuclear design
of the reactor. It may be mentioned that a low specific power does not
have very serious impact on fuel utilization efficiency. However, a lower
value for specific power leads to a larger core, with the resultant economic
penalty associated with larger engineering components. The only effect
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of a lower specific power on the utilization of natural resources arises from
the larger quantity of uranium that is needed as inventory to sustain the
reactor. This consideration is not of any major consequence as long as
the total installed nuclear capacity is not very large, and the pace of growth
of installed nuclear capacity is not very fast. As a matter of fact, one of the
design changes that is being discussed in order to increase the safety of
nuclear reactors in the event of an accident, is to reduce the specific power
so that the heat capacity of the coolant system compared to the stored energy
in the fuel would become higher. Such safety considerations have assumed
more importance, and have attracted attention after the Three Mile Island
and Chernobyl nuclear accidents.

Though the nuclear design gives the specific power in units of kW(th)
per kg of heavy metal, for the analysis of fuel utilization it is more
convenient to use specific fuel inventory in units of kg HM/kW(e), which
gives the core loading needed normalized to the electric power output.
Specific Fuel Inventory, SFI, in units of kg/kW(e) is the reciprocal of the
specific power in terms of electric power.

Initial fuel loading, kg HM
SFI =

Net electric power output, kW(e)

where SP, = Specific power in kW(th)/kg HM, and

e = Thermal efficiency in percentage.

The parameter which is a true indicator of the core size is the power
density, which is nothing but the ratio of total thermal power to the total
core volume. Though the power density does not have any strong influence
on fuel utilization, it does have an impact on the core size and on the
economics of power generation.

4.3 Fuel Burnup

The second parameter that is of importance in fuel utilization
investigation is the equilibrium discharge buruup of the fuel. The equilibrium
discharge burnup is estimated after careful and detailed neutronics



calculations, and is obtained in units of Mega Watt Days per ton of heavy
metal, i.e. MWD/T HM. The fuel burnup also has to be translated into
specific fuel consumption.

Fuel burnup (heat) MWD/T HM = B

B. e
Fuel burnup, kW(e)-yr/kg HM

36500

From this we get the Specific Fuel Consumption, SFC, in terms of
enriched uranium, as

36500
SFC, kg HM/kWe-yr = -=

The quantity of fuel needed on a recurring basis is much more
important in deciding the ment of a reactor from the point of view of fuel
utilization. The annual fuel requirement to run a reactor is determined by
the discharge burnup of the fuel that can be achieved; or in other words, by
the quantity of energy that can be extracted from the fuel before it reaches
the stage where the fuel can not support a self-sustaining chain reaction
and maintain the reactor critLal.

4.4 Fissile Nuclides

Fissile material constitutes only a relatively small fraction of the
initial fuel. The rest will be a fertile material, more commonly Uranium-238,
and sometimes Thorium-232. The fissile material makts a net positive
contribution to neutron production, while the fertile material and all materials
present in the rector core, such as the structural materials, neutron
moderator, coolant, control elements etc., absorb neutrons and remove
neutrons from the life cycle of the neutrons. Leakage of neutrons from the
finite size of the reactor core also makes a negative contribution to the
total neutron balance in a reactor. The reactor is maintained critical by
balancing the total production of neutrons from the fissioning of the fissile
material, and the total removal of neutrons by all the neutron absorbing
materials and the net leakage of neutrons from the reactor core. This
balance is maintained by adjusting the absorption of neutrons by con'~ol
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rods in such a way that the total production, and total loss due to absorption
and leakage of neutrons, balance each other. In certain types of reactors
neutron balance is maintained by regulating the leakage of neutron from
the core as well.

As the fissile material undergoes fission, in addition to the decrease
in the quantity of fissile material that contributes to neutron production,
the total absorption of neutrons also significantly increases owing to the
fact that most of the fission product isotopes produced in fission are strong
neutron absorbers. The only additional contribution to neutron production
is from the fissile materials newly generated as a result of neutron
absorption in the fertile material. Unless the nuclear reactor is specially
designed with particular care about neutron economy, the additional production
of neutrons from the fissile material created from the fertile material
is usually not large enough to nullify the negative effect of the depletion
in the neutron production from the fissile material and the increased
neutron absorption due to the continued production of fission products.
Of course the discharge burnup of the fuel depends on the initial concen-
tration of fissile material in the fuel. However, the initial fissile material
concentration can not be increased beyond certain limits without incurring
any disadvantage. The initial core, in the absence of any reactivity control
mechanism inside the core, must have some excess reactivity so that
the fuel elements can go on generating energy for some time. However, the
effective excess reactivity of the reactor core as it is at any time, needs
to be made zero by introducing neutron absorbing poisons which can be
gradually removed as the excess reactivity gets reduced due to depletion
of the fissile material concentration, and continued production of poisonous
fission products. In case the initial concentration of fissile material is raised
in order to achieve higher discharge burnup of the fuel, provision has to
be made to control the excess reactivity. Besides, the fuel assemblies
also have to be sturdier if the fuel has to withstand higher irradiation. The
sturdier design leads to a higher cost of fabricated fuel and to poor neutron
economy due to higher neutron absorption in the structural materials used
in fabricating the fuel assembly. Thus, increasing the initial fissile material
enrichment beyond a certain stage will become economically unattractive.
The process of optimising the initial enrichment itself is a major part of
the neutronic design of a nuclear reactor. The optimal fuel design does
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depend on economic parameters such as the cost of natural uranium, cost
of separative work for uranium enrichment, and fuel fabrication cost.
These aspects are taken into detailed consideration in the overall design
of the reactor core and of the fuel assemblies.

The neutronics of a fission reactor depends on the fissile material used
in the reactor. The performance of a given fissile nuclide depends on the
type of reactor in which it is used. The sensitivity of a fissile nuclides
performance to the type of reactor in which it is used depends primarily
on the neutron spectrum existing in the reactor. This is because the vari-
ations of the reaction crosssections of the different fissile nuclides with
neutron energy, are not of the same nature. For example, if the neutron
spectrum in a reactor becomes a little harder, i.e., if the total number of
neutrons with a slightly higher energy - in the region close to 1 ev - becomes
relatively higher, the reactivity of the reactor would decrease if the fissile
material used in the reactor is U235, while if it is a Pu fualled reactor the
reactivity may become a little higher.

From the fuel utilization point of view, perhaps it is easier to consider
a single parameter called "eta" of the fissile nuclides. This quantity gives
the total number of fission neutrons released per neutron absorbed by the
nuclide, as a function of the energy of the neutron absorbed. Fig. 4.1 shows
the variation of "eta" of all the four major fissile nuclides, viz., U233, U235,
Pu239 and Pu241. Out of the "eta" fission neurons released per fission,
one neutron has necessarily to be absorbed by the fissile nuclide to cause
another fission and thereby sustain the fission chain reaction. In practice,
a neutron absorbed by a fissile nuclide need not always cause fission. It
can be a pure neutron capture leading to a heavier nuclide, which may
or may not be stable and hence may or may not undergo radioactive decay.
In any case, the upper bound of fission neutrons available to convert fertile
nuclides like U238 and Th232 into a fissile material is "eta" - 1. The
magnitude of this value also has a bearing on fuel utilization as it often has
some influence on the discharge burnup of the fuel, on the initial fissile
nuclide content needed to obtain a specificed discharge burnup, and on
the quantity of fissile material that would be present in the discharged fuel.
It can be seen from Fig. 4.1 that in the thermal energy region U233 has
an "eta" value that is consistently higher than that of U235 or Pu239. This
is one reason why a U233 supported thorium cycle is expected to have
attractive fuel utilization characteristics in thermal reactors.



66

4.5 Natural Uranium Requirement

The Specific Fuel Inventory (SFI) and the Specific Fuel Consumption
(SFC) are the two parameters that have to be known, in addition to the fuel
material composition, in order to evaluate the fuel utilization
characteristics.

Once the nuclear design of the initial core is completed, the only
parameters that are relevant to fuel utilization analysis are the specific
power, the average enrichment of the initial core and the discharge burnup
of the fuel. A more accurate analysis demands that the discharge burnup
attained by the first fuel loading should be taken into account separately,
instead of assuming that the initial fuel loading is required to make the
reactor critical, and that the fuel consumption for energy generation
can be calculated on the basis of the equilibrium discharge burnup.
However, it has been found that the difference in the result's obtained by
the two methods is insignificant and that for all practical purposes it can
be assumed that the first core is needed merely as an idle inventory loading,
and the fuel required for energy generation can be estimated based on
the equilibrium fuel discharge burnup.

If the reactor under consideration uses enriched uranium as fuel,
all the parameters discussed in the previous section in which uranium
appears, are related to enriched uranium. However, from the fuel utili-
zation point of view what matters is the quantity of natural uranium
needed, and not the quantity of enriched uranium required. The quantity
of enriched uranium needed, ofcourse, depends on the level of enrichment
of the uranium used. The amount of natural uranium required to produce
one kilogram of enriched uranium depends not only on the enrichment
level of the product material but also on the U235 content in the waste
or tail uranium stream coming out from the uranium enrichment plant.

The quantity of natural uranium that is needed to produce a given
quantity of enriched uranium is estimated from the following material
balance equations.

P + W = F, and

P.p + W.w = F.f
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where P , W and F are the quantities of total uranium in the Product, Waste
and Feed streams in a uranium enrichment plant, and p , w and f are U235
contents in the three streams.

Solving these two equations one gets

p-w
F = P. -Jr—

I-W

The tail enrichment, w, is not a fixed parameter; the optimum value
depends on the relative costs of natural uranium and of uranium enrichment
service. When the cost of natural uranium was rather high and uranium
enrichment process was relatively less expensive, the tail enrichment i.e.
U235 content in the depleted uranium coining out of a uranium enrichment
plant, used to be 0.2%. Under the present situation of relatively low natural
uranium cost and high enrichment cost, the tail enrichment could be as high
as 0.35%. The amount of natural uranium required to produce 1 kg of
enriched uranium containing 3% U235, which is close to the enrichment
used in Light Water Reactors, will be about 5.5 kg if the tail enrichment
is 0.2%, while it will be 7.4 kg if the tail stream contains 0.35% U235. The
Specific Fuel Inventory and the Specific Fuel Consumption discussed in the
previous section have to be multiplied by the quantity, in kg, of natural
uranium required per kg of enriched uranium in order to get the specific
inventory and specific consumption of natural uranium. Thus, we get:

Specific Uranium Inventory, SUI, in kg natural uranium/kWe is
given below:

p-w
SUI = SFI. ^

Similarly,

Specific Uranium Consumption ,SUC , in kg natural uranium/
kWe-yr is given below:

p-w
SUC = SFC. £—

f-w
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As explained earlier, SFC is the specific fuel consumption in terms
of kg uranium and p, f and w are the U235 contents in the enriched uranium
fuel used, the natural uranium fed into the enrichment plant and the
depleted uranium discharged from the enrichment plant, respectively. As
is well known, f is 0.71% since the feed is usually natural uranium.

4.6 Energy Spent in Enrichment

In the case of fuel cycles using enriched uranium as fuel, apart from
the need to normalise the fuel consumption in terms of natural uranium,
there is also a very slight reduction in the total net energy made available.
This reduction is due to the need to spend a certain small quantity of
energy to produce enriched uranium from natural uranium. This aspect
is of some importance when the enrichment process used is an energy
intensive method such as the gas diffusion process. But it is of much less
importance with processes such as gas centrifuge or laser enrichment
which are much less energy intensive compared to the GDP method. No
matter what process is followed, the separative work that has to be
expended in order to produce one kg of enriched uranium is given by the
relation

SW = V(p) + W.V(w) - F.V(f)

where F is the quantity of natural uranium fed, and W is the waste or
depleted uranium in the tail stream, per kg of enriched uranium produced.
V(x) is a value function defined as

V(x) = (2x-l). log _
1-x

Evidently, W = F-l, as we are considering 1 kg of enriched uranium.

As shown earlier,

f-w



69

The separative work, SW, that is needed to produce 1 kg of 3%
enriched uranium is about 4.3 kg if the tail enrichment is 0.2%, while
it will be about 3.1 kg if the tail enrichment is 0.35%. Even if we assume
that the enrichment method used is the gaseous diffusion process (GDP),
which requires about 2,500 kWh of electrical energy per kg of separative
work, the energy spent in producing 1 kg of 3% enriched uranium is at the
most 10,750 kWh of electricity. If we assume a discharge burnup of 30,000
MWD/T the total electricity generated would be about 216,000 kWh/kg
which may be reduced to about 205,000 kWh net if the energy spent in
carrying out the enrichment process is also taken into acount. However,
with the increasing use of gas centrifuge process (GCP), which requires only
one-tenth of the energy needed by the gaseous diffusion process, the net
energy generation per kg of uranium may be lowered from 216,000 kWh
to about 215,000 kWh. As the magnitude of this reduction is relatively
low (about 5% in the case of GDP and 0.5% in the case of GCP), electricity
consumption in the enrichment process can be ignored. Hence no further
discussion on this aspect will be seen in this analysis. Nevertheless,
the method described in this Section can be used if one is desirous of carrying
out an analysis of the effect of the energy consumed in the enrichment
process on the total requirement of natural uranium by a given type of
reactor.
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5. RESULTS OF FUEL CYCLE ANALYSIS OF
THERMAL REACTORS

5.1 Introduction

Fuel utilisation characteristics of any reactor system with a frozen
design can change as the type of fuel cycle that is employed is changed.
Depending on the type of reactor, natural uranium once-through, natural
uranium with recyling of the self-generated plutonium, sightly enriched
uranium in a once-through mode, slightly enriched uranium with pluto-
nium recycle, natural uranium with plutonium recycle in thorium are some
of the large number of fuel cycle options available. In all these cases, the
quantity of natural uranium required to generate a given quantity of energy
can be considered as a measure of the figure of merit of the fuel cycle. The
quantity of thorium required is not of any significance, since thorium is
much more abundant than uranium in the world. Besides, the value of
reprocessed thorium is no different from virgin thorium, whereas
reprocessed uranium is, in general, less valuable than natural uranium, as
its U235 content will be significantly lower. Unavailability of thorium,
with uranium being available, is not a situation that one is likely to
encounter. One important factor which will determine whether any par-
ticular fuel cycle is acceptable or not, irrespective of its merit from the fuel
utilisation point of view, is the contribution of fuelling cost to the total cost
of generation of electricity. All the fuel cycles chosen in this analysis and
the characteristic data for each fuel cycle are those which are expected
to be acceptable from the point of view of fuel cycle cost. In the case of most
of the fuel cycles, although there can be substantial differences in the
quantity of nuclear fuel burnt, the cost of the fuel material that is burnt
is not likely to be the major factor responsible for differences in fuel cycle
cost. Differences in the fuel cycle costs often arise from the cost of fuel
fabrication and that of reprocessing the discharged fuel, averaged over the
quantity of energy generated. Since the cost of fabricating fuel assemblies
containing plutonium or U233 is substantially higher than that of fabri-
cating natural uranium or enriched uranium fuel, the discharge burnup of
plutonium or U233 bearing fuel has to be fairly large if it has to be
economically acceptable. The higher fabrication cost of fuel assemblies
containing plutonium or U233 makes it desirable to have the plutonium
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and U233 in as few fuel assemblies as possible. However, such an approach
often makes it necessary to segregate the fuel assemblies containing pluto-
nium or U233, both before loading them into the reactor and when they are
discharged, from those which do not have plutonium or U233 to begin with.
Further, in those fuel cycles working with highly enriched uranium, the cost
of the fissile material that is used is substantially higher than that in low
enriched uranium, as can be seen from Fig.5.1. In order to minimise the effect
of the higher cost of the fissile material it is necessary that fuel containing
uranium of higher enrichment has high discharge burnup so that the number
of fertile element nuclei which get converted to fissle material and undergo
in-situ fission is significantly high. These are all factors which may lead
to higher fuel cycle cost in such fuel cycle options. However, these variations
in fuel cycle costs are not likely to cause major changes in the total cost
of electricity generation. As such, these variations may be justifiably
ignored in an analysis of the relative merits of the different fuel cycle systems
purely from the point of view of fuel utilisation.

5.2 Pressurised Water Reactor (PWR)

The reactor system is briefly described in Section 2.2, and the basic
design data are listed in Table 2.1 and Table 2.2. These data will remain
valid for all the different fuel cycles that have been considered in this
analysis. The various fuel cycles considered in this analysis are all of such
a nature that any of them can be employed in any standard PWR without
any major change in the reactor design. The fuel management analysis is
expected to take care of all the operating constraints such as ensuring
a satisfactory power distribution profile in the core throughout the fuel
cycle, and limiting the heat rating to the maximum permissible value at
any point in the core at any time.

5.2.1 PWR on Enriched Uranium Once-Through Cycle

This is the fuel cycle that most of the PWRs are currently working
on. As the economic parameters change, and as more confidence is gained
in stretching the operating parameters to the maximum permissible limits,
the fuel cycle data undergo changes. Initially, when the confidence in the
performance of fuel assemblies was not very high, discharge burnup of
PWR fuel was limited to about 25,000 to 35,000 MWD/T. Subsequently when
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more experience was gained with PWR fuel, it was realised that fuel can be
irradiated upto a burn up of the order of 45,000 MWD/T without any
deleterious effects. The highest average batch irradiation that has been
attained in a commercial PWR is already a little higher than 53,000
MWD/T.

In addition to discharge burnup, the specific power or fuel rating also
has been raised over the years, after early experience indicated that fuel
rating can indeed be increased without any substantial rise in fuel failure
rate. The improved fuel heat rating and discharge burnup have resulted
in better economy not only by reducing the fuel cycle cost, but also by the
reduction in the capital cost that can be realised due to the smaller size of
the components required for a reactor of the same power output. In addition
to better overall economy, these improvements have also led to better
fuel utilisation. The basic fuel cycle characteristics of the once-through
enriched uranium fuel cycle in PWR are given in Table 5.1.

5.2.2 PWR on Enriched Uranium with Pu Recycle in Uranium

The fuel cycle assumed in this case is one in which the plutonium
recovered after reprocessing the irradiated fuel is recycled with uranium,
with additional quantity of fresh enriched uranium in the reload fuel. Since
the fuel discharged from a PWR in a once-through fuel cycle contains about
0.9% U235 and about 0.73% fissile plutonium, there is substantial energy
potential contained in the discharged fuel. If the fuel is reprocessed to
separate the plutonium from the uranium after removing all the fission
products, the recovered plutonium and uranium can be used in the same
PWR, thereby reducing the total requirement of natural uranium.

As indicated earlier, the fabrication cost of plutonium bearing fuel
assemblies would be higher than that of uranium oxide fuel assemblies.
Hence, it is more economical to have the plutonium in as few fuel
assemblies as possible, rather than mix the plutonium uniformly in all the
fuel assemblies. Thus, when plutonium is recycled, usually plutonium
is mixed with natural uranium, and the plutonium content is so chosen as
to give the same discharge burn up for the mixed plutonium-uranium oxide
fuel as for the enriched uranium fuel assemblies. The number of MOX fuel
assemblies that can be fabricated will depend on the amount of plutonium
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that is available from the discharged fuel. Within a fuel assembly, the
plutonium enrichments in the outer rods and in the inside rods are so
chosen as to give satisfactory power distribution within the fuel assembly.
In order to achieve the desired power distribution within a fuel assembly,
differential enrichment is used also in the case of pure enriched uranium
fuel assemblies.

