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PREFACE

This assessment was performed between 1973 and 1977 at the
Nuclear Research Center Karlsruhe (KFK), F.R.G., and is in line
with research work going on at the Energy Systems Program of the
International Institute for Applied Systems Analysis (IIASA)
at Laxenburg, Austria.

The point of interest was to understand in some detail the
capability of a Fast Breeder Reactor (FBR) of a design considered
and explored today in producing U233 in the radial blanket, with
a view to using this U233 in High Temperature Reactors (HTRs).
More specifically, the problem was to look at design changes of
FBR cores that would or would not be necessary if a thorium
blanket were installed instead of a UOj; blanket. This investi-
agation was to be complemented by identification of the features

of the reactor strategy scenarios that should become possible
in this way.

The operation of an FBR/HTR compound based on the breeding
capabilities of the FBR can serve to generate not only electric-
ity but also high temperature process heat, under practically
no resource supply constraints and thus for a virtually unlimited
period of time. Such process heat could facilitate the produc-
tion of hydrogen or other chemical processes used for energy
supply.

The energy studies at IIASA clearly point to the medium-
and long-range necessity to apply nuclear power to purposes
other than solely electricity. Therefore, the present report
should be seen in conjunction with the forthcoming book on
"Energy in a Finite World--A Global Systems Analysis" by IIASA's
Energy Systems Program reporting in greater depth on the energy
systems analysis it has performed. The present study by its
very nature egually relates to the work of the Fast Breeder Pro-
ject of the Nuclear Research Center Karlsruhe.
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SUMMARY

This assessment focuses on the optimal use of the uranium
and thorium nuclear fuel resources in the advanced nuclear re-
actor types currently under development in several countries, the
Fast Breeder Reactor (FBR) and the High Temperature Reactor (HTR).
The study has been motivated by the increased need for nuclear
power anticipated for the coming decades, and by the apparently
limited reserves of nuclear fuels, that is, of economically vi-
able uranium ore (U308) resources.

The need for nuclear power as a major long-term energy source
can be justified by several arguments. Above all, it is abso-
lutely necessary to reduce the world's reliance on fossil fuels
(0il) , which are not only limited but also confined to a few po-
litically unstable regions. Furthermore, the world's--and espe-
cially the third world's--demand for primary and electric energy
is foreseen to increase substantially within the next 50 years,
making it mandatory for industrialized societies to develop new
energy sources besides continuing to exploit fossil fuels. At
the present time, nuclear energy seems to be the only technolog-
ically viable alternative capable of meeting these large-scale
and long-term challenges.

Reliance on uranium ore is currently ascribed to Light Water
Reactors (LWRs). These require considerable amounts of U O8 for
utilizing the U235 isotope, on which this reactor type reliés as
fissile fuel. Since uranium ore resources--and thus U235--seem
to be finite like fossil fuels, it appears prudent to determine
to what extent these resources are used more efficiently in
FBRs and HTRs than in LWRs. It is a main goal of this study
to show that the development of nuclear power, if continued along
the current lines of FBR and HTR development, can lead to a prac-
tically self-sustaining large-scale energy supply system offering
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the following advantages: this system (1) relies on an essentially
inexhaustible fuel resource base, and (2) has the potential of
meeting a very significant fraction of all primary and electrical
needs for many centuries. Underlying is the assumption that

the available U30g resources are invested expediently in the next
few decades, and the fuel logistics between FBRs and HTRs is prop-
erly chosen.

This study assesses in detail the fuel utilization charac-
teristics of the uranium ore-independent U238/Pu239 and Th232/
U233°nuclear fuel cycles in the FBR and in the HTR, both by means
of extensive burnup calculations and analytical one-group models.
In the case of the HTR, the analysis is extended to the fuel util-
ization of the U238/U235 and Th232/U235 fuel cycles, which are
currently viable but uranium-ore dependent; these serve as ref-
erence cases for the U30g-independent U238/Pu239 and Th232/U233
fuel cycles.

The optimal fuel cycle logistics of a symbiotic reactor
system consisting of FBRs and HTRs is specified and analyzed.
The results obtained are also applicable, in principle, to any
other fast-thermal reactor system with either LWRs or CANDUs as
thermal reactors. The incentive to analyze the fuel economy of
such a fast-thermal reactor system lies in its capability of
supporting a large-scale energy supply system for several cen-
turies on the basis of the abounding U238 and Th232 fertile iso-
topes. In the case of an FBR/HTR system, the FBRs could meet
future electricity requirements and the HTRs future process heat
requirements. In the case of an FBR/LWR system on the other
hand, FBRs, located on socalled energy islands or fuel cycle
parks, could supply regionally operating LWRs with denatured
fissile fuel. Within the frame of these perspectives, such a
fast-thermal reactor system can be compared to other essentially
inexhaustible energy sources, solar energy and nuclear fusion.

None of these practically resource-independent energy systems
can be expected to be fully established and deployed on a large
scale earlier than several decades after the turn of the century.
In the case of nuclear power, the interim period, referred to as
the transition phase, thus necessarily relies on LWRs presently
deployable, which consume large quantities of U30g. But the
availability and accessibility of this economically viable ura-
nium resource seems limited. This nonrenewable resource of nu-
clear fuel, which can be considered a one-time endowment, should
therefore be invested expediently, namely in the establishment
of a self-sustaining energy system. It is thus appropriate to
assess the uranium ore requirements of such a system for the
case of a typical industrialized country which is most likely
to increasingly rely on nuclear power.

For the purpose of comparison, an assessment is made of
three different reactor strategy scenarios focusing on different
reactor tpyes, in order to determine their long-range U30g com-
mitments. One scenario relies predominantly on LWRs, another on
HTRs, and a third, considered the reference scenario, emphasizes
FBRs in conjunction with HTRs and LWRs. In this scenario, the
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reactor system converges into a symbiotic FBR/HTR system near the
end of the transition period. The influence on U308 demand of
various fast breeder designs, such as (Liguid-Metal) Sodium-
Cooled Fast Breeder Reactors (LMFBRs) with oxide or carbide fuel,
or Gas-Cooled Fast Breeder Reactors (GCFBRs), is also addressed
within the FBR/HTR scenario. The potential of HTR designs with
high conversion ratios (i.e. CR = 0.85) is also analyzed.

The uranium ore demands associated with these scenarios are
determined and discussed for a wide range of possible nuclear
energy demand forecasts for an industrialized region such as the
DeBeNeLux countries.

The results of the reactor physics and reactor strategy cal-
culations are described in Chupters II to V. Chapter I summarizes
the mathematical background of the FBR breeding ratios as well
as HTR conversion ratios, which are derived in the appendix to
that chapter. The rest of the appendices elaborate on FBR reac-
tion rates, the fissile fission fraction distribution in the HTR,
fissile fuel utilization in various fissile fuel cycles, FBR self-
supply in an FBR/HTR system in steady state and the growth rate
of such an expanding system, as well as the LWR/FBR fissile fuel
balance in the transition phase.

According to the fast breeder reactor physics assessments
in