The discharged fuel requires cooling for about one year before
reprocessing can be started. Reprocessing of the discharged fuel, and
fabrication of MOX fuel using the recovered plutonium, together, would take
another one year. Thus, recycling of the recovered plutonium and uranium
would start only 3 years after the reactor commences operation. In other
words, the first two reload fuel charges would be entirely made of enriched
uranium fuel, very much like in the case of the once-through fuel cycle. The
enriched uranium needed for the first two reload fuel batches is also taken
into account in computing initial uranium requirement.

With a four batch refuelling operation, recycling of the second gen-
eration plutonium would start 9 years after the reactor starts operating.
Similarly the third generation plutonium would enter the reactor core 15
years after the reactor starts operation. It may be pointed out that pluto-
nium, whether it is first generation or subsequent generations, is all mixed
together and there is no distinction between the different generations of
plutonium. However, as the recycle number increases, the composition of
plutonium that is recovered and recycled undergoes change, with the
fractional content of Pu 239 gradually decreasing, and that of Pu 240 and
Pu 242 gradually increasing. The fractional content of Pu 241 remains more
or less the same for a number of recycle stages. The first batch of plutonium
contains about 64% fissile plutonium, with very little Pu 242. Towards
the end of the reactor life time of 30 years, the fissile content of the recycled
plutonium would be reduced to about 55%, with about 34% of Pu 240 and
about 11% Pu 242.

The amounts of enriched uranium and natural uranium required
for the initial core, and the annual reload fuel during the thirty years
of operation, were computed and are given in Table 5.2. It may be pointed
out that effort has been made to keep the discharge burnup of the recycled
fuel more or less the same as that in the case of the once-through fuel cycle,
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so that transition from UO2 to MOX fuel would not be a very complex
operation. Though the fuel cycle cost would be slightly reduced, the amount
of natural uranium required will increase if the discharge burn up of the
fuel is permitted to be higher.

5.2.3 PWR on Enriched Uranium + Thorium with U233 Recycle

The fuel cycle considered in this case involves the use of thorium and
20% enriched uranium in the form of mixed oxide as the initial fuel. The
fuel discharged after irradiation contains all isotopes of uranium and plutonium,
in addition to thorium. The discharged fuel is processed to separate
thorium, uranium and plutonium from each other. The recovered uranium
contains more than 5% U233, and more or less the same amount of U235.
The recovered uranium is recycled with thorium. The recycled uranium
contains small quantities of U232 and its decay products. The presence
of these nuclides makes it necessary to handle the recycled uranium in
shielded facilities. The recycled uranium is mixed with thorium in such
a way that the fissile content in the mixed heavy metal is about 4.5%. The
fuel assemblies containing the recycled uranium mixed with thorium will
meet about 58% of the total annual reload requirements. The remaining 42%
of the reload fuel requirement has to be met by thorium mixed with fresh
20% enriched uranium. Fabrication of these make up fuel assemblies
constituting 42% of the reload fuel can be done without having to use shielded
facilities. Thus, the fuel cycle envisaged consists of loading two separate
types of fuel assemblies; more than half of the reload fuel containing recycled
uranium, while the rest would be thorium containing 20% enriched uranium.
The discharged fuel is reprocessed without making any distinction between
the two different types of fuel. The quantity of plutonium recovered from
the discharged fuel is not significant, as a considerable portion of the
plutonium produced in the reactor would burn in situ. The plutonium
recovered from the discharged fuel is not recycled.

The relevant data pertaining to this fuel cycle are given in Table
5.3. The fuel design is quite suitable for use in the standard PWR without
any design modifications. The discharge burnup of the fuel is slightly
lower than that in the previous cases. From the neutronics point of view,
it is beneficial to have a lower discharge burnup with thorium fuel.



76

Naturally, the number of fuel assemblies to be replaced at the time of
the annual refuelling operation will be slightly different from the other
cases, as the discharge burn up is different.

5.3 Pressurised Heavy Water Reactor with Pressure
Tube (PHWR-PT)

The reactor system is described in Section 2.3, and the salient design
parameters are given in Table 2.3 and Table 2.4. The pressure tube heavy
water reactor design is particularly suited to the use of a number of different
fuel cycles. The fuel bundles are only about 50 cm long, and are discharged
from, and loaded into, the reactor almost on a daily basis. This makes it
singularly easy to switch over from one type of fuel cycle to another,
without having to sacrifice fuel performance in order to ensure that no safety
criterion is violated during the switching over process. Usually the excess
reactivity present in the PHWR-PT core at any time is relatively small, and
hence reactivity margin is also not a major constraint in the course to be
followed to achieve the transition from one type of fuel cycle to another. By
and large, design of the PHWR-PT reactor system is a very versatile one
as far as the freedom to choose any particular type of fuel cycle is concerned.

The Pressurised Heavy Water Reactor system with Pressure Tubes
(PHWR-PT) is the system chosen for the Indian nuclear power programme.
As such this particular reactor system has been analysed with a large
number of fuel cycles, constituting a parametric evaluation of the different
fuel cycles that are possible in a PHWR-PT. The results are given in Appendix
I to this Chapter. Only those fuel cycles which emerged as the optimal ones
have been considered in the analysis of fuel cycles that follow.

5.3.1 PHWR-PT on Natural Uranium Once-Through Cycle

The fuel used in this case is 37 rod natural uranium oxide fuel
bundles. The relevant design parameters of the fuel assemblies are given
in Table 2.4. The fuel material is natural uranium dioxide with a density
of about 10.5 gm per cc. In a PHWR-PT system, in the equilibrium core,
usually no external neutron absorber is used in order to achieve the
desired power distribution. The refuelling rates in the different channels can
be adjusted in order to achieve different burnups in different regions. The
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burnup distribution can be so chosen as to obtain the desired power distri-
bution. In practice, the reactor core is divided into two regions. Fuel in
the inner region has a higher discharge burn up compared to the fuel in the
outer region. Fuel in the channels in the inner region has a discharge
irradiation of about 10,000 MWD/T, while in the outer region the discharge
irradiation of the fuel is about 6,000 MWD/T. The average discharge
irradiation is 6,800 MWD/T uranium. The initial loading in the core is 85
T uranium, leading to a specific inventory of uranium amounting to 121 kg/
MWe. The annual uranium requirement for a unit of 750 MWe size is 101
T, which is equivalent to 134.7 kg/MWe per year at a capacity factor of
75%. The results are summarised in Table 5.4.

It must be mentioned that natural uranium once-through fuel cycle
in PHWR-PT type reactors is an efficient means of natural uranium utili-
sation without resorting to uranium enrichment or fuel reprocessing tech-
nology. The fuel discharged from the PHWR-PT in the natural uranium
once-through fuel cycle contains as little as 0.24% U235, which is less
than the U235 content in the depleted uranium coming out of uranium
enrichment plants in the present mode of operation of these plants.

5.3.2 PHWR-PT on Natural Uranium with Pu Recycle

The fuel discharged after attaining a burnup of about 6,800 MWD/T
in the natural uranium once-through fuel cycle contains about 3.7 gm
total plutonium, with a little more than 2.7 gm fissile plutonium, per kg
of the initial uranium contained in the fuel. This plutonium can be recovered
after chemical reprocessing, and can be recycled in the reactor. The
recovered plutonium can be recycled either with natural uranium or with
depleted uranium. These options have been analysed in detail in the
Appendix I to this chapter.

If the recovered plutonium is recycled with natural uranium,
then the optimum fissile plutonium content, from the point of view of
fuel utilisation, in the mixed oxide fuel containing natural uranium and
plutonium, is 4 gm fissile plutonium per kg of heavy metal. In order
to achieve self-sufficiency in fissile plutonium, the quantity of the mixed
oxide fuel will have to be restricted to 85% of the annual reload fuel, with
the remaining 15% being natural uranium fuel. The MOX fuel is capable
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of giving a discharge burn up of 13,500 MWD/T, while the natural uranium
will give 6,800 MWD/T. This combination will result in an average burn
up of 12,500 MWD/T of natural uranium used both in the MOX fuel and
in the pure natural uranium oxide fuel. The quoted values for MOX and
natural uranium fuel are those dictated by reactivity depletion. The actual
values in an operating reactor could be different so that the MOX fuel drives
natural uranium or vice versa. The average will , however, remain around
12,500 MWD/T.

In the case of plutonium recycle with depleted uranium containing
0.20% U235, the quantity of plutonium contained in the fresh MOX fuel will
be 12 gm/kg of depleted uranium. In order to achieve self-sufficiency in fissile

.plutonium, the amount of mixed oxide fuel containing plutonium and depleted
uranium will have be restricted to less than 30 % of the annual reload
fuel requirement. More than 70 % of the reload fuel will have to be natural
uranium. The MOX fuel with depleted uranium and plutonium will have
a discharge burnup of 13,800 MWD/THM, while the natural uranium will
continue to be discharged at 6,800 MWD/T. This will lead to a higher natural
uranium requirement per year than in the case of natural uranium + plu-
tonium MOX, as can be .seen from the results presented in the Appendix I.

Out of the two options available to recycle the plutonium, MOX with
depleted uranium gives less energy per ton of mined uranium than the
MOX fuel with natural uranium. Hence the natural uranium MOX option
is preferrable from the point of view of fuel utilisation. The fuel utilisation
characteristics of this option are listed in Table 5.5.

5.3.3 PHWE-PT on Slightly Enriched Uranium Once-Through Cycle

It has been known for quite some time now that although PHWR-PT
system gives excellent performance with natural uranium once-through fuel
cycle, from uie point of view of utilisation of mined uranium the optimal
initial U235 content in the fuel is higher than 0.71%. In order to identify
the optimum enrichment, the discharge burnup per ton of mined uranium
has been estimated for values of U235 content in the initial uranium
varying from 0.71% upto 2.4% at intervals of 0.1%. The analysis was done
under the constraint that the highest channel power and bundle power
will be within acceptable limits. The detailed analysis, and the results, are
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reported in the Appendix I. It was found that optimum value of initial
enrichment is 1.2%. With an initial enrichment of 1.2% an average discharge
burnup of about 18,700 MWD/T can be achieved. As can be seen from the
results given in Appendix I, marginal increase in natural uranium utilisa-
tion is possible with the uranium enrichment above 1.2% U235. However,
above 1.2% U235 enrichment in the fresh fuel, the bundle power exceeds the
maximum permissible value, unless the average specific power is reduced,
which will lead to higher plant capital cost. Besides, the natural uranium
required for the initial core inventory also will be higher.

It may be noted that Canadian investigations also have lead to the
conclusion that the optimum enrichment level in a uranium fuel cycle in
PHWR-PT is about 1.2%. The Canadians feel that with enriched fuel it is
desirable to increase the operating pressure from about 100 bars to 150
bars. Though the discharge burnup of the fuel will be reduced because of
the increase in the pressure tube thickness necessitated by the increased
pressure, due to the higher thermodynamic efficiency that can be achieved,
the specific capital cost of the plant will be lower. There will be hardly any
change in the fuel cycle cost, because the effect of the slight reduction in
discharge burnup caused by the increased neutron absorption in zirconium
will be compensated for by the increased thermodynamic efficiency that
will be achieved because of the higher operating temperature permitted
by the higher operating pressure.

However, in the present investigation, the fuel cycle analysis has
been carried out with the same reactor design as used in the case of the
other fuel cycles considered in PHWR-PT. The operating pressure and other
design parameters have been retained without any change. The results of
the fuel cycle analysis are given in Table 5.6.

5.3.4 PHWR-PT on Slightly Enriched Uranium with Plutonium Recycle

The fuel discharged after achieving an irradiation of about 18,700
MWD/T in the case of slightly enriched uranium cycle contains about
3.4 gm fissile plutonium per kg of uranium. If this plutonium is recovered
and recycled, the natural uranium requirement will be considerably reduced.
The uranium in the discharged fuel has only 0.2% U235. If depleted uranium
is used in making the mixed oxide fuel, the optimal initial concentration



80

of fissile plutonium will be 1.25% and the discharge burnup of the fuel
will be about 20,000 MWD/T. The same discharge burnup can be achieved
by using 0.4% plutonium in natural uranium. In Appendix I it has been
shown that from the point of view of natural uranium consumption recycling
plutonium with natural uranium is preferable. Since this is quite close
to the discharge burnup of the enriched uranium fuel, the fuelling rate in
all the channels will be more or less the same, unlike in the case of natural
uranium with plutonium recycle, where the discharge burn up of the natural
uranium fuel assemblies was much less than that of the MOX fuel.

In order to achieve self-sufficiency in plutonium, the fraction of
MOX fuel in the total annual reload fuel has to be limited to 30%, with
the remaining 70% of the annual requirement being met by enriched uranium
fuel containing 1.2% U235. The relevant data are given in Table 5.7.

5.3.5 PHWR-PT on High Burnup Thorium Once-Through Cycle

In case reprocessing of irradiated fuel is to be avoided for some or
other reason, the high burnup once-through cycle started with highly enriched
uranium mixed with thorium as fuel may offer certain advantages. Thorium
has the advantage of a higher rate of variation in reactivity due to the
better capture crosssection of Th232 compared to U238, and better "eta"
value of U233 produced fromTh232, than that of Pu produced from U238.
Ofcourse, this cycle has the disadvantage that it requires a higher natural
uranium inventory to start the reactor, because of the need to provide highly
enriched uranium for the initial core. The results are given in Table 5.8.

5.3.6 PHWR-PT on Natural Uranium with Recycle in Thorium (SSET)

This fuel cycle is one which becomes self-sufficient in fissile material
when equilibrium condition is achieved. Once the equilibrium stage is
reached the only external input required is thorium. The Self-Sustaining
Equilibrium Thorium (SSET) cycle, as it is called, can be started straight
away if there is enough U233 available. Once an SSET reactor is started,
or if a reactor reaches the SSET stage, it would not need any more
external fissile material. At the end of life of the reactor the core would
contain enough fissile material to start another reactor on the SSET cycle
from the beginning itself.
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In Appendix I, two options to start an SSET cycle have been discussed.
One is to enrich natural uranium and start a U235+Th fuel cycle, and
the other is to use natural uranium to produce plutonium and use the
plutonium to start a thorium cycle. The second option leads to more natural
uranium consumed until the SSET stage is reached. But in the first option,
highly enriched uranium is required.

The fuel cycle considered in this analysis consists of three different
stages. During the initial years the reactor core will consist of natural
uranium alone. When the plutonium produced in the reactor is recovered,
it is recycled with thorium. Thus, after the first three years, the reload fuel
will consist of natural uranium oxide fuel, and thorium plus plutonium
mixed oxide fuel. Once the plutonium + thorium MOX fuel is discharged
and reprocessed, the recovered U233 also will be recycled along with
thorium. The make up in the reload fuel will continue to be natural
uranium. The discharge burnup of the natural uranium fuel would be limited
to about 6,800 MWD/T even after the loading of the recycled mixed oxide
fuel is started. The recycled fuel can be irradiated to higher discharge
burnups, but will be restricted to about 10,200 MWD/T. Though the recycled
fuel can be irradiated to a higher discharge burnup, it will result in the
system ceasing to be an SSET one.

The requirement of natural uranium fuel for the annual reload will
gradually decrease, while the quantity of the mixed oxide fuel containing
thorium will gradually increase. This will naturally result in a gradual
reduction in the annual production of plutonium and a gradual rise in the
quantity of U233 produced every year. Eventually the quantity of U233
recovered from the thorium fuel will be sufficient to meet all the reload
fuel requirements. At the end of the life time of the reactor there will be
enough U233 in the core to start another reactor of the same capacity with
thorium + U233 fuel from the beginning itself. Data which have a bearing
on the utilisation of natural uranium are listed in Table 5.9. It may be
borne in mind that the annual natural uranium requirement shown in the
Table is the average requirement during the first 20 years. Subsequently
it will need just thorium, and nothing else.
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5.4 Pressurised Heavy Water Reactor with
Pressure Vessel (PHWR-PV)

The reactor system is quite similar to the one that was initially
developed by Germany. The salient features are discussed in Section
2.5 and Table 2.6. The essential design data are given in Table 2.3. The
major difference between the pressure tube and the pressure vessel variants
of the heavy water reactor is that the pressure boundary in the case of the
pressure vessel reactor is the pressure vessel, while in the case of the
pressure tube version each pressure tube is a pressure boundary. In the
case of the pressure vessel reactor, the entire bulk of the heavy water is
at high pressure. The individual coolant tubes are designed to physically
separate the coolant heavy water from the moderator heavy water. The
coolant tubes also provide some thermal insulation between the high
temperature coolant and the relatively low temperature moderator, both
being at higher pressure. The coolant channel closure head and the closure
plug can be opened by the refuelling machine during reactor operation so
that irradiated fuel can be removed and fresh fuel can be loaded. The
change from the concept of each individual coolant tube forming a small
sized pressure boundary, to that of the entire pressure vessel as a single
pressure boundary, eliminates the need to have a large number of coolant
feeder tubes and offers certain engineering advantages. On the other hand,
fabrication of .paa large pressure vessel is a more complex and challenging
task than manufacturing the relatively smaller sized pressure tube.

The main differences between the pressure tube and the pressure
vessel type reactors are all in the engineering aspects related to the fabri-
cation of components, and construction of the reactor. The moderator

. temperature in the pressure vessel type is slightly higher than that in the
pressure tube version. This results in having a harder neutron spectrum
in the pressure vessel type reactor. However, this may have only marginal
impact on the neutron economy and fuel utilisation, as the neutron absorp-
tion in structural materials will be less in a pressure vessel type reactor.
One difference in the design of fuel that may affect the flexibility of fuel
cycle is that the fuel assembly used in the pressure vessel design consists
of single long fuel rods, while the pressure tube design uses fuel bundles
which are 50 cm long, with ten or twelve fuel bundles being present inside
one fuel channel. Such design permits the use of different types of fuel
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bundles inside the same channel, a feature which may be found very useful
in case fissile material is recycled, or in any type of mixed loading.

5.4.1 PHWR-PV on Natural Uranium Once-Through Cycle

The once-through fuel cycle considered here is, in principle, similar
to the once-through cycle considered for other systems. The fuel irradiated
upto the maximum design burnup is discharged and stored. The residual
fissile materials contained in the discharged fuel are not recovered, and
hence can not be reused. The relevant design data are given in Table 5.10.

5.4.2 PHWR-PV on Natural Uranium with Plutonium Recycle

The natural uranium fuel discharged from PHWR-PV at about 6,500
MWD/T burn up contains about 2.5 gm fissile plutonium per kg of heavy
metal. If the fissile plutonium is recovered and recycled the requirement
of natural uranium per MWe-yr of energy produced will be significantly
reduced. There are two options to recycle the plutonium : one with natural
uranium and the other with the depleted uranium recovered by reprocessing
the irradiated fuel. The depleted uranium contains about 0.24% U235.

In the case of MOX fuel containing natural uranium and plutonium,
the optimum plutonium content would be 4 gm/kg of MOX. The MOX
containing 4 gm plutonium per kg HM in natural uranium will have a
discharge burn up of about 13,000 MWD/THM. The irradiated MOX fuel,
initially containing natural uranium and plutonium, when discharged at
13,000 MWD/THM will contain 3.9 gm fissile plutonium and about 1 gm
U235 per kg heavy metal. Since the basic approach is to achieve self-
sufficiency in plutonium by recycling all the recovered plutonium, only a
certain fraction of the reload fuel can be made of MOX containing the desired
amount of plutonium. The rest of the reload fuel has to be made of natural
uranium. In order to attain self-sufficiency in fissile plutonium, the fraction
of annual reload fuel which can be made of natural uranium plus plutonium
MOX has to be limited to 0.30. The remaining 70% of the annual reload
fuel will have to be made from fresh supply of natural uranium, which
will continue to be discharged at the burn up of 6,500 MWD/TU. Taking
into account the discharge burnup of the natural uranium fuel and that of
the MOX fuel, this particular fuel cycle gives an average discharge burnup
of 8,600 MWD/T of mined natural uranium.
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In the event the recovered plutonium is recycled with depleted
uranium, the optimum composition of the MOX fuel will be 10 gm fissile
plutonium per kg of heavy metal. The fuel, when discharged after
irradiating upto 13,000 MWD/THM, will contain 4.1 gm fissile plutonium
and 0.45 gm U235 per kg HM. Considering the need to achieve self-
sufficiency in plutonium, the analysis of plutonium balance indicates that
only 15% of the reload fuel can be made of MOX containing plutonium and
depleted uranium. The remaining 85% of the annual reload fuel will have
to be of natural uranium, which will be discharged at about 6,500 MWD/
T burnup. Though the average discharge burnup of the core will be only
7,500 MWD/THM, the energy extracted per ton of mined uranium will be
about 8,600 MWD/T. It can be seen that though the energy recovered from
mined uranium is more or less the same in both the cases, MOX with depleted
uranium has the disadvantage of having to load more fuel bundles in a year.
The case considered in this analysis is recycling the recovered plutonium
with natural uranium. However, the difference in natural uranium utiliza-
tion if the recovered plutonium is recycled with depleted uranium is
negligible. The results for the MOX fuel with natural uranium case are
summarised in Table 5.11.

5.4.3 PHWR-PV on Slightly Enriched Uranium Once-Through Cycle

As in the case of pressure tube PHWR, slightly enriched uranium
offers certain advantages over natural uranium fuel cycle, as far as
utilisation of uranium is concerned. The fuel dimensions and other
mechanical design data remain the same as those of the natural uranium
fuel assembly. With the initial enrichment of 1.2%, the discharge burnup
will be 20,000 MHD/THM. The design parameters are shown in Table 5.12.
The fuel cycle characteristics are also shown in Table 5.12. It can be seen
that low enriched uranium cycle requires considerably less natural
uranium feed every year than the natural uranium once-through cycle.
As can be expected, in the case of the low enriched uranium cycle the
initial core requires more natural uranium than in the case of natural
uranium cycle. Compared to natural uranium with plutonium recycle, the
only advantage appears to be substantial reduction in the requirement
of annual heavy metal loading, which has a bearing on the total number
of refuelling operations required.
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5.4.4 PHWR-PV on Slightly Enriched Uranium with Pu Recycle

The fuel discharged from the reactor after a burn up of 20,000 MWD/
T contains more than 3 gm fissile plutonium per kg HM, resulting in the
production of a little more than 145 gm fissile plutonium per year for every
MWe of capacity of the power plant. If the discharged fuel could be
chemically processed, and if the plutonium could be recovered and recycled,
the demand on natural uranium will be substantially reduced. As in the
case of the PHWR-PT system, the recovered plutonium can be recycled
either with natural uranium or with depleted uranium. The plutonium
recovered from the discharged fuel will not be adequate to meet the entire
requirement of reload fuel. Part of the make-up fuel will have to be made
of low enriched uranium. In the case of natural uranium, 4 gm plutonium
will have to be added per kg of uranium, while in the case of depleted uranium
it will be 10 gm of plutonium per kg of uranium. Since the discharge burnups
of 1.2% enriched uranium fuel, MOX fuel containing plutonium and natural
uranium, and MOX fuel with plutonium and depleted uranium are all close
to 20,000 MWD/THM, there is no perceptible difference in the annual fuel
loading operation between the MOX fuel with natural uranium, and the
MOX fuel with depleted uranium. However, there are two other important
factors which give relative preference to each of the two options over the
other. In the case of MOX with natural uranium, the annual requirement
of natural uranium is lower by about 10% compared to the MOX fuel with
depleted uranium, while the number of MOX fuel assemblies that will have
to be fabricated will be lower in the case of MOX with depleted uranium.
Normalised to the same amount of energy produced, the relative economics
will be decided by whether the cost of 6 kg of natural uranium that is saved
every year in the MOX with natural uranium case, is higher or lower than
the incremental cost of fabricating MOX fuel with 20 kg heavy metal, which
will be the additional MOX fuel fabrication requirement in the MOX with
natural uranium option. If the additional cost of fabricating 20 kg heavy
metal as MOX fuel is less than the cost of 6 kg natural uranium, MOX
with natural uranium is better not only from the point of view of utilisation
of natural uranium but even from the stand point of fuel cycle cost. The
fuel cycle data are given in Table 5.13.
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5.5 High Temperature Gas Cooled Graphite Reactor (HTGR)

As discussed in Section 2.5, the HTGR is a very versatile thermal
reactor system permitting relatively a very wide range of fuel cycle options
and a variety of applications for which no other thermal reactor system
is suitable. The reason why many types of fuel cycles can be used in
HTGR with no economic penalty lies in the fact that the average neutron
temperature or average energy of thermal neutrons in HTGR is higher than
that in other types of thermal reactors. At lower neutron temperatures, such
as what exists in light water or heavy water reactors, the neutron multiplication
efficiency of U235, Pu 239 and U233 are significantly different from each
other. However, at slightly higher neutron energies the differences between
the "eta" values of the main fissile nuclides are much less as can be seen
from Figure 4.1. Because of this basic feature of the nuclear cross sections,
there is hardly any difference either in the overall economic characteristics
of the various possible fuel cycles, or in the feasibility of the reactor design
to adopt itself to different types of fuel cycles.

5.5.1 HTGR on Low Enriched Uranium (LEU) Once-Through Cycle

It is possible to achieve high residence time and a discharge burn
up of about 100,000 MWD/T, which amounts to a burn up of about 10%
of all heavy metal, in a single pass. This is possible because of the special
design of the fuel elements which have no metallic cladding or any other
structural component made of metal. Many of the fuel elements used in
the prototype AVR built at Juelich in Germany have seen a burn up
of 185,000 MWD/THM.

In the LEU fuel cycle the intial fuel loading is 8.5% enriched uranium.
The basic parameters which have a bearing on the utilisation of mined
uranium are given in Table 5.14.

Every year more than 7.7 kg heavy metal will be discharged, while
the annual uranium loading per MWe of installed capacity is about 8.7 kg.
Out of the 7.7 kg heavy metal discharged, about 7.5 kg is uranium containing
about 1.56% U235 and about 1.36% U236. Though it may be a little more
complex operation to enrich this uranium owing to the high U236 content,
the uranium as it is can be used in reactors which can work with uranium
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containing about 1.5% U235. The discharged heavy metal contains about
1.87% total plutonium of which fissile isotopes constitute about 56%.
Recovery of these fissile materials and recycling them will reduce the
total requirement of natural uranium.

5.5.2 HTGR on Medium Enriched Uranium (MEU) Once-Through Cycle

The MEU fuel cycle uses 20% enriched uranium mixed with
thorium. In the MEU fuel cycle also, the fuel attains average burn up of
100,000 MWD/THM. The composition of the fuel and the mass flow of the
relevent materials are given in Table 5.15. Since the fuel used is uranium
with an enrichment level higher than in the case of the LEU fuel cycle, it
is possible to use thorium also as a diluent material. It results in the
consumption of some thorium without reducing the discharge burn up of the
fuel. Owing to the use of thorium, the quantity of plutonium produced
will be reduced. However, the loss in plutonium production is compensated
for by the production of U233. As can be seen from Tables 5.14 and 5.15,
the quantity of natural uranium required for the MEU cycle is about 5%
less than what is needed with the LEU cycle. The reduction in the natural
uranium requirement is a result of the in-situ burning of thorium. About
90% of the U233 and plutonium produced, and nearly 90% of the initial
U235 loaded, are burnt in the reactor. It has to be borne in mind that the
U233 and the fissile Pu remaining in the discharged fuel elements are not
being recycled. If it is done, there will be further reduction in the
requirement of natural uranium. The uranium discharged at a burnup
of 100,000 MWD/T also contains 6% U235, which has significant fuel value.
If the discharged uranium containing 6% U235 is re-enriched and recycled,
the amount of natural uranium required wil be reduced by about 5%.
However, no credit has been given to the discharged uranium in the once-
through mode operation. Unlike in the case of LEU, the plutonium produced
in the MEU case is predominently Pu242, and hence is of much less
fuel value.

5.5.3 HTGR on Highly Enriched Uranium (HEU) Once-Through Cycle

The fuel cycle that was initially preferred by HTGR designers
was with highly enriched uranium containing 93% U235, with thorium
as the fertile material. Though HEU fuel cycle produces more U233 than
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the LEU cycle, as far as in-situ burning of thorium is concerned, using
93% enriched uranium is less efficient compared to the fuel cycle using
20% enriched uranium. The relevant fuel cycle data for the HEU once-
through fuel cycle in HTGR are given in Table 5.16. In the case of HEU
also the discharge burn up is 100,000 MWD/T HM The discharged uranium
fuel contains hardly any plutonium, as can be expected from the fact that
the concentration of U238 in the fresh fuel is very low. The discharged
uranium contains about 57% U235, compared to the initial value of 93%.
However, recycling the discharged uranium after re-enriching the uranium
to 93% U235 may not be feasible, and will be much more complex as most
of the non-fissile component in the discharged uranium would be U236, not
the heavier U238. Separating U235 from U236, as is well known, is much
more energy intensive, than separating U235 from U238, unless, ofcourse,
laser enrichment of uranium becomes widely available. The irradiated
thorium fuel elements, however, contain considerable quantities of U233
and U234. The proportion of U234 compared to U233 is rather high, inspite
of the fact that the irradiated fuel elements are kept outside the reactor
core for some time before they are sent in again. It is possible to reduce
the fraction of U234 by increasing the time duration for which the
irradiated fuel elements are kept outside the reactor core before they
are returned to the core. However, this strategy will require considerable
increase in the total inventory of fissile material. The overall economics may
not be attractive in such a situation.

The fuel utilisation characteristics of the HEU once-through cycle
are also given in Table 5.16. As availability of thorium is not the critical
parameter limiting the availability of energy, the parameter that matters
is the requirement of natural uranium.

5.5.4 HTGR on LEU with Recycle of Discharged Fuel

The fuel discharged at the end of 100,000 MWD/THM irradiation
contains enough fissile material to give about 84 gm fissile uranium and
about 57 gm fissile plutonium per MWe-yr. Though feeding the uranium
to an enrichment plant to produce 8.5% enriched uranium nay not be an
ecnomically attractive proposition owing to the amount of separative work
that will have to be expended in order to separate the U236 and U235,
as far as the fuel utilisation characteristics are concerned, the residual
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fuel value in these materials have to be taken into consideration. One
possibility is to enrich the discharged uranium to a stage where U235
concentration will be 8.5%, with about 8% U236 and the rest being U238.
Unlike in the case of Th232 and U238, neutron absorption in U236 does
not yield a fissile material without the need for any further neutron
absorption. Neither U237 nor Np237 is fissile. Besides, in the case of an
HTGR working on LEU, the amount of plutonium discharged is rather
substantial, and the plutonium contains about 56% fissile isotopes. Instead
of recycling the separated uranium through the route of an enrichment plant,
it may be more attractive to mix the recovered plutonium with a portion
of the uranium separated after reprocessing the discharged fuel so that
the fuel elements made of the mixed plutonium and uranium will contain
about 8.5% fissile nuclides. Such mixed uranium plutonium fuel elements
also will undergo a discharge burn up of 100,000 MWD/T and will not
require any special effort either in keeping track of the fuel elements or in
reprocessing. The only difference caused is due to the special precautions
that are required in handling plutonium. Though processing of uranium
and plutonium together is likely to increase the fuel cycle cost slightly, the
saving in natural uranium is about 12.5%. The fuel cycle parameters
pertaining to LEU in HTGR with fuel recycle as proposed above are given
in Table 5.17. The recycled fuel would be available after a time lag of
about 4 years. The initial natural uranium requirement takes into account
the reload fuel requirement for the first few years until recycled fuel becomes
available. The annual requirement given in Table 5.17 is what is required
for the rest of the years averaged over the life time of 30 years of the core.

Out of a total 497 kg fissile material loaded annually, only 435
kg is in the form of fresh 8.5% enriched uranium. An additional 62 kg is
in the form of uranium containing 1.6 U235 and about 1.35% U236 and
plutonium. This lower enrichment uranium and plutonium constitute about
12.5% of the feed uranium and about 13% of the discharged uranium. With
the recycle of the plutonium and about 13% of the discharged uranium,
the natural uranium requirement every year is reduced to about 88% of
what would be needed if the discharged fuel were not cycled.

5.5.5 HTGR on MEU with Recycle of Discharged Fuel

In a HTGR working on medium enriched uranium fuel cycle, there
is scope to reduce the natural uranium requirement by recycling the
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fissile material contained in the discharged fuel back in the same reactor.
The discharged fuel will consist of fuel elements which initially contained
20% enriched uranium, and fuel elements which initialy contained thorium
alone. The enriched uranium fuel elements when discharged contain uranium
with 6% U235 and about 3.76% U236, along with plutonium containing a
little less than 40% fissile isotopes. The total plutonium contained in the
discharged uranium fuel elements is a little less than 1.8%. The fissile
content, including U235, Pu239 and Pu241, in the discharged uranium fuel
elements amounts to only 7.75%. One possible path of action is to reprocess
the discharged uranium fuel elements to separate the plutonium and
uranium. The separated uranium containing about 6% U235 can be
re-enriched to 20% U235, which can be re-used. The plutonium also
can be recycled by mixing it with depleted uranium. Considering the
expense involved in reprocessing the irradiated fuel and the additional
expense involved in fabricating plutonium bearing fuel elements,
reprocessing the irradiated uranium fuel elements may not be economically
worthwhile. However, a detailed analysis of the economics of reprocessing
and recycling the recovered fissile material will have to be done in order
to get any definitive answer to this question.

On the other hand, the quantity of U233 contained in the thorium
fuel elements is quite substantial. The recovered U233 can be recycled
with thorium, and the quantity of uranium fuel elements containing 20%
U235 that will be needed for refuelling will be reduced.

Recycling of all the fissile material contained in the discharged
fuel will lead to a reduction of about 15% in the annual natural uranium
requirement. The relevant parameters for such a fuel cycle are given in
Table 5.18.

5.5.6 HTGR on HEU with Recycle of Discharged Fuel

In the case of the highly enriched uranium fuel cycle, a substantial
part of the fuel in the core is thorium mixed with uranium containing 93%
U235. The mass flow of thorium through the reactor core is higher in the
case of highly enriched uranium fuel cycle than in the case of medium
enriched uranium. The quantity of U233 produced is also higher. Hence, the
incentive for, and the advantage from, recovering U233 from the irradiated
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fuel elements and recycling the U233 are much stronger. Since the quantity
of U238 in the uranium fuel is very low, there is hardly any plutonium
production in the HEU fuel cycle. The recovered uranium will contain more
than 60% U233 and U235. The remaining uranium will be predominantly
U236. Recyling the recovered uranium reduces the requirement of HEU
to about 40%. The optimal discharge burnup in the HEU cycle with recycle
of fissile material would be about 100,000 MWD/T. The relevant parameters
are shown in Table 5.19.

5.6 General Remarks

The results presented in the above sections are obtained on the basis
that the design of the reactor is optimised for the once-through mode of
fuel cycle. In the case of recycling the fissile material, further optimization
may yield additional reduction in the annual requirement of natural
uranium. Many of the modifications that may be introduced in order to
reduce the annual natural uranium requirement may lead to increase in
the initial requirement of natural uranium. Besides, some of the modifica-
tions that may lead to better fuel utilization both in the once-through fuel
cycles and in the recycle cases may have adverse effects on the economic
performance of the nuclear power station. It is felt that because of these
disadvantages, and due to the need to have the flexibility to employ either
a once-through fuel cycle or fuel recycle, the same basic design may be
considered both for once-through mode and for fuel recycle.
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T A B L E 5.1

PWR on Enriched Uranium Once-Through Cycle

Fuel material
Initial U235 content in the U02, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

U02
3.6
36,500
367.0
182.3

T A B L E 5.2

PWR on Enriched Uranium with Pu Recycle in Uranium

Fuel material
Initial U235 content in the UO2, %
Initial U235 content in MOX, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2 and MOX
3.6
0.9
36,500
535.8
102.5
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T A B L E 5.3

PWR on Medium Enriched Uranium and Thorium
with U233 Recycle

Fuel material
Initial uranium enrichment, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

(MEU+Th)02
20
36,500
512.0
115.7

TABLE 5.4

PHWR-PT on Natural Uranium Once-Through Cycle

Fuel material
Initial U235 content in the uranium, %
Discharge burnup of the fuel, MWD/T
Initial natural of uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
0.71
6,800
119.8
174.3
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T A B L E 5.5

PHWR-PT on Natural Uranium with Plutonium Recycle

Fuel material
Initial uranium content in U02, %
Initial uranium content in MOX, %
Discharge burnup of natural uranium, MWD/T
Discharge burnup of MOX fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement kg/MWe-yr

U02 and MOX
0.71
0.71
6,800
13,500
250.8
90.4

T A B L E 5.6

PHWR-PT on Slightly Enriched Uranium Once-Through Cycle

Fuel material
Initial U235 content in the fuel, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
1.2
18,700
239.2
129.6
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T A B L E 5.7

PHWR-PT on Slightly Enriched Uranium with Pu Recycle

Fuel material
Initial U235 content in the UO2, %
Initial U235 content in the MOX fuel, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

U02 and MOX
1.2
0.71
20,400
372.5
94.8

T A B L E 5.8

PHWR-PT on High Burnup Thorium Once-Through Cycle

Fuel material
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

(U235+Th)O2
55,000
615.0
127.6
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T A B L E 5.9

PHWR-PT on Natural Uranium with Recycle
Thorium (SSET)

Initial fuel material
Initital U235 content in the fuel, %
Discharge burnup of natural UO2, MWD/T
Discharge burnup of recycled fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

(only for 20 years)

in

UO2
0.71
6,800
10,200
120.8
179.6

TABLE 5.10

PHWR-PV : Natural Uranium Once-Through Cycle

Fuel material
Initial U235 content in the fuel, %
Discharge burnup of fuel, MWD/T
Intitial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
0.71
6,500
112.0
178.1
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T A B L E 5.11

PHWR-PV on Natural Uranium with Plutonium Recycle

Fuel material
Initial U235 content in the UO2 fuel, %
Initial U235 content in the MOX fuel, %
Discharge burnup of UO2 fuel uranium, MWD/T
Discharge burnup of MOX fuel MWD/THM
Initial natural uranium requirement kg/MWe
Annual natural uranium requirement kg/MWe-yr

UO2 and MOX
0.71
0.71
6,500
13,000
220.9
98.9

T A B L E 5.12

PHWR-PV on LEU Once-Through Cycle

Fuel material
Initial U235 content in the UO2 fuel %
Discharge burnup of fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement,kg/MWe-yr

UO2
1.2
20,000
211.4
137.6
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T A B L E 5.13

PHWR-PV on LEU with Pulutonlum Recycle

Fuel material
Initial U235 content in the U02, %
Initial U235 content in the MOX fuel, %
Dicharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg U/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
1.2
0.71
20,000
341.1
99.8

T A B L E 5.14

HTGR on LEU Once-Through Cycle

Fuel material
Initial U235 content in the fuel, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
8.5
100,000
178.40
143.3
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T A B L E 5.15

HTGR on Medium Enriched Uranium Once-Through Cycle

Fuel material
Initial U235 content in the uranium, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

U02
20.0
100,000
139.0
135.7

T A B L E 5.16

HTGR on Highly Enriched Uranium Once-Through Cycle

Fuel material
Initial enrichment, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
93
100,000
168.0
125.6
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HTGR

T A B L E 5.17

on LEU with Recycle of Discharged

Initial fuel
Initial uranium enrichement, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement kg/MWe-yr

Fuel

U02
8.5
100,000
316.6
126.7

T A B L E 5.18

HTGR on MEU with Recycle of Discharged Fuel

Initial fuel material
Initial uranium enrichement, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement, kg/MWe-yr

UO2
20
100,000
276.1
115.3
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T A B L E 5.19

HTGR on HEU with Recycle of Discharged Fuel

Initial fuel material
Inititial uranium enrichement, %
Discharge burnup of the fuel, MWD/T
Initial natural uranium requirement, kg/MWe
Annual natural uranium requirement kg/MWe-yr

U02
93
100,000
305.2
113.2

TABLE 5.20

Sr.No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Fuel Cycle ICharacteristics of the Different Reactor
Systems and Fuel Cycle Combinations

Reactor

PWR
PWR
PWR
PHWR-PT
PHWR-PT
PHWR-PT
PHWR-PT
PHWR-PT
PHWR-PT
PHWR-PV
PHWR-PV
PHWR-PV
PHWR-PV
HTGR
HTGR
HTGR
HTGR
HTGR
HTGR

Fuel Cycle

LEU Once-Through
LEU with Pu Recycle
MEU with Thorium
Nat. U Once-Through
Nat. U with Pu Recycle
LEU Once-Through
LEU with Pu Recycle
High Burnup Th+U235
SSET (Self-Sustaining Th)
Nat. U Once-Through
Nat. U with Pu Recycle
LEU Once-Through
LEU with Pu Recycle
LEU Once-Through
MEU Once-Through
HEU Once-Through
LEU with Recycle
MEU with Recycle
HEU with Recycle

SUI*

0.3670
0.5358
0.5120
0.1198
0.2508
0.2392
0.3725
0.6150
0.1208
0.1120
0.2209
0.2114
0.3411
0.1784
0.1390
0.1680
0.3166
0.2761
0.3052

sue*

0.1370
0.0769
0.0868
0.1307
0.0677
0.0972
0.0711
0.0957
0.1347®
0.1336
0.0742
0.1032
0.0750
0.1075
0.1018
0.0942
0.0950
0.0865
0.0862

# SUI is the initial natural uranium requirement in units of kg/MWe.
SUC is the annual natural uranium requirement in kg per MWe
at 75% capacity factor.

@ This requirement is only for 20 years.
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Appendix I to Chapter 5

PRESSURE TUBE PRESSURISED HEAVY WATER
REACTOR SYSTEM (PHWR-PT)

I.I Introduction

The Indian nuclear power programme is based on Pressurised Heavy
Water Reactor with pressure tubes. Hence, arriving at the best fuel cycle
for the PHWR-PT is of great importance from our point of view. Keeping
this objective in mind a number of fuel cycles were considered in PHWR-
PT. In addition to the once-through natural uranium fuel cycle, a number
of different fuel cycles were analysed. Although some of these could have
been rejected without any detailed analysis, it was thought desirable to
quantify the merits of the different possible fuel cycles. Only those fuel
cycles which offer fairly attractive fuel utilization characteristics have
been retained for use in the analysis of fuel utilization under a dynamic
situation where the installed capacity grows at a rate either pre-specified
or determined by market penetration criteria.

For all the fuel cycles considered, discharge burnup of the fuel, the
quantities of natural uranium needed to initiate the operation of the PHWR-
PT system, and the annual feed requirement to run the reactor at 75%
capacity factor with the fuel cycle under consideration, have been
computed. In addition, based over the initial inventory and annual feed
requirement of natural uranium, the cumulative natural uranium require-
ment also has been computed. While computing the cumulative natural
uranium requirement it is assumed that the installed nuclear capacity
grows from a base of 10,000 MWe to 432,000 MWe over a period of 50 years
under the Fisher-Pry model. The assumptions involved in this growth
pattern and the details of Fisher-Pry model are discussed in another chapter.

An ever growing nuclear capacity is however an untenable model.
It is assumed that the nuclear capacity will stabilise at 432,000 MWe. The
cumulative natural uranium requirement has been evaluated both during
the first 50 years and during the next 50 years when the capacity is not
growing. The cumulative natural uranium requirements during the first
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50 years and during 100 years have been computed for all the different
fuel cycles considered.

1.2 Natural Uranium with Pu Recycle

In the case of this fuel cycle, the plutonium considered has the isotopic
composition corresponding to the plutonium contained in the fuel discharged
from a PHWR-PT with a burnup of 6,800 MWD/T. It is presumed that
the PHWR-PT working on natural uranium with plutonium recycle will start
operation with natural uranium plus plutonium mixed oxide fuel. This is
possible only if there is another reactor system working on natural uranium
cycle which provides the plutonium. In such a situation, although the
annual natural uranium consumption by the reactor system working with
plutonium recycle goes down, additional natural uranium is needed to
support the PHWR-PT working on natural uranium once-through cycle in
order to produce the plutonium needed for recycling. The system considered
will have two streams of reactors - one using natural uranium, and the
other working en natural uranium + plutonium mixed oxide fuel. The
natural uranium requirement has to be evaluated per MWe of capacity
in the entire system. The results of the analysis are given in Table I.I.
The discharge burnup as a function of Pu content is shown in Fig. I.I. Fig.
1.2 shows the specific inventory of natural uranium in a PHWR-PT reactor
operating on natural uranium with plutonium recycling. Even at low
values of plutonium content, where the amount of plutonium needed does
not exceed the self-generated quality, the specific inventory increases. This
is because it is assumed that a certain amount of natural uranium will have
to be irradiated in order to produce the initial plutonium required. Ofcourse,
once the plutonium concentration goes beyond what can be sustained by
the self-generated plutonium, a certain amount of installed capacity
operating on once-through cycle will have to be considered. The specific
annual requirement of natural uranium is shown in Fig. 1.3 as a function
of Pu content. Unlike in the case of specific inventory, the specific annual
requirement is a minimum at the optimal concentration of Pu content. The
cumulative natural uranium requirements are shown in Fig. 1.4.

1.3 Low Enriched Uranium Once-Through Cycle

A parametric evaluation of natural uranium requirement has been
carried out for low enriched uranium once-through fuel cycle with the
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enrichment level as the variable parameter. Fig. 1.5 shows the discharge
burnup as the U235 content in the low enriched uranium varies. The specific
natural uranium inventory requirement and the specific annual feed
requirement of natural uranium for different U235 content in the LEU are
shown in Figs. 1.6 and 1.7 respectively. As can be expected, the annual
feed requirement is minimum for the optimum value of enrichment, whereas
the specific inventory requirement of natural uranium monotonically increases
as the enrichment increases. Fig. 1.8 shows the comulative natural uranium
requirements as the U235 content in the LEU varies.

International studies have shown that for LEU cycle in a
PHWR-PT system, the optimum enrichment is 1.2%. Our analysis, as can
be seen from Table 1.2, Figs 1.7 and 1.8 also shows that the optimum initial
U235 enrichment is 1.2%. Though the cumulative natural uranium require-
ment for the growth rate assumed in this study is slightly lower for uranium
enrichment a lttle less than 1.2%, the variation of natural uranium require-
ment is not very sensitive around 1.2% enriched uranium. However, the
rise in discharge burnup in this region of U235 content in the LEU is
fairly pronounced, thereby giving substantial reduction in the fuelling cost
with no substantial increase in the cumulative natural uranium require-
ment. Thus, we have retained 1.2% as the optimal enrichment in the LEU
case. Although the discharge burnup continues to increase with enrichment,
as the enrichment rises above 1.2% the increase in the feed uranium needed
to produce the required quantity of enriched uranium is larger than what
can be justified by the increased burnup. This leads to a reduction in the
total energy that can be extracted per ton of mined uranium when
enrichment is raised above 1.2% U235. This effect is precisely what
we see in Fig 1.8.

1.4 Low Enriched Uranium with Pu Recycle

This set of fuel cycles basically works on low enriched uranium
with recycle of plutonium. Two different enrichment levels, viz. 0.8% U235
and 1% U235, have been considered. For each of these two enrichment levels,
the plutonium content has been varied so that the optimum plutonium
concentration can be determined. The quantity of self-generated plutonium
would not be adequate above a certain value of plutonium concentration.
As in the case of all plutonium recycle cases, it is assumed that whenever
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additional plutonium is needed, it will be produced in a natural uranium
fuelled PHWR working on a once-through cycle. Tables 1.3 and 1.4 give
the results of the analysis for the two U235 enrichments considered, viz.
0.8 and 1.0% U235. The increase in the discharge burnup of the fuel as the
plutonium content increases for both 0.8% enriched uranium and 1%
enriched uranium cases are also given in Fig I.I. The variation of specific
inventory of natural uranium, and of annual feed requirement of natural
uranium, with Pu content in the fuel, can be seen from Figs. 1.2 and 1.3
respectively. The cumulative natural uranium requirements for the 0.8%
enriched LEU + Pu, and 1.0% enriched LEU + Pu MOX fuels, for different
values of Pu content in the MOX, are shown in Figs. 1.4.

1.5 Depleted Uranium with Pu Recycle

The system considered is one in which plutonium is recycled with
depleted uranium. The plutonium needed for the initial load, and a part
of the subsequent reload fuel will have to come from a PHWR working on
a natural uranium once-through cycle. The U235 content in the depleted
uranium used to make the MOX fuel is assumed to be 0.2%. Different
values have been assumed for the initial Pu content in the fuel. Depending
on the initial plutonium content, the capacity of PHWR working on natural
uranium once-through cycle that will be needed to provide the required
quantity of plutonium will vary. Table 1.5 gives the results for MOX fuel
made from depleted uranium containing 0.2% U235 with different values
for the initial plutonium content in the MOX fuel. Fig. I.I shows the
variation of the discharge burnup for the MOX fuel containing depleted
uranium with 0.2% U235, for different values of the initial Pu content. The
natural uranium inventory requirement with different Pu content in 0.2%
depleted uranium is also shown in Fig. 1.2. The annual natural uranium
fuel requirements for 0.2% depleted uranium + plutonium MOX also are
shown in Fig 1.3. The cumulative natural uranium requirements with this
fuel cycle, for different values of initial Pu content, are shown in Fig. 1.4.

1.6 Thorium with U235 Once-Through Cycle

Another fuel cycle that has been considered is thorium mixed with
highly enriched uranium in a once-through mode of operation. It is expected
that in such a fuel cycle the discharge irradiation would be very high so
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that a fairly good fraction of the total energy released will be from the fission
of U233 produced, and burnt in situ. The discharged fuel is not reprocessed.
The results are given in Table 1.6. The discharge burnup of the fuel for
different values of the initial U235 content in the fuel can be seen from Fig.
1.9. The specific inventory of natural uranium as a function of U235 content
is shown in Fig. 1.10. It can be seen that the thorium + U235 once-
through cycle requires substantially higher natural uranium inventory to
start the reactor, compared to the other fuel cycles that we have considered
so far for PHWR-PT reactor. The variation of annual requirement of natural
uranium as a function of the U235 content in the Th + U235 fuel is shown
in Fig. 1.11. The same results for the range ofU235 contents which gives
fairly low annual natural uranium requirement are shwon in Fig. 1.12.
Even at the optimum value of enrichment the natural uranium requirement
is much higher than in the case of other fuel cycles. The cumulative natural
uranium requirements for the limited sensitive range of U235 content are
shown in Fig. 1.13.

1.7 Thorium with U233 Recycle and U235 Makeup

The fuel cycle that is considred is a thorium based cycle in which the
discharged fuel is reprocessed to recover the bred U233 so that it can be
recycled. The discharge fuel burnup need not be restricted to what can
be acheived by recycling the self generated U233, i.e. by limiting the
analysis to a self-sustaining equilibrium thorium (SSET) cycle, wherein the
fissile material contained in the discharged fuel is sufficient to make the
reload fuel, thereby obviating the need for an external supply of fissile
material. Higher discharge burnup of the fuel can be achieved by having
an additional fissile material input. Highly enriched uranium is added
to sustain the cycle. The U235 content in the thorium fuel has been varied
to find out the optimum U235 concentration. Table 1.7 gives the results.
The variation of discharge burnup with externally added U235 is shown in
Fig. 1.14. The quantities of initial natural uranium inventory requirement
and annual natural uranium requirement as a function of the amount of
U235 added are shown in Figs. 1.15 and 1.16 respectively. The cumulative
natural uranium requirements are shown in Fig. 1.17 for the various U235
concentrations in the initial fuel. It may be noticed that when the quantity
of U235 added is zero, the cumulative natural uranium requirements for
50 years and 100 years are the same. As can be seen from Fig. 1.14, and
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Table 1.7, the discharge burn up for such a cycle, which is nothing but a
U235 initiated SSET system, is about 10,230 MWD/T.

1.8 Thorium with U233 Recycle and Pu Makeup

In this cycle it is assumed that the discharged fuel is reprocessed,
and the recovered U233 is recycled with thorium Hov.*cver, in case it
is desirable to provide a reasonably high discharge burnup, a certain amount
of external piutonium is used. The piutonium is produced in a PHWR
working on once-through natural uranium cycle. The quantity of piutonium
added has been varied so that a parametric analysis is carried out. Ensuring
the availability of a regular supply of piutonium demands a separate stream
of PHWR to produce the required piutonium. The capacity of the second
stream of PHWR and the results of the analysis are given in Table 1.8.
The variation of discharge burnup with the quantity of external piutonium
added is shown in Fig. 1.18. The quantities of natural uranium required for
the initial core and for annual feed requirement for different Pu concen-
trations in the initial fuel are shown in Fig. 1.19 and 1.20 respectively. The
cumulative natural uranium required for a growing nuclear power
programme for different Pu contents in the fuel can be seen in Fig. 1.21.
As in the previous case, with piutonium topping also the cumulative natural
uranium required for 50 years and for 100 years are the same when the
quantitiy of piutonium added, in addition to the self-generated U233, is
zero. The discharge burn up with the SSET fuel cycle will be 10,230
MWD/T. It needs to be emphasized that in the thorium + U233 recycle case,
addition of external fissile material is needed only if the discharge burnup
of the fuel is to be high. With no U235 or Pu make up, the self-generated
U233 at equilibrium condition will give 10,230 MWD/T burnup.

The rise in the discharge burnup by adding the same quantity of fisile
material is much more in the case of U235 than if fissile piutonium is
added. The discharge burnups with U235 and with piutonium topping in
thorium + U233 recycle case are shown in Fig. I. 22. The total quantity
of natural uranium required to achieve the SSET cycle in a PHWR-PT
depends on whether the natural uranium is used to produce U235 in the form
of highly enriched uranium which can be mixed with thorium, or the natural
uranium is used in a PHWR-PT to produce piutonium which is then recycled
with thorium. Fig. 1.23 shows the cumulative natural uranium required
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if these two paths are chosen. It can be seen that the natural uranium
requirement to achieve the SSET stage by using U235 isjust a little less
than half of the natural uranium required if the natural uranium is
irradiated in a PHWR-PT and the plutonium is mixed with thorium.

One simple way of illustrating the point that with low burnups a
thorium with U233 recycle can reach a self-sustaining stage is to analyse
the variation of the fissile inventory ratio with the discharge burnup of the
fuel. The fissile inventory ratio is nothing but the ratio of the fissile material
contained in the fuel when it was loaded into the reactor, to the fissile
material content when it is discharged. In order to achieve a self-
sustaining system this ratio has to be greater than unity. Fig. 1.24 shows
the fissile inventory ratio for different discharge burnup values.

1.9 Conclusions

The once-through natural uranium fuel cycle is the simplest of all
fuel cycles. It does not require any fuel reprocessing. The fuel utilization
capability of once-through natural uranium fuel cycle in a PHWR-PT is
also quite good. Hence, such a fuel cycle certainly has to be considered
in an analysis of different fuel cycles in the different types of thermal
reactors.

Recycling the plutonium recovered from the discharged fuel does
increase the total energy potential from a given quantity of natural uranium.
There ara a number of possibilities for recyling the plutonium with uranium.
The uranium can be natural uranium. Another possibility is to consider
depleted uranium containing 0.2% U235. This corresponds to what is commonly
called the tails from enrichment plants. It is also close to the uranium
recovered after reprocessing the fuel discharged from a PHWR-PT reactor
system operating on a natural uranium cycle. If there is any advantage,
one can consider recycling the plutonium with slightly enriched uranium too.
The cumulative natural uranium required over a period of 50 years by
PHWR-PT growing from 10,000 MWe to 432,000 MWe following the
Fisher-Pry model with four different kinds of MOX fuel is shown in
Fig. 1.4. It can be seen that the lowest cumulative natural uranium
requirement is with natural uranium MOX containing about 0.4% Pu.
Natural uranium with 0.4% Pu gives more than 13,500 MWD/T of burnup.
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The minimum natural uranium requirement with depleted uranium,
containing 0.2% U235, mixed with Pu is with a Pu content in the fuel givig
less than 10,000 MWD/T discharge burnup. In any case, the minimum
cumulative natural uranium requirement with depleted uranium MOX is
much higher than that with natural uranium MOX. The differences at
higher concentration of Pu between the depleted, natural and enriched
uranium MOX cases are comparatively smaller than the difference between
the minima with natural uranium and with depleted uranium. As such,
for Pu recycling, MOX of natural uranium mixed with plutonium is what
is considered.

Another interesting aspect that is worth drawing attention is the
advantage in using thorium, instead of U238, as the diluent material while
recyling concentrated fissile material. Fig. 1.25 shows the discharge burnup
against U235 concentrations in thorium and in U238. Because of the higher
neutron absorption cross section of Th232, the discharge burnup that can
be obtained with Th + U235 is lower at low concentrations of U235. But
once the initial concentration of U235 is high enough to overcome the
reactivity limited residence time of the fuel, the higher "eta" value ofU233
produced from thorium leads to a better conversion factor and to a higher
discharge burnup than what can be achieved in LEU, i.e. a mixture of U235
with the diluent fertile nuclide U238, not Th232. This is one reason why
one can achieve a self-sustaining stage if the fissile material produced in
the reactor is recycled with thorium, and not with U238.

It is interesting to analyse the differences between U235 and fissile
plutonium when they are diluted with thorium. The variations of discharge
burnup with added fissile content are plotted in Fig. 1.26, both for thorium
+ U235 and for thorium + fissile plutonium cases. One can clearly see that
it is more advantageous to use U235 rather than plutonium as the fissile
material added to thorium. From sections 1.7 and 1.8, we have already
seen that it would be more advantageous to start a self-sustaining equi-
librium thorium (SSET) cycle by using highly enriched uranium rather
than by recycling the self-generated plutonium. But, then, considering the
need to have enrichment plants, and the relative ease of gradually
undergoing the transition from a full natural uranium core to a self-
sustaining thorium-U233 cycle within a short span of 20 years, we decided
to consider a transition from natural uranium to an SSET core, as well.
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The real merit of the SSET cycle, which requires natural uranium
at the initial stage either to produce plutonium or to get U235 to start a
thorium cycle, emerges when we consider the natural uranium require-
ment to support a specified installed nuclear capacity for a number of years.
This quantity is what has been analysed in detail in a subsequent chapter.
It will be seen that all the cases except the two SSET cases will have
a continuously growing uranium requirement. As has been already seen,
among the two options to achieve the SSET cycle, i.e. either by using self-
generated plutonium or by enriching the available natural uranium and
straightaway starting a U235+Th based SSET cycle, the latter option
requires lower quantity of natural uranium. It merely means that making
use of U235 fission neutrons to convert Th232 into U233, instead of
converting U238 to plutonium, is more attractive: a conclusion which we
already know. In both Pu initiated SSET and U235 initiated SSET, the
cumulative natural uranium requirement is much less than the lowest
natural uranium requirement that is possible with plutonium recycling in
uranium. We will see more on the comparison of cumulative natural uranium
requirement for SSET cycle in PHWR-PT with other fuel cycles in PHWR-
PT and in other reactor systems in another chapter. In fact, a comparative
evaluation of the efficiency of natural uranium utilization by the different
fuel cycles in the different reactor systems is the basic core of this analysis.
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TABLE 1.1

PHWR-PT on Natural Uranium with Pu Recycle

Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Pu
%

0.0
0.1
0.2
0.4
0.6
0.9
1.2
1.6
2.0
2.5
3.0
3.6
4.2
4.9

Addl.
MWe

0
n

0

0
101
276
407
546
658
775
875
977

1,066
1,151

Burnup
(MWD/T)

6,800
8,890

10,650
13,530
16,065
19,430
22,425
26,015
29,260
32,965
36,405
40,305
44,075
48,390

Natura

Annual

134.8
103.0
86.4
67.7
75.5
97.7

115.6
135.3
151.9
170.0
185.6
201.9
215.9
230.0

Uranium Requirement*

Initial

90.6
115.0
139.3
188.1
249.3
344.0
433.3
547.9
659.2
795.5
929.7

1,088.5
1,245.6
1,426.9

Cumulative

839 / 3,98
672 / 3,081
589 / 2,604
510 / 2,089
523 / 2,077
572 / 2,239
610 / 2,357
652 / 2,478
688 / 2,575
727 / 2,670
764 / 2,763
795 / 2,841
839 / 2,922
913 / 3,036

* The annual uranium requirement is in tons, at 100% capacity factor. The
cumulative requirement is in 1000 tons at 75% capacity factor for 50/100
years, with nuclear capacitygrowing under the Fisher-Pry model.
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TABLE 1.2

PHWR-PT on Low Enriched Uranium

Sr.
No

1
2
3
4
5
6
7
8
9

10
11

U235
%

0.71
0.80
0.90
1.00
1.20
1.50
1.80
2.10
2.40
2.80
3.20

Burnup
(MWD/T)

6,800
9,230

11,940
14,350
18,660
24,370
29,520
34,270
38,730
44,290
49,495

Once-Through Cycle

Natural Uranium Requirement*

Annual

134.8
117.0
106.0
101.0

97.2
97.0
98.7

101.0
103.6
107.2
110.7

Initial

90.6
106.9
125.0
143.1
179.4
233.7
288.1
342.5
396.8
469.3
541.8

Cumulative

840 / 3,984
747 / 3,479
693 / 3,163
676 / 3,029
676 / 2,944
709 / 2,972
753 / 3,055
800 / 3,155
849 / 3,268
914 / 3,415
980 / 3,562

* The annual uranium requirement is in tons, at 100% capacity factor. The
cumulative requirement is in 1000 tons at 75% capacity factor for 50 / 100
years with nuclear capacity growing under the Fisher-Pry model.
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Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13

PHWR-PT on 0.8%

Pu
%

0.0
0.1
0.2
0.4
0.9
1.2
1.6
2.0
2.5
3.0
3.6
4.2
4.9

Addl
MWe

0
0
0
0

258
386
522
634
751
851
954

1,043
1,130

T A B L E 1.3

Enriched Uranium with Pu Recycle

Burnup
(MWD/T)

9,230
10,980
12,510
15,210
20,850
23,750
27,250
30,425
34,065
37,450
41,305
45,030
49,310

Natural

Annua

117.1
98.4
86.4
71.1
99.1

116.3
135.4
151.8
169.5
185.0
201.2
215.2
229.2

Uranium

Initial

106.9
131.3
155.7
204.4
538.1
447.0
561.3
672.6
808.9
943.1

1,102.1
1,259.2
1,440.7

Requirement*

Cumulative

747 / 3,479
654 / 2,949
599 / 2,614
540 / 2,199
594 / 2,316
630 / 2,421
669 / 2,531
705 / 2,624
743 / 2,719
778 / 2,719
815 / 2,880
850 / 2,949
888 / 3,020

* The annual uranium requirement is in tons, at 100% capacity factor. The
cumulative requirement is in 1000 tons at 75% capacity factor for 50 / 100
years with nuclear capacity growing under the Fisher-Pry model.
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Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14

PHWR

Pu
%

0.0
0.0
0.2
0.4
0.6
0.9
1.2
1.6
2.0
2.5
3.0
3.6
4.2
4.9

-PT on 1%

Addl.
MWe

0
0
0
0

75
222
340
470
580
696
796
900
990

1,080

TABLE 1.4

Enriched Uranium with Pu Recycle

Burnup
(MWD/T)

14,350
15,735
17,010
19,355
21,505
24,460
27,150
30,435
33,445
36,925
40,180
43,910
47,535
51,715

Natural

Annual

101.0
92.0
85.1
74.8
81.1
99.9

115.7
133.8
149.6
166.8
182.0
198.0
212.0
226.0

Uranium Requirement*

Initial

143.1
167.5
191.9
240.7
298.7
389.9
477.6
591.2
702.1
838.4
972.6

1,131.6
1,289.0
1,470.7

Cumulative

676 / 3,029
639/2,785
614 / 2,599
584/2,329
597 / 2,316
635/2,433
667/2,523
703/2,621
736/2,705
773 / 2,790
806 / 2,866
842 / 2,942
876 / 3,008
912 / 3,072

* The annual uranium requirement is in tons, at 100% capacity factor. The
cumulative requirement is in 1000 tons at 75% capacity factor for 50 / 100
years with nuclear capacity growing under the Fisher-Pry model.
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PHWR-PT (

Sr.
N o

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Pu
or
/O

0.6
0.7
0.8
1.0
1.2
1.5
1.8
2.1
2.4
2.8
3.2
3.6
4.2
4.9

T A B L E 1.5

on Depleted Uranium (0.2% U235)

Addl.
M W P

342
436
505
608
686
779
856
922
982

1,052
1,115
1,172
1,247
1,320

Burnup
fMHTVTI
\VtXXlJ-J/ A J

3,960
5,785
7,395

10,235
12,740
16,080
19,075
21,815
24,355
27,515
30,475
33,295
37,350
41,954

with Pu Recycle

Natural Uranium Requirement*

Annual

155.3
143.3
142.1
147.3
154.6
165.7
176.2
185.9
195.1
206.3
216.6
225.9
238.4
250.8

Initial

224.6
260.6
293.4
355.0
413.3
498.0
580.5
661.8
742.2
848.5
953.8

1,058.2
1,213.7
1,393.4

Cumulative

716/3,202
629/2,742
602/2,583
594/2,491
603/2,485
624/2,521
647/2,566
669/2,614
691/2,662
718/2,719
744 / 2,776
769 / 2,826
804 / 2,894
842 / 2,962

* The annual uranium requirement is in tons, at 100% capacity factor. The
cumulative requirement is in 1000 tons at 75% capacity factor for 50 / 100
years with nuclear capacity growing under the Fisher-Pry mpdel.
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Sr .
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

T

PHWR-F

U235
%

1.7
1.8
1.9
2.0
2.1
2.2
2.4
2.6
2.8
3.0
3.3
3.6
4.0
4.4
4.8

T on Thorium

Burnup
(MWD/T)

1,550
5,770

14,065
21,225
27,020
31,970
40,33 5
47,365
53,580
59,190
66,770
73,590
81,805
89,200
95,955

A B L E 1.6

with U235 Once-Through Cycle

Natural Uranium Requirement*

Annual

2,009.6
571.7
247.5
172.6
142.4
126.1
109.1
100.6

95.8
92.9
90.6
89.6
89.6
90.4
91.7

Initial

280.0
296.5
313.0
329.5
345.9
362.4
395.3
428.3
461.2
494.2
543.6
593.0
658.9
724.8
790.7

Cumulative

11,859 / 58,733
3,508 / 16,843
1,633 / 7,046
1,208 / 5,380
1,043/ 4,364

958/ 3,899
880 / 3,424
851 / 3,197
843/ 3,078
847 / 3,014
864/ 2,977
889/ 2,979
930/ 3,020
975/ 3,084

1,024 / 3,162

* The annual uranium requirement is in tons, at 100% capacity factor.
The cumulative requirement is in 1000 tons at 75% capacity factor for 50
/ 100 years with nuclear capacity growing under the Fisher-Pry model.
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TABLE 1.7

PHWR-PT on Thorium with U233 Recycle and U235

Sr.
No

1
2
3
4
5
6
7
8
9

LO

U235
%

0.0
0.1
0.2
0.4
0.9
1.2
1.6
2.0
2.5
3.0

Burnup
(MWD/T)

10,230
18,640
25,260
35,450
53,515
61,955
71,665
80,160
89,530
97,830

Make-up

Natural Uranium Requirement*

Annual

0.0
9.8

14.5
20.7
30.8
35.5
40.9
45.7
51.2
56.2

Initial

0.0
16.5
32.9
65.9

148.2
197.7
263.6
329.5
411.8
494.2

Cumulative

575 / 575
662 / 96
708 / 1,158
777 / 1,421
906 / 1,865
973 / 2,076

1,054 / 2,315
1,134 / 2,554
1,227 / 2,819
1,317 / 3,064

* The annual uranium requirement is in tons, at 100% capacity factor.
The cumulative requirement is in 1000 tons at 75% capacity factor for 50
/ 100 years with nuclear capacity growing under the Fisher-Pry model. The
initial requirement shown above is in addition to the natural uranium
required for producing the initial charge of U233. This would be about
928 T if produced from Th-U235 fuel.
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TABLE

PHWR-PT on Thorium with U233

Sr.

No.

1
2
3
4
5
6
7
8
9

10
11
12
13

Pu

%

0.0
0.1
0.2
0.4
0.6
0.9
1.2
1.6
2.0
2.5
3.0
3.6
4.2

Addl.

MWe

0
75

127
204
265
342
410
493
568
655
735
822
900

Burnup

(MWD/T)

10,230
14,815
18,430
23,895
28,070
32,955
36,875
41,100
44,650
48,460
51,855
55,625
59,250

1.8

Recycle

Natural

Annual

0.0
13.9
23.4
37.5
48.6
62.8
75.3
90.5
104.2
120.2
134.8
150.8
165.1

and Pu Make-up

Uranium Requirement*

Initial

0.0
30.6
58.6

111.5
162.7
237.8
311.9
409.8
568.4
655.4
735.0
822.2
900.2

Cummulative

1,163 / 1,163
1,172 / 1,564
1,180 / 1,800
1,179 / 2,026
1,212 / 2,330
1,234 / 2,575
1,254 / 2,767
1,278 / 2,976
1,300 / 3,145
1,325 / 3,320
1,349 / 3,467
1,376 / 3,612
1,401 / 3,733

* The annual uranium requirement is in tons, at 100% capacity factor.
The cumulative requirement is in 1000 tons at 75% capacity factor for 50
/ 100 years with nuclear capacity growing under the Fisher-Pry model. This
is in addition to the natural uranium needed to produce the initial charge
of U233. This would be about 1,875 T if produced from Pu-Th fuel.



120

Fig. I. 1 Discharge burn up vs Pu content in heavy metal in
HWR-PT when Pu is recycled with enriched uranium, natural uranium
and depleted uranium.

Z>

en
o

GOOOO

55000 -

5C000

45000

40000 -

35000 -

30000 -

25000 -

20OOO i-

15000 $

10000 'i

5000 -

1..

. n i it in PIT

-—•&-— HWR-PT
—•** HWR-PT

e HWR-PT

>

>

I

t s
J

/

. . . 1 . , I.

••LEU(1J%
:LEU(0.8 X
:Nat . U -H
:Dep. UCO.

/ /

at

/

1

U235) +
U235) +

Pu
27. U235)

A

X
r

.1 ....!..

Pu
Pu

+ Pu y °

Si S S

y

1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Plutonium Content in Heavy Metal (X)



121

Fig. I. 2 Specific initial inventory of natural uranium vs Pu
content in heavy metal in HWR-PT when Pu is recycled with enriched
uranium, natural uranium and depleted uranium.
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Fig. I. 3 Specific annual natural uranium feed vs Pu cuntent in
heavy metal in HWR-PT when Pu is recycled with enriched uranium,
natural uranium and depleted uranium.
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Fig. I . 5 Discharge burn up vs U235 content in low enriched
uranium when HWR-PT i s operated on low enriched uranium once-
through cycle .
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Fig. I. 6 Specific natural uranium inventory vs U235 content in
LEU when HWR-PT is operated on low enriched uranium once-through
cycle.
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Fig. I. 7 Specific annual natural uranium feed requirement vs
U235 content in LEU when HWR-PT is operated on low enriched
uranium once-through cycle.
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Fig. I. 8 Cumulative natural uranium requirement over 50/100
years vs U235 content in LEU when HWR-PT is operated on low
enriched uranium once-through cycle.
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Fig. I. 9 Discharge burn up vs U235 content in heavy metal when
HWR-PT is operated on thorium + U235 once-through cycle.
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Fig. I.10 Specific natural uranium inventory requirement vs U235
content in heavy metal when HWR-PT is operated on thorium + U235
once-through cycle.
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Fig. I.11 Specific annual natural uranium feed vs U235 content
in heavy metal when HWR-PT is operated on thorium + U235 once-
through cycle.
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Fig. 1.12 Specific annual natural uranium feed vs U235 content
in heavy metal when HWR-PT is operated on thorium + U235 once-
through cycle (in the sensitive range of U235).
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Fig. 1.13 Cumulative natural uranium requirement for 50/100
years vs U235 content in heavy metal when HWR-PT is operated on
thorium + U235 once-through cycle (in the sensitive range of
U235).
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Fig. 1.14 Discharge burn up vs U235 content in heavy metal when
HWR-PT is operated on SSET cycle with U235 topping.
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Fig. 1.15 Specific natural uranium inventory vs U235 content in
heavy metal when IIWR-PT is operated on SSET cycle with U235
topping.

C

o

>

a
c

o

2.0

1.9 -

1.8 -

1.7 -

1.6 -

1.5 -

1.4 -

1.3 -

1.2 -

1.1 -

1.0

a HWR-PT:SSET (U235 Topping)

O.O 0.5 1.0 1.5 2.0 2.5
U235 Content in Heavy Metal C/.)

3.0



135

Fig. 1.16 Specific annual natural uranium feed vs U235 content
in heavy metal when HWR-PT is operated on SSET cycle with U235
topping.

0.08

0.07 -

0.06 -

0.05 -
c
>,
I

0.04

CD
Hiu.
e

c 0.03a

D
C

JZ 0.02

o
c

0.01

o.oo

HWR-PT:SSET (U235 Topping)

0.0 0.5 1.0 1.5 2.0
U235 Content in Heavy Metal

2.5 3.0



136

Fig. 1.17 Cumulative natural uranium requirement for 50/100
years vs U235 content in heavy metal when HWR-PT is operated on
SSET cycle with U235 topping.
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Fig. 1.18 Discharge burn up vs Pu content in heavy metal when
HWR-PT is operated on SSET cycle with Pu topping.
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Fig. 1.19 Specific natural uranium inventory vs Pu content in
heavy metal when HWR-PT is operated on SSET cycle with Pu topping.
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Fig. 1.20 Specific annual natural uranium feed vs Pu content in
heavy metal when HWR-PT is operated on SSET cycle with Pu topping.
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Fig. 1.21 Cumulative natural uranium requirement for 50/100
years vs Pu content in heavy metal when HWR-PT is operated on SSET
cycle with Pu topping.
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Fig. 1.22 Discharge burn up vs added fissile content in heavy
metal when HWR-PT is operated on SSET cycle with V235 topping, and
with Pu topping.
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Fig. 1.23 Cumulative natural uranium requirement for 50/100
years vs U235/Pu content in heavy metal when HWR-PT is operated on
SSET cycle with U235 topping and with Pu topping.
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Fig. 1.24 Fissile inventory ratio vs discharge burn up when HWR-
PT is operated on SSET cycle with U235 topping.
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Fig. 1.25 Discharge burn up vs added fissile content in heavy
metal when HWR-PT is operated on U235 + Th232, and on U235 + U238
once-through cycles.

200000 [

190000 h

180000 -

170000

160000 i-

1500QO j-

14-0000

130000 l

P 120000

1 110000

§ laoooo
la-
's 9OO00 i-
E 8OO00 j-
c
00 7OO00 I-co
en
b BOO00
o

^ 50000 I-

40000

30000 I-

20000

10000

0

a HWR-PT:Thorium + U235:Once-Through
—-•* HWR-PT: LEU: Once-Through

A'

X

X

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Added Fissile Content in Heavy Metal ('/.)



145

Fig. 1.26 Discharge burn up vs added fissile content in heavy
metal when HWR-PT is operated on Th + U235, and Th + Pu once-
through cycles.
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6. FUEL UTILIZATION BY THERMAL REACTORS WITH
NUCLEAR CAPACITY GROWING AT A CONSTANT

ANNUAL RATE

6.1 Introduction

The merit of any reactor system depends to some extent on
the particular milieu in which it is used. Analysing the relative performance
of each reactor system under all possible scenarios is a rather laborious
process. Hence a simple method that can be used to evaluate the fuel
utilization efficiency of a reactor system is to estimate the quantity of
natural uranium required by the reactor system in order to support a nuclear
power programme when the total installed capacity is provided by the
reactor system. The installed nuclear capcity is assumed to be growing at
a specified rate. As the influence of fuel inventory is felt differently at
different rates of growth, it is necessary to carry out the analysis for different
growth rates. Although it is very unlikely that. the order of merit, so to
say, of the different reactor systems and fuel cycles may not change for
different growth rates within reasonable range of values for the growth
rate, the relative magnitudes of natural uranium utilization may change
depending on the growth rate of installed nuclear capacity.

6.2 Method of Analysis

In this analysis it is presumed that at the beginning of the first year a
certain amount of nuclear capacity Ct has already started operating. The
installed nuclear capacity is expected to grow at an annual compound rate
"a", so that the installed capacities will have the following relations :

Total nuclear capacity available
at the beginning of the first year = C1 (6.2.1)

Total nuclear capacity available
at the end of the first year = C (1+a) (6.2.2)

Total nuclear capacity at the
at the end of the nth year = C^l+a)" (6.2.3)
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Nuclear electrical capacity
added during the n"1 year = C^l+a)11 -

CjU+a)11-1 . a (6.2.4)

Though in an ideal condition Cjd+a)"1. a is the nuclear capacity
added in the nth year, in practice this value need not be, and often will
not be, an integral multiple of the unit size that is being adopted. In this
analysis the unit size has been chosen as 500 MWe. Under this condition
the total number of units added in the nth year would be the integer closest
to the capacity that should theoretially be added during that year divided
by 500. As it is presumed that the growth rate will not exceed "a", the nearest
lower integer value is chosen. The capacity added during the nth year would
be equal to the number of units added during the nth year multiplied by the
unit capacity. This quantity may be less than the capacity CjQ+a)"'1. a that
should be added during the nth year. It must be mentioned that as far as
the relative merits of different types of nuclear reactors are concerned,
assuming an analogue growth rate instead of the step function implied
in the above assumption, is not likely to bring about any change in the
conclusions that one can draw from the analysis. It merely provides the
satisfaction that a constraint imposed by practical considerations is taken
care off. Let us assume that the capacity added by taking the unit size
and the growth rate into account, in the n"' year is ACn and the installed
capacity at the beginning of the n"1 year is Cn.

Once the total nuclear capacity that is added in any given year,
and the total nuclear capacity that is operating during that year, are known,
the total uranium required in that year can be computed as follows:

Uranium required for meeting inventory
requirement in the nUl year = ACn.SUI (6.2.5)

Uranium required for meeting the
annual burnup requirement in the
nth year = C^.SUC (6.2.6)

Thus, the total uranium required in the nth year is

Cnl.SUC + ACn.SUI (6.2.7)

This can be approximated to Cn^(SUC + a.SUI) (6.2.7)
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The two parameters "SUI" and "SUC" have been discussed in fairly
good detail in Chapter 4. It may be recalled that "SUI" is the specific
inventory of natural uranium required to start a reactor, and "SUC" is the
specific natural uranium consumption per year. Both have been defined
as the requirements per MWe of installed capacity. These two parameters
vary from one reactor system to another, and even in one type of reactor
from one kind of fuel cycle to another. The values of these two parameters
for all the 19 different reactor systems and fuel cycle combinations
considered in this analysis have been given in Table 5.20.

It is evident that even if there are two different reactor systems with
the same values for "SUC" but with different values for "SUC", the influence
of the difference in the values of "SUI" on the relative figure of merit of the
two reactor systems will depend on the value of "a", i.e. the rate at which
the installed nuclear capacity is growing. The above expression (6.2.7)
clearly illustrates the fact that the impact of fuel inventory requirement on
the fuel utilization efficiency depends on the rate at which the installed
capacity is expanding.

Once the time frame of analysis goes beyond the life span of the
nuclear power plant, say 30 years, then the residual fuel available in the
core of the decommissioned reactor will be available for further use. In
the present analysis it has been assumed that whatever capacity is with-
drawn in an year, it will be replenished so that the total available capacity
is growing at the annual rate "a". As we have taken into consideration the
increase in nuclear capacity without separately taking into consideration
the capacity that is retired, the analysis implies that whatever residual
inventory was available in the core of a decommissioned reactor was utilized,
and was sufficient, to meet the inventory requirement of the capacity that
was added in place of the retired capacity. In reality, there will be a a time
delay of one or two years before the residual fuel from a retried reactor
becomes available to be used in another reactor. But then, a newly
started reactor does not require any feed fuel during the first one or two
years. In the present analysis it is assumed that make-up fuel will be
needed from the first year itself thereby implying that the initial inventory
is kept in tact without burning, and it is not being given any credit
for the energy generated from it.
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If one considers that the total nuclear capacity from one particular
type of reactor that was available at the beginning of the nth year and the
total amount of natural uranium that was needed during the nth year to
sustain the nuclear power programme, the coefficient of fuel utilization in
terms of tons of natural uranium required for MWe-yr of electricity
generated, can be arrived at as

Cnl(SUC + a.SUI)
— (6.2.8)

SUC + a.SUI T/MWe-yr (6.2.8)

It has to be mentioned that the formalism described above is not very
rigorous. The natural uranium that is used during the nth year, as taken
in the above expression, does not correspond to the actual energy that is
produced during the nth year. It is implied in this analysis that the capacity
that is added during the nth year does not make any significant contribution
to the total electricity generated during that year. A more rigorous
procedure would be to take the average of the installed capacities at the
beginning and the end of the nth year as the capacity that contributes to
power generation during the nth year. If we follow this procedure we get
the following expresion for the coefficient of fuel utilization, in units of tons
of natural uranium per MWe-yr of electricity produced.

Cnl . (SUC + a.SUI)

SUC + a.SUI
(6.2.9)

1 + a/2

The fuel utilization efficiency can be considered as the quality of
electricity produced in MWe-yr per ton of mined natural uranium, which
is given by the following expression

1 + a/2
(6.2.10)

SUC + a.SUI
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This is the parameter which has been computed for all the reactor-
fuel cycle combinations considered in this analysis. As "a" is usually very
small compared to 1, approximating 1 + a/2 to 1 introduces only very small
errors in the results : 3 or 7.5% error depending on whether the growth
rate assumed is 6% or 15%. However, if one wishes to make a rigorous
evaluation, 1 + a/2 can be taken explicitly.

This equation is not suitable if one wants to compare the fuel
utilization efficiency of the Self-Sustaining Equilibrium Thorium (SSET)
cycle in PHWR-PT with other reactors and fuel cycle combinations. The
reason for the inadequacy is because of the fact that the SSET cycle requires
annual natural uranium feed only during the initial few years - 20 years
in this particular case. In order to take this distinct characteristic into
account, we have analysed the fuel utilization efficiency by taking the ratio
of the cumulative natural uranium requirement for 50 years, and for 100
years to the total nuclear electricity produced during the same period by the
expanding nuclear power programme.

6.3 Results

The fuel utilization efficiency has been analysed for all the different
fuel cycles in all the four different types of reactors with two different
values of "a". One analysis took the value a = 0.06, which means an annual
growth rate of 6% leading to a doubling time of almost 12 years. It is
likely that in a country like India, where nuclear power is expected to
contribute the largest share of installed generating capacity from the
beginning of the next century onwards, a growth rate of 6% per year, and
a doubling time of 12 years, will neither be satisfactory nor may be
realistic. Another growth rate of 15% per year, with a corresponding
doubling time of a 5 years, has also been considered. Whether a 15%
growth rate for the installed nuclear capacity is feasible or not, the two
widely different growth rates help in analysing the dependence of fuel
utilization by a reactor fuel cycle combination on the rate of growth of
installed nuclear capacity.

The analysis assumes that the installed capacity grows at the
specified rate for 50 years and then stabilises at that level. The rationale
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for this assumption is discussed in Chapter 7. Though the justification
for the validity of such an assumption depends on the growth rate presumed,
it was felt desirable to retain that assumption in order to get an
understanding of the dependence of fuel utilization efficieny on the capacity
growth rate. The annual natural uranium requirements for the different
reactor systems working on different fuel cycles for both the growth rates,
are given in Table 6.1. The cumulative natural uranium requirements
are shown in Table 6.2, while Table 6.3 shows the of fuel utilization
efficiency, as defined by Eqn. 6.2.10, for the different reactor systems
and fuel cycle options. In addition to the fuel utilization efficiency as
defined by Eqn. (6.2.10), we have estimated two additional parameters
which also represent the fuel utilization efficiency. These are, as described
above, the ratio of the cumulative nuclear electricity generation to the
cumulative natural uranium required over a period of 50 years, and over
a period of 100 years. It may be recalled that our assumption is that the
nuclear capacity saturates at the end of 50 years and the same capacity
continues to be operational during the subsequent 50 years. These ratios,
which represent the fuel utilization efficiency in terms of MWe-yr per
ton of mined uranium, are also given in Table 6.3

Looking at the values of the fuel utilization coefficient of the different
reactor systems working with the various fuel cycles, one may feel that
the values are rather close to each other. Perhaps, the differences between
these values may not give a thorough appreciation of the real differences
in the fuel utilization efficiencies of the different reactor systems in
combination with any one of the various fuel cycle options available.
A more vivid picture of the differences in the fuel utilization by the four
different types of reactors working on the various fuel cycles can be seen
if one considers the cumulative natural uranium requirements for the
different combinations over a period of 50 years. Fig. 6.1 shows the
cumulative natural uranium requirement for each of the reactor systems
and fuel cycle combinations considered in this analysis, for a growth rate
of 6% per year for the installed nuclear capacity. The differences in the
fuel utilization characteristics of the different reactor systems and fuel
cycle options can be seen more pronounced in Figure 6.2, which shows
the cumulative natural uranium requirements for all the 19 different
reactor system and fuel cycle combinations over a period of 100 years, with
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the same assumption about the later half of this period of 100 years as
discussed before. Fig. 6.3 gives the cumulative natural uranium require-
ments over a period of 100 years for the best fuel cycle in each of the four
different reactor systems.

6.4 Comparative Evaluation

A critical examination of Tables 6.1, 6.2 and 6.3, and Figures 6.1
and 6.2 reveals that, by and large, the Pressurised Heavy Water Reactor
with Pressure Tube (PHWR-PT) system has the best fuel utilization
features. It is what one would expect from an analysis of the neutron balance
in the pressurised heavy water reactor system. As briefly mentioned earlier,
heavy water has the lowest neutron absorption crosssection out of all
the three widely used neutron slowing down materials, viz. light water,
heavy water, and carbon in the form of graphite. This quality of being a
good neutron moderator is due to its relatively high neutron scattering
crosssection with a neutron absorber crosssection which is almost zero.
While hydrogen, with atomic mass one, has a neutron absorption
crosssection of about 0.35 barn in the thermal energy region, the heavy
hydrogen or deuterium, with an atomic mass of 2, has a neutron absorption
crosssection as low as about 0.0005 barn. Although the neutron absorption
crosssection of heavy water is very small, its slowing down efficiency
measured as inversely proportional to the total number of collisions
required to bring down the energy of a fission neutron from the MeV region
where it is born, to less than 1 eV where its efficiency of causing fission is
the highest, is much less than in the case of light water. This is owing
to the fact that the scattering nuclide in heavy water has a mass of 2 units,
compared to 1 in the case of light water. The lower mass of hydrogen results
in much higher energy loss per collision with hydrogen, compared to the
energy loss in a collision with deuterium. This is the reason why volume-
wise the quantity of light water required in order to achieve effective
neutron thermalisation in a light water reactor, is only twice the quantity
of fuel whereas in a heavy water reactor volume ratio of moderator to fuel
is of the order 12 or more. Howev* in spite of the large quantity of
heavy water needed in a heavy water reactor and the much higher number
of collisions that a neutron has to suffer in a heavy water reactor before
it is thermalised, the total fraction of fission neutrons absorbed by the
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moderator in a heavy water reactor is less by a factor of thousand.
Graphite, both in its ability to reduce the energy of a neutron in a collision,
and in its propensity for absorption of neutrons, is inferior to heavy water.
Neutron absorption in graphite is higher than in heavy water. However
it is much less than in hydrogen, and graphite moderated reactors also
can make a natural uranium fuelled reactor critical. From the neutron
balance point of view, graphite is superior to light water. In the case of
graphite too, because of the much less loss of energy per collision, the
quantity of moderator required for efficient neutron moderation is rather
high. Graphite moderated reactors also are rather bulky, compared to light
water reactors.

Between the pressure tube type and the pressure vessel type heavy
water reactors, the pressure tube type has the advantage of having lower
neutron temperature. On the other hand, the pressure vessel type has
the advantage of less parasitic neutron absorption. Generally as long
as U235 and Pu239 are the major fissile nuclides, the disadvantage
associated with the higher neutron temperature in a PHWR-PV reactor
is stronger than the advantage of having less neutron absorption in
structural materials. Consequently with U235 and Pu239, the pressure
tube type PHWR is slightly superior. Once U233 comes into the picture, the
deterioration in the performance of U233 as a fission neutron producer with
increase in the neutron temperature, is much less. Both U235 and Pu239
have the disadvantage that as the neutron temperature rises, their fission
neutron production efficiency decreases, the decrease being much stronger
in the case of Pu239. As a result, in switching over to U235 or Pu239 based
fuel cycle from U233 based fuel cycle, the loss in performance is less
pronounced in the case of the pressure tube type heavy water reactor,
than in the case of any other type of thermal reactor. This is because the
pressure tube type heavy water reactor has the lowest neutron temperuature
among all the reactor systems.

6.5 Concluding Remarks

Thus, the detailed quantitative analysis confirms what a good
reactor designer with a clear insight into the properties of the different
moderating materials already knew. Heavy water moderated rectors have,
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by and large, better fuel utilization capabilities than light water moderated
and graphite moderated rector systems. Nevertheless, a quantitative
analysis is essential to identify the particular fuel cycle that will give the
best fuel utilization, and to quantify the differences in fuel utilization
between the various reactor systems + fuel cycle combinations. Such
quantification is essential in order to decide on the best fuel cycle from the
point of view of not only fuel utiliztion but also the cost of nuclear electricity
generated. An analysis of the kind reported in this chapter serves the
purpose of quantifying the fuel utilization efficiency of different reactor
+ fuel cycle combinations.

Another aspect that emerges from the quantitative analysis is that
the relative rankings of the different reactor systems and fuel cycle
combinations depend on the growth rate of the installed nuclear capacity
and the time frame that is considered in the analysis. The SSET cycle in
PHWR-PT is the only one which does not require any natural uranium after
a certain number of years during the initial stage. Yet, in a growing power
programme the natural uranium requirement for the SSET system is more
than what is required by a PHWR-PT reactor working on natural uranium
with plutonium recycling in uranium itself. However, if one considers
the fuel utilization efficiency in terms of MWe-yr per ton of mined uranium,
the PHWR-PT system with the SSET fuel cycle emerges as the best.
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Sr.

No

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Table 6.1

Annual Natural Uranium Requirements ifor the Different
Reactor Systems and Fuel Cycle Combinations (1000 Tons)

Reactor - Fuel Cycle

PWR LEU Once-Through
PWR LEU with Pu Recycle
PWR MEU with Thorium
PHWR-PT Nat. U Once-Through
PHWR-PT Nat. U with Pu Recyle
PHWR-PT LEU Once-Through
PHWR-PT LEU with Pu Recycle
PHWR-PT High Burnup Th+235
PHWR-PT SSET
PHWR-PV Nat. U Once-Through
PHWR-PV Nat. U with Pu Re-cycle
PHWR-PV LEU Once-Through
PHWR-PV LEU with Pu Recycle
HTGR LEU Once-Through
HTGR MEU Once-Through
HTGR HEU Once-Through
HTGR LEU with Recycle
HTGR MEU with Recycle
HTGR HEU with Recycle

Capacity Growth Rate

6

50th yr

28
17
20
24
14
19
16
23
18
24
15
20
17
21
19
18
20
18
18

100th yr

25
15
16
24
13
17
13
18
0

22
14
19
14
20
19
17
18
16
16

(%/yr)

15

50th yr

1,809
1,397
1,541
1,400

992
1,254
1,196
1,771
1,541
1,417
1,011
1,271
1,189
1,265
1,156
1,125
1,343
1,205
1,231

100th yr

1,484
935
940

1,416
734

1,053
770

1,037
0

1,048
804

1,118
813

1,165
1,103
1,021
1,029

937
920
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Table 6.2

Cumulative Natural Uranium Requirements for the Different

Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Reactor Systems and Fuel Cycle <

Reactor - Fuel Cycle

PWR LEU Once-Through
PWR LEU with Pu Recycle
PWR MEU with Thorium
PHWR-PT Nat. U Once-Through
PHWR-PT Nat. U with Pu Recycle
PHWR-PT LEU Once-Through
PHWR-PT LEU with Pu Recycle
PHWR-PT High Burnup Th+U235
PHWR-PT SSET
PHWR-PV Nat. U Once-Through
PHWR-PV Nat. U with Pu Recycle
PHWR-PV LEU Once-Through
PHWR-PV LEU with Pu Recycle
HTGR LEU Once-Through
HTGR MEU Once-Through
HTGR HEU Once-Through
HTGR LEU with Recycle
HTGR MEU with Recycle
HTGR HEU with Recycle

Combinations(1000 Tons)

Capacity Growth Rate

50thyr

484
305
358
420
252
340
285
404
338
427
266
353
291
360
335
318
347
314
314

6

100thyr

1,745
930

1,157
1,622

875
1,234

939
1,285

533
1,656

949
1,302

981
1,349
1,272
1,184
1,222
1,110
1,096

(%/yr)

15

SO^yr

13,871
10,709
11,816
10,738
7,607
9,612
9,171

13,575
11,483
10,863
7,752
9,744
9,113
9,697
8,859
8,624

10,292
9,239
9,439

100thyr

88,101
47,499
58,846
81,554
44,288
62,277
47,695
65,428
30,170
83,251
47,956
65,660
49,749
67,943
64,016
59,664
61,765
56,107
55,440
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Table 6.3

Fuel Utilization Efficiencies of the

Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Different Reactor Systems
and Fuel Cycle Combinations(MWe-yr/T)

Reactor - Fuel Cycle

PWR LEU OT
PWR LEU RC
PWR MEU +Th
PHWR-PTNat. U OT
PHWR-PTNat. U RC
PHWR-PTLEU OT
PHWR-PTLEU RC
PHWR-PTH B Th
PHWR-PTSSET
PHWR-PVNat. U OT
PHWR-PVNat. U RC
PHWR-PVLEU OT
PHWR-PVLEU RC
HTGR LEU OT
HTGR MEU OT
HTGR HEU OT
HTGR LEU RC
HTGR MEU RC
HTGR HEU RC

1

6.5
10.3
8.8
7.5

12.4
9.2

11.0
7.8
7.2
7.3

11.8
8.9

10.8
8.7
9.3
9.8
9.0

10.0
10.0

Capacity Growth

e

2

7.5
11.9
10.2
8.7

14.4
10.7
12.8
9.0

10.6
8.5

13.6
10.3
12.5
10.1
10.8
11.4
10.5
11.6
11.6

3

6.5
11.3
9.1
7.5
12.4
9.2

11.2
8.2

19.7
7.2

11.8
8.9

10.8
8.7
9.3
9.8
8.6
9.5
9.6

1

5.5
7.3
6.6
7.2

10.2
8.1
8.5
5.7
7.0
7.1

10.0
8.0
8.5
8.0
8.8
9.0
7.5
8.4
8.2

Rate (%/yr)

15

2

14.6
19.0
17.2
18.9
26.7
21.2
22.2
15.0
17.2,
18.7
26.2
20.9
22.3
20.9
23.0
23.6
19.8
22.0
21.5

3

6.9
12.8
10.3
7.5

13.8
9.8

12.8
9.3

20.2
7.3

12.7
9.3

12.3
9.0
9.5

10.2
9.9

10.9
11.0

Note Column 1
Column 2

Column 3

Defined by Eqn 6.2.10
Ratio of cumulative electricity generationto cumu-
lative natural uranium consumption for 50 years
Same as Column 2, but for 100 years
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Fig. 6.1 Growth of cumulative natural uranium requirements for the
different reactor systems and fuel cycles over a period of 50 years
with nuclear capacity growing at 6% per year
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Fig. 6.2 Growth of cumulative natural uranium requirements for the
different reactor systems and fuel cycles over a period of 100 years
with nuclear capacity growing at 6% per year
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7. FUEL UTILISATION BY THERMAL REACTORS
WITH FISHER-PRY MODEL FOR GROWTH OF

INSTALLED NUCLEAR CAPACITY

7.1 Inroduction

As the relative merits of the different reactor systems working
on the various possible fuel cycles depend on the rate at which the installed
capacity from nuclear power stations grows, there is a need to assess this
growth rate as realistically as possible. Forecasting is always full of
pitfalls, unless the phenomenon under consideration follows well defined
physical laws. In the case of penetration of a new technology, physical laws
play a very insignificant part; forces which are determined by sociological
and economic factors are the major deciding factors. Taking hints from
certain propositions made by Raymond Pearl in 1925, during the period
1970-1973, J.C. Fisher and R.H. Pry of General Electric R & D Centre
at Schenectady, in New York state developed a model to forecast diffusion
of a new product or technology in the market. In the present analysis,
this model is used in order to predict the growth of installed nuclear capacity
in an electrical grid expanding at a specified rate. The use of Fisher-Pry
model in order to estimate the percentage contribution of nuclear electricity
to the total power generation is justified as it is analogous to the penetration
of a new technology to replace an earlier technology.

7.2 Fisher-Pry Model

The suggestion that models which have been found successful in
forecasting market penetration of technologies or technological substitution,
can be used in the analysis of replacement of one form of energy by another
was first made by C. Marchetti. The pioneering analysis by E. Mansfield
was in the field of technology substitution. Mansfield's work was extended
by Fisher and Pry who considered fractional shares of a market or
commodity demand supplied by two competing technologies. On the basis
of analysis of a number of case histories Fisher and Pry postulated that
the rate of fractional substitution by a new technology is proportional
to both the fraction of the market penetrated by the new technology and
the fraction of the market held by the old technology still in use.
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The model was developed to analyse substitution of a new technology
in place of an old one, and its ability to correctly predict the penetration
of a new substitute in place of an old established product was demonstrated
in a number of historical cases such as substitution of guns in place of bow
and arrow, coal in place of wood, oil in place of coal, detergents for soap etc.

The model is based on three assumptions :

a. Many technological advances can be considered as
competitive substitutions of one method of satisfying a need
for another.

b. If a substitution has progressed as far as a few percent, it will
proceed to completion.

c. The fractional rate of fractional substitution of new for old at
any time is proportional to the remaining amount of the old left
to be substituted.

This last assumption is a special form of Pearl's Law. Analysis
of historical trends in the replacement of old technology with new ones
reveals that the substitution tends to proceed exponentially with a constant
annual growth rate during the initial years, and then follows a S-shaped
curve. Mathematically the concept can be expressed as follows :

1 dF

where F = the fraction of nuclear capacity, at a given time t,
in the total installed electripity generation capacity,

and
a = the rate at which nuclear capacity penetrtes the total

installed capacity, or in Mansfield's language, the
rate of adoption.
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This equation can also be written as :

F = 1/2 [1 + Tanh — (t-tj]
2 °

where tQ is the time at which F = 1/2.

It has been shown that

4.4
a =

where t g - 1 0 1 is the time taken for the fraction F to grow from 0.1 to 0.9,
i.e. from 10% to 90% of the total market.

The Fisher-Pry formulation implies that the substitution of a new
technology for an older established technology over a time period assumes
the form of a logistic function. It is characterised by a relatively slow
initial growth followed by more rapid growth and final saturation when a
final level of adoption is achieved. Though the Fisher-Pry model leads to
a complete take over, in this analysis we have assumed that nuclear
electricity will saturate at 90% of the total installed electricity generating
capacity.

7.3 Application of Fisher-Pry Model

In our analysis we assume that by the year 2000 the total installed
nuclear capacity in India would be 10,000 MWe, and that it would be
constituting 10% of the total installed electrical capacity of 100,000 MWe
at that time. We further make the assumption that by the year 2050
nuclear power plants would be constituting 90% of the total installed
capacity. This assumption yields a value

«= — = 0.088
50

Since the Fisher-Pry model only gives the rate of increase in the fraction
of a new technology in meeting any specified requirement, it is essential
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to know the expected growth in the intalled electric capacity in India during
the period 2000 to 2050.

Though there are many ways of estimating the growth of total installed
electric capacity in India, the method that is used in this analysis makes
use of two assumptions. The first one concerns the growth of population
in India. There is general agreement among a wide spectrum of
demographers that the population in India would grow to one and a half
billion sometime during the first half of the next century, and it would
stabilize at that level. Thus, it has been assumed that the total population
in India in the year 2050 would be one and a half billion. The next
assumption that has to be made in order to arrive at a realistic estimate
of the total installed electric capacity is about the standard of living
and the level of technological development that India would achieve by
the middle of the next century. There is hardly any dispute over the
presumption that the standard of living and technological development
are strongly dependent on the per capita energy consumption. Today
when countries like India and Pakistan have per capita annual electricity
consumption of about 250 kWh, all the West European countries have an
annual per capita electricity consumption of 5000-6000 kWh, while in the
USA it is more than 10,000 kWh. Although we may not, and need not, try
to achieve the European or American level of electricity consumption, it
is necessary that by the year 2050, we reach the current level of electricity
consumption by countries such as Brazil and Mexico. One reason why it is
not presumed that by the year 2050 India could reach the current level
of per capita electricity consumption in European or North American
countries is that such an assumption will lead to a very high figure
for the total installed electricity generating capacity in India which would
appear too high to be achieved within a span of a little more than 50 years.
Another reason for choosing a country like Brazil is that the climatic
conditions in Brazil are not much different from those in India, and as such
energy consumption for space heating or related applications does not figure
in the Brazilian data. As such, it is felt that the assumption that India
must, and will, achieve in the year 2050 a per capita electricity consumption
level that, is prevailing at present in a country like Brazil, is quite realistic
and justified.
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7.4 Nuclear Capacity Under Fisher-Pry Model

Even without a highly ambitious target, the total installed electricity
generating capacity in India should reach a level of about 480,000 MWe
by the year 2050, so that the per capita electricity consumption would
reach about 1,400 kWh. For a country like India, achieving a rise in
the total installed electricity generating capacity by a factor of 48 during
an interval of 50 years is by no means extraordinary. It has been estimated
that during the first 50 years after independence, India achieved a more
than a 30-fold increase in the installed generating capacity. If during
the first 50 years after independence a 30-fold increase could be achieved
with limited industrial capability, during the first 50 years of the
twentyfirst century a 48 fold increase is quite realistic, with the fairly
large capability that now exists in power engineering industry. Further-
more, it is essential in order to achieve the modest improvement in
the standard of living that has been postulated. The level of modesty that
is implied in the targetted installed capacity in the year 2050 can be
appreciated from the fact that if one assumes that by the year 2050 India
should achieve the level of electricity consumption that is currently
prevailing even in a less developed and relatively warm European country
like Spain, the total installed electricity generating capacity in India
should be of more than 1,000,000 MWe. We will retain the target of a total
installed capacity of 480,000 MWe in India by the year 2050. The contri-
bution from nuclear generation by the year 2050 should be about 432,000
MWe. The growth of the contribution of nuclear in total installed capacity
from 10% in 2000 AD to 90% of the total in the year 2050 may appear
phenomenal, but is quite realistic and essential. The trend has been
borne out in the market penetration of many new products which were
introduced as substitutes for existing ones, even in energy sector. In our
analysis of uranium requirement, these are the figures that we have used.
The annual rate of growth that is required to achieve 432,000 MWe starting
from 10,000 MWe within an interval of 50 years works out to be about
7.99%. The trend of the ratio of nuclear to total installed nuclear capacity
over the fifty years is shown in Fig. 7.2. The growth of installed nuclear
capacity with the Fisher-Pry model is given in Table 7.1 and shown in Fig.
7.1. For the sake of comparison the growth of nuclear capacity with 6%
per year assumed in Chapter 6, and the total installed electricity generating



166

capacity assumed in this Chapter are also given in Table 7.1 and in Fig.
7.1. This growth pattern is what is to be met from nuclear reactors. The
growth rate of 15% per year assumed in Chapter 6 was merely to analyse
the influence of growth rate on fuel utilisation efficiency, and as such is not
considered here.

7.5 Natural Uranium Requirements

The natural uranium requirements for all the 19 different reactor
systems - fuel cycle combinations discussed in Chapter 5 and which were
considered in Chapter 6 were computed for the growth of installed nuclear
capacity that was obtained under the Fisher-Pry model for the penetration
of nuclear capacity. Except for the fact that the growth pattern of nuclear
capacity is different in this case, there is no modification in the
theoretical furmalism used to calculate the annual and cumulative natural
uranium requirements.

In this model, it was assumed that the nuclear capacity grows during
the first 50 years and then stabilises at that value. As a matter of fact, this
assumption arose out of the estimation of per capita electricity consumption
that India should achieve by the year 2050, and the conclusion that the
installed nuclear capacity could stabilise at that value, was extended even
when the growth rate of nuclear capacity was changed.

The annual natural uranium requirements for all the 19 different
reactor system-fuel cycle combinations are given in Table 7.2. The
cumulative natural uranium requirements for the 19 cases are given in Table
7.3. The values of the fuel utilization efficiency under the Fisher-Pry model
of growth are given in Table 7.4. The cumulative natural uranium require-
ments for 50 years for all the 19 different cases are shown in Fig. 7.3. The
same results for 100 years are shown in Fig. 7.4. The best fuel cycles in
the four different types of reactors are identified and the cumulative
natural uranium requirements for those cycles in the corresponding reactor
systems are shown in Fig. 7.5. It can be seen that the SSET cycle in
PHWR-PT gives the best fuel utilization.
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7.6 Conclusions

Fisher-Pry model is basically a tool that has been used to arrive at
the growth pattern of installed nuclear capacity. The merit of the results
of the fuel utilisation by thermal reactors, and the quantity of natural
uranium that would be required in the case of each thermal reactor,
will certainly depend on the aptness of using the Fisher-Pry Model and
the assumptions related to the numerical data that are used in estimating
the growth pattern of nuclear electricity generating capacity. However,
the main emphasis in this analysis has been on the method that is developed
to analyse the relative merits of different thermal reactor systems. The
method is vaild for any given profile for the growth of installed nuclear
capacity. If the growth profile of nuclear capacity can be specified in any
other format, still the analytical method developed in this work can be used.
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Table 7.1

Total Installed Capacity and Nuclear Capacity under
Fisher-Pry

Year

2000
2005
2010
2015
2020
2025
2030
2035
2040
2045
2050

Model and at 6 %/yr Growth Rate

Installed Capacity (MWe)

lotal

100,000
117,000
137,000
160,500
188,000
220,000
257,000
301,000
352,500
412,500
480,000

Nuclear Portion

F-P Model

10,000
13,500
19,500
29,000
43,000
63,000
92,500

136,000
200,000
294,000
432,000

Growth @ 6 %/yr

10,000
12,500
16,500
22,500
30,000
40,000
54,000
72,500
97,000

129,500
173,500
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Table 7.2

Annual Natural Uranium Requirements for

Sr.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

the Different Reactor
Systems and Fuel Cycle Combinations under Fisher-Pry

Model (1000 Tons)

Reactor - Fuel Cycle

PWR LEU Once-Through
PWR LEU with Pu Recycle
PWR MEU with Thorium
PHWR-PT Nat. U Once-Through
PHWR-PT Nat. U with Pu Recyle
PHWR-PT LEU Once-Through
PHWR-PT LEU with Pu Recycle
PHWR-PT High Burnup Th+U235
PHWR-PT SSET
PHWR-PV Nat. U Once-Through
PHWR-PV Nat. U with Pu Re-cycle
PHWR-PV LEU Once-Through
PHWR-PV LEU with Pu Recycle
HTGR LEU Once-Through
HTGR MEU Once-Through
HTGR HEU Once-Through
HTGR LEU with Recycle
HTGR MEU with Recycle
HTGR HEU with Recycle

Year

2000

1.555
1.037
1.124
1.367
0.802
1.092
0.897
1.264
1.407
1.392
0.852
1.137
0.921
1.164
1.087
1.026
1.108
1.003
1.001

2025

10.466
7.524
8.028
8.833
5.519
7.319
6.341
9.104
7.810
8.977
5.779
7.558
6.430
7.665
7.108
6.775
7.568
6.830
6.875

2050

71.845
51.706
55.161
60.575
37.899
50.242
43.566
62.560
53.535
61.579
39.675
51.876
44.168
52.595
48.773
46.490
51.963
46.893
47.206

2100

63.911
35.874
40.492
60.971
31.582
45.344
33.169
44.644

0
62.325
34.614
48.142
34.987
50.149
47.489
43.944
44.318
40.353
39.605
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Cumulative
Reactor

Sr. No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Table 7.3

Natural Uranium Requirements for the Different
Systems and Fuel Cycle Combinations under

Fisher-Pry Model (1000 Tons)

Reactor - Fuel Cycle

PWR LEU OT
PWR LEU RC
PWR MEU +Th
PHWR-PT Nat. U OT
PHWR-PT Nat. U RC
PHWR-PT LEU OT
PHWR-PT LEU RC
PHWR-PT HiB Th
PHWR-PT SSET
PHWR-PV Nat. U OT
PHWR-PV Nat. URC
PHWR-PV LEUOT
PHWR-PV LEU RC
HTGR LEU OT
HTGR MEU OT
HTGR HEU OT
HTGR LEU RC
HTGR MEU RC
HTGR HEU RC

967
696
743
815
510
676
587
842
732
828
534
698
595
708
657
626
700
632
636

ir 100thyear

4,162
2,490
2,767
3,864
2,089
2,943
2,245
3,075
1,314
3,945
2,265
3,106
2,344
3,216
3,031
2,823
2,916
2,649
2,616
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Sr.

1.
2
3
4.
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Table

Fuel Utilization Efficiencies

7.4

of the Different Reactor
Systems and Fuel Cycle Combinations

Model (MWe-yr/T)

No. Reactor - Fuel Cycle

PWR LEU OT
PWR LEU RC
PWR MEU +Th
PHWR-PT Nat. U OT
PHWR-PT Nat. U RC
PHWR-PT LEU OT
PHWR-PT LEU RC
PHWR-PT Hi B Th
PHWR-PT SSET
PHWR-PV Nat. U OT
PHWR-PV Nat. U RC
PHWR-PV LEU OT
PHWR-PV LEU RC
HTGR LEU OT
HTGR MEU OT
HTGR HEU OT
HTGR LEU RC
HTGR MEU RC
HTGR HEU RC

1

6.25
8.68
8.14
7.41

11.85
8.94

10.31
7.18
6.80
7.29

11.32
8.66

10.17
8.54
9.21
9.66
8.64
9.58
9.52

under Fisher-Pry

2

9.24
12.83
12.02
10.95
17.51
13.21
15.23
10.60
13.58
10.78

•16.72
12.79
15.02
12.62
13,61
14.27
12.76
14.15
14.05

3

6.35
10.61
9.55
6.84

12.65
8.98

11.77
8.59

19.90
6.70

11.67
8.51

11.27
8.22
8.72
9.36
9.06
9.97
9.10

Note Column 1
Column 2

Column 3

Defined by Eqn. 6.2.10
Ratio of cumulative electricity generation to cumu-
lative natural uranium consumption for 50 years
Same as Column 2, but for 100 years
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Fig. 7.1 Growth of total installed capacity and of nuclear capacity
under Fisher-Pry model and at a growth rate of 6% per year
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Fig. 7.3 Cumulative natural uranium requirements with different
reactor systems and fuel cycle combinations for 50 years under Fisher-
Pry model
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Fig. 7.* Cumulative natural uranium requirements with different
reactor systems and fuel cycle combinations for 100 years under Fisher-
Pry model
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8. CONCLUSIONS

The efficiency of the nuclear reactor system and the fuel cycle chosen
to generate electricity from the available natural uranium resources
assumes great importance as we have started realising the need to conserve
natural resources of all kinds. The rate at which the human race consumes
natural resources was not of much significance until the very recent past,
meaning a few decades ago. The consumption rate before the industrial
revolution was so meagre, it appeared that most of the natural resources
were inexhaustible. The advent of the industrial revolution and the rapid
progress made in technology as a result of significant discoveries made in
physics and chemistry led to a steep increase in the per capita consumption
of all natural resources. The dramatic decline in the death rate owing to
important discoveries and developments in medical science resulted in a
rapid growth in population. Consumption of.mineral resources and metals
also grew at a very rapid rate because of the unprecedented growth in
population and in the per capita consumption of all important natural
resources. Realisation that the available mineral resources can not sustain
such a high rate of consumption resulted in the development of technologies
for recycling a number of articles, including paper items, metallic products
and many synthetic materials. However, all the processes to recycle waste
materials and convert them into usable products, and thereby conserve
natural resources, require energy. Unlike in the case of material resources
which can be conserved by recycling once the material product is no longer
usable, in the case of energy there is no way to convert either energy back
into fuel resources or to convert the work done by the energy back into
energy. Thus, conversion of fuel resources or energy resources into energy,
and consumption of energy to get work done and to get usuable products
made, are irreversible processes. It is in this context that getting the
maximum energy out of all fuel resources assumes great importance. Ofcourse,
getting maximum work done out of a given quantity of energy consumed is
also of utmost importance, but that is not the aspect that has been
investigated in this analysis. Energy conservation and efficient use of
energy constitute a separate branch of science and technology that need to,
and are being, dealt with by professionals.
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Maximising the energy that can be obtained from a given quantity
of fuel resource is a matter which deserves scientific study. Except in the
case of hydel power, wind power, tidal power and other such non-conven-
tional and highly limited resources of energy, energy release is as a
result of a chemical or nuclear reaction. In all such exothermic reactions
the fuel gets converted into products of the reaction which usually have
no energy value. Inefficient means of energy generation results in the loss
of a part of the fuel resource without generating any energy. This happens
because the design of the reactor, whether it is one in which a nuclear
reaction takes place or a chemical reactor such as a boiler furnace,
determines the efficiency of the reaction rate and the reaction regime.
In an efficient design, the highest possible fraction of fuel material will
undergo the reaction. Besides, in many cases, whether it is a nuclear reactor
or a chemical reactor, with the same initial reactants more than one kind
of reaction would be possible. The design of the reactor has to be made in
such a way that the fraction of the most exothermic reaction is maximised.
In an ideal design all atoms or molecules of the fuel material will undergo
the reaction that gives out the highest quantity of energy, and no part of
the reactants will be wasted, or thrown out along with the reaction products.

In the case of a nuclear reactor the fissioning of the atomic nucleus
is the reaction that releases energy. There are not many materials in
nature which readily undergo fission reaction. Like carbon and hydrogen
in the case of combustion reaction, for fission reaction, the fuel resources
available in nature are uranium and thorium. Thorium, which is estimated
to be three times as abundant as uranium on the crust of our earth, and more
than five times in India, is not a material which readily undergoes fission
reaction. Even in the uranium that is available in nature it is only the lighter
isotope U235 that can be directly used as a nuclear fuel; and U235 constitutes
only 0.71 % of the naturally occurring uranium. The relevance of the more
abundant uranium isotope U238, and of thorium, lies in the fact that in a
nulcear reactor that produces energy from nuclear fuel, U238 and thorium
can be converted into plutonium and U233 both of which also can be readily
used as fuel in a nuclear reactor. However, conversion of the 140 times
niore abundant U238 and about 420 times more abundant thorium into
burnable nuclear materials has to be done with the help of the limited
quantitiy of U235 found in nature.
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One of the fortunate situations in nature - like the most abundant
liquid, viz. water, is one of the finest solvents too - is that the particle that
causes fission, viz. neutron, is released in fission and it is the same particle
which can convert U238 into plutonium, and thorium into U233. The
number of neutrons released in fission is always more than two. The average
is about 2.5 for U235 fission caused by thermal neutrons and 3.2 if the fission
is caused by 5 Mev neutrons. In the case of Pu239 the corresponding
numbers are much higher : about 2.9 for thermal neutrons and more than
3.5 for 5 Mev neutrons. But on the other hand, one of the rather unfortunate
situations in nature is that many of the materials used in the construction
of a nuclear reactor, and which are essential to produce and remove energy
from nuclear fission in a steady and controllable manner, also absorb
neutrons without releasing any meaningful quantity of energy or leading
to any beneficial product. One redeeming feature in this complex situation
is that the crosssection of any material to absorb a neutron depends on
the energy of the neutron. Even in the case of the nuclear fuel materials
such as the uranium isotopes and thorium, what happens after the neutron
is absorbed by the nucleus of these isotopes also depends on the energy of
the neutron. Depending on the neutron energy, when a U235 atom absorbs
a neutron, the U235 nucleus can either get fissioned, releasing a lot of
energy in the process, or it can quietly get converted to U236 - which does
not do any good to anyone. If the neutron gets absorbed by the coolant heavy
water, converting either the deuterium atom into a tritium atom or Oxygen-
16 into Oxygen-17, again it does not do any good. The ideal design is
one in which none of the neutrons released in fission does anything other
than either causing a fission reaction, or getting absorbed in U238 or
Th232, converting those nuclides into Pu239 or U233. The worst possible
design is one in which one neutron, out of those released in a fission reaction,
causes the next fission and the rest of the neutrons either leak out of the
reactor core or get absorbed in structural materials or moderator or coolant,
none getting absorbed in U238 or Th232. Ofcourse, in practice all reactor
designs will be somewhere in between, with no design having either of the
two extreme characteristics.

The efficiency of fuel utilization in a reactor depends on a number
of parameters. Some of these are related to the design of the reactor, and
some are related to the type of fuel cycle chosen. Dependence of fuel
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utilization efficiency on the type of reactor arises from the fact that
materials used in the different types of reactors have different neutron
absorption characteristics. While the PWR is a very compact design, the light
water used as moderator-cum-coolant in the PWR absorbs neutrons, and
in order to increase the chance of a neutron getting absorbed in U235 and
causing a fission, and thereby sustaining the chain reaction, the U235
concentration in the fuel is raised by using enriched uranium, instead
of natural uranium. Graphite and helium used in the HTGR are not strong
absorbers of neutron, though graphite absorbs more neutrons than heavy
water. HTGR has the additional advantage of having a higher thermo-
dynamic efficiency due to the higher coolant temperature possible.
Evidently, a higher efficiency helps in getting more electrical energy from
the same quantity of energy released in fission. Another characteristic of the
High Temperature gas cooled Graphite Reactor is the higher neutron
temperature, or in other words, the harder neutron spectrum. It is the harder
neutron spectrum, as mentioned earlier in Chapter 2, that makes HTGR
particularly suited to the use of thorium as a fertile diluent material,
instead of U238, because the neutronic characteristics of U233 are much
superior in the harder thermal neutron spectrum compared to those of
plutonium isotopes. The harder thermal neutron spectrum in the HTGR also
has other advantages such as lower neutron absorption in structural materials
and in fission products. The net outcome of these features is that the fuel
utilization in HTGR is much better than what one would expect merely
by considering the properties of the moderator, viz graphite, compared
to light water and heavy water. Furthermore, in HTGR the residence time
and the discharge burnup of the fuel are much higher than in PWR and
PHWRs of both the pressure vessel and pressure tube types. The longer
residence time leads to in-situ burning of the major part of the fissile
material produced from the fertile material. As such the fuel which is finally
discharged from the HTGR has relatively low residual fuel value. This leads
to a situation where the advantage in reprocessing the discharged fuel and
recycling the recovered fissile material is not significant. In fact, HTGR is
the best type of reactor if one wants to adopt a once-through fuel cycle,
treating the entire discharged fuel as waste material with no net commercial
value.

If one looks at the four different reactor systems it is quite evident
that the pressurised heavy water reactor is the system that offers the most
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attractive fuel cycle options. The self-sustaining equilibrium thorium (SSET)
cycle in a pressure tube type pressurised heavy water reactor has the lowest
natural uranium requirement. It is the only fuel cycle and reactor combi-
nation that offers the possibility of having a nuclear power reactor that
can run with thorium as the only external material that is needed in order
to sustain it after about 20 years at the beginning, during which period the
transition from a pure natural uranium core to an intermediate stage where
the core contains plutonium, thorium and natural uranium, then to a core
containing natural uranium, U233, plutonium and thorium, and ulti-
mately to a thorium and U233 core, takes place.

The next best fuel cycle from the point of view of fuel utilization
is also in the PHWR-PT system. It is the natural uranium with plutonium
recycle in PHWR that comes next to SSET, in the order of merit. Even the
third best fuel cycle is one that is readily feasible in the pressure tube heavy
water reactor system. The slightly enriched uranium with plutonium recycle
is the one that comes third after the natural uranium with plutonium
recycle. The next best two cycles are also in heavy water reactors of the
pressure vessel type. In the PHWR also the natural uranium with plutonium
recycle is superior to low enriched uranium with plutonium recycle case.

These relative orders of merit in fuel utilization remain unaltered
even when the rate of growth of nuclear capacity is varied from 6 % per year
to 15 % per year.

The above discussed relative orders of merit are true if we take the
energy generation and uranium requirement over a period of 100 years,
during the first half of which the installed nuclear capacity grows at a
pre-specified rate and during the second half of which the nuclear capacity
is a constant. Evidently during the second half of the centennial the
dominant influence would be that of the annual feed requirement. The
influence of the inventory requirement to start a nuclear power reactor
would have disappeared at the end of a period of 50 years, after the last
power station was added.

If we take the first half of the 100 years, and consider only that
period when the installed capacity continues to grow, the picture that
emerges is no longer the same. The relative position of the self-sustaining
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equilibrium thorium cycle is no longer the same as it was when we
considered the entire 100 years. The self-sustaining equilibrium thorium
cycle is no longer the cycle which requires the lowest quantity of cumulative
natural uranium at the end of the first 50 years period. In a power
programme which is still growing, it is the natural uranium with plutonium
recycle in Pressurised Heavy Water Reactor that emerges as the best. When
the growth rate is 6 % per year the pressure tube type heavy water reactor
with plutonium recycling using natural uranium is a little better than the
pressure vessel type. With the Fisher-Pry model also, the pressure tube type
reactor with natural uranium and plutonium recycling is superior to the
pressure vessel type reactor. However if we take the case with the rather
unrealistic assumption that nuclear capacity is growing at the rate of 15
% per year, then the pressure vessel type becomes slightly better. This
reversal of the order of merit between the pressure vessel type and the
pressure tube type is what can be anticipated because of the higher initial
natural uranium inventory needed in the pressure tube type heavy water
reactors. It is precisely to extract this type of influence clearly, that we
have used an unrealistic high growth rate of 15 % per year.

If one considers the once-through cycles alone, it appears that highly
enriched uranium mixed with thorium in High Temperature Graphite
Reactor is the best. Bacause of the higher specific power that can be
achieved in HTGR with the ceramic fuel, the initial inventory of uranium
needed in an HTGR is quite low, though not as low as in the natural uranium
fuelled heavy water reactor. The core of the HTGR using highly enriched
uranium, with thorium as the fertile material, contains hardly any U238.
Hence, all the fissile material produced in the HTGR working on HEU cycle,
is U233. Much of the U233 produced in the HTGR working on the HEU
Once-Through cycle undergoes fission before the fuel is discharged from
the reactor for final disposal. We have seen earlier that in the hard
thermal neutron spectrum that prevails in the HTGR, U233 has much better
neutronics characteristics than U235 and Pu239. Thus, in an HTGR, and
especially in the case of an HTGR working with highly enriched uranium
and thorium, a fairly high fraction of the total energy released is from the
burning of thorium after its conversion to U233. That explains why the
quantity of natural uranium required by an HTGR working on highly
enriched uranium requires less natural uranium than other Once-Through
fuel cycles, both in HTGR and in other types of reactors.
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Another interesting observation that one can make by comparing
the different fuel cycles possible in HTGR is that, the HTGR with HEU
and recycle of the fissile material recovered after reprocessing is more
attractive than the corresponding Once-Through case only when the growth
rate is fairly low. It is true when the growth rate is 6 % per year. But both
for 50 years and 100 years under the Fisher-Pry model (growth rate about
8 % per year), and with 15 % per year growth if one restricts the analysis
to the first 50 years, the HEU-OT case is slightly better than the recycle
case. This seemingly paradoxical conclusion comes from the fact that the
effective initial inventory for the recycle cases is higher than what is needed
for the Once-Through fuel cycles, though it may not be true in the case of
just the in-core inventory requirement. This difference arises partly from the
fact that until the fuel cycle reaches equilibrium condition, larger quantities
of natural uranium will have to be irradiated so that enough quantity of the
fissile material is available for maintaining the equilibrium core
composition. With a large growth rate like 15 % per year, if we consider a
100 years interval, with the nuclear capacity constant during the latter half
of the period, again the HEU-RC case is superior. Evidentally, in the case
of 15 % per year growth rate, with a large installed nuclear capacity that
is in existence at the end of 50 years, the effect of the lower annual feed
requirement needed in the HEU-RC case becomes dominant at the end of
the second 50 years period.

The reference case that is considered in the evaluation of the relative
merits of the different fuel cycles in the four different reactor systems is
the one in which the installed nuclear capacity grows according to the Fisher-
Pry model. An annual growth rate of 6 % has been assumed as a realistic
alternative growth pattern. A growth rate of 15 % per year in the installed
nuclear capacity has also been considered not because it is felt that a
15 % annual growth rate is feasible, but merely to see the effect of the annual
capacity growth rate on fuel utilization efficiency. The fuel utilization
efficiencies of all the 19 different cases considered in this analysis under
three different formalisms are listed in Table 8.1. The relative positions of
the 19 different reactor-fuel cycle combinations are listed in Table 8.2. It
is evident from the two Tables that the PHWR-PT system, working on
natural uranium with plutonium recycling with natural uranium, is the
most efficient reactor-fuel cycle combination as far as the ability to extract
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the maximum amount of energy from the available natural uranium is
considered. If the plutonium recovered from the irradiated natural uranium
is recycled with thorium, and if the U233 produced therein is recovered
and recycled, that fuel cycle strategy would be superior to recycling the
plutonium with natural uranium. Such a strategy can lead to the SSET cycle.
The summary results shown in Table 8.2 gives the freedom to choose the fuel
cycle and reactor system after considering all constraints other than the
fuel utilization efficiency.

In summary, it may be mentioned that if one looks at a long term view,
the self-sustaining equilibrium thorium cycle in PHWR-PT is the most fuel
efficient system. But if one wants to limit one's field of vision to a stage
where growth of nuclear power does not reach a stage of saturation, then
natural uranium with plutonium recycling in the pressure tube type reactor
is the best option. As a matter of fact, there may be many who are tempted
to question the sagacity of assuming that nuclear fission reactors will be the
main source of energy for a period as long as 100 years. After all, a little
more than 50 years ago humanity did not know that nuclear fission is a
feasible reaction, leave aside a reaction that is so much energy-intensive that
it changed, and could have destroyed, the future of mankind. In case one
has to assume an unrealistic, and in many cases unacceptable, scenario of
not reprocessing the discharged fuel at all, then the HTGR system with
highly enriched uranium and thorium is the best. It is true, though strange,
that the system which is currently the most successful one in the commercial
sense, viz. Pressurized Water Reactor, does not figure in the merit list under
any scheme of classification. Perhaps, the answer to this situation may
be that engineering-wise the PWR might be a very simple and reliable
system. Furthermore, historically it had the advantage of being the only
system then available which was suitable for nuclear propulsion of
submarines. Evidently the PWR system gained a lot from the developmental
effort that preceded the introduction of nuclear submarines. Compactness
is an important characteristic that is desired in nuclear propulsion, and
light water with the excellent neutron slowing down characteristics of
hydrogen has hardly any competetion as far as compactness is concerned.
But, if one is concerned about conserving the limited quantities of nuclear
fuel resources available in nature for the generation of electricity, compact-
ness is of no importance and PWR is not the winner in the race for fuel
utilization efficiency.
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Sr
T• f

No

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

TABLE 8

Fuel Utilization Efficiencies of
System and Fuel Cycle

.1

the Different Reactor
Combinations

with Different Growth Rates (MWe-yi

Reactor -

Fuel Cycle
Combination

PWR LEU OT
PWR LEU RC
PWR MEU +Th
PHWR-PT NU OT
PHWR-PT NU RC
PHWR-PT LEU OT
PHWR-PT LEU RC
PHWR-PT Hi B Th
PHWR-PT SSET
PHWR-PV NU OT
PHWR-PV NU RC
PHWR-PV LEU OT
PHWR-PV LEU RC
HTGR LEU OT
HTGR MEU OT
HTGR HEU OT
HTGR LEU RC
HTGR MEU RC
HTGR HEU RC

1

6.5
10.3

8.8
7.5

12.4
9.2

11.0
7.8
7.2
7.3

11.8
8.9

10.8
8.7
9.3
9.8
9.0

10.0
10.0

3 % / yr

2

7.5
11.9
10.2

8.7
14.4
10.7
12.8

9.0
10.6

8.5
13.6
10.3
12.5
10.1
10.8
11.4
10.5
11.6
11.6

3

6.5
11.3

9.1
7.5

12.4
9.2

11.2
8.2

19.7
7.2

11.8
8.9

10.8
8.7
9.3
9.8
8.6
9.5
9.6

1

6.2
8.7
8.1
7.4

11.9
8.9

10.3
7.2
6.8
7.3

11.3
8.7

10.2
8.5
9.2
9.7
8.6
9.6
9.5

• / T )

F-P Model

2

9.2
12.8
12.0
10.9
17.5
13.2
15.2
10.6
13.6
10.8
16.7
12.8
15.0
12.6
13.6
14.3
12.8
14.2
14.0

3

6.3.
10.6

9.6
6.8

12.6
9.0
11.8
8.6

19.9
6.7

11.7
8.5

11.3
8.2
8.7
9.4
9.1

10.0
9.1

15 % /yr

1

5.5
7.3
6.6
7.2

10.2
8.1
8.5
5.7
7.0
7.1

10.0
8.0
8.5
8.0
8.8
9.0
7.5
8.4
8.2

2

14.6
19.0
17.2
18.9
26.7
21.2
22.2
15.0
17.2
18.7
26.2
20.9
22.3
20.9
23.0
23.6
19.8
22.0
21.5

3

6.9
12.8
10.3

7.5
13.8

9.8
12.8

9.3
20.2

7.3
12.7
9.3

12.3
9.0
9.5

10.2
9.9

10.9
11.0

Note Column 1
Column 2

Column 3

Defined by Eqn 6.2.10
Ratio of cumulative electricity generation to cumulative natural
uranium consumption for 50 years
Same as Column 2, but for 100 years
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TABLE 8.2

Order of Merit in Fuel Utilization

Sr
No

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Efficiencies of thes Different
System and Fuel Cycle Combinations with Different Growth

Reactor -
Fuel Cycle
Combination

PWR LEU OT
PWR LEU RC
PWR MEU +Th
PHWR-PT NU OT
PHWR-PT NU RC
PHWR-PT LEU OT
PHWR-PT LEU RC
PHWR-PT Hi B Th
PHWR-PT SSET
PHWR-PV NU OT
PHWR-PV NU RC
PHWR-PV LEU OT
PHWR-PV LEU RC
HTGR LEU OT
HTGR MEU OT
HTGR HEU OT
HTGR LEURC
HTGR MEU RC
HTGR HEU RC

1

19
8

13
16

1
10

3
15
18
17
2

12
4

14
9
7

11
5
6

6%

2

19
8

14
17

1
10

3
16
11
18
2

13
4

15
9
7

12
5
6

/ y r

3

19
6
9

17
2

12
3

14
1

18
4

15
5

16
13
10
11
7
8

1

19
11
14
15

1
9
3

17
18
16

2
10

4
13

9
5

12
6
7

F-P

2

19
11
15
16

1
10

3
18
V8
17

2
13

4
14

8
5

12
6
7

Model

3

19
6
9

17
2

12
3

14

i—
i

18
4
15
5

16
13

8
10
7

11

1

19
16
17
13

i-i

9
5

18
15
14
2
11

6
10
4
3

12
7
8

Reactor
Rates

15 3

2

19
15
17
13

1
9
6

18
16
14

2
11
5

10
4
3

12
7
8

>/yr

3

19
6
9

17
2

12
3

15
1

18
4

14
5

16
13
10
11

8
7

Note Column 1
Column 2

Column 3

Defined by Eqn 6.2.10
Ratio of cumulative electricity generation to cumulative natural
uranium consumption for 50 years
Same as Column 2, but for 100 years
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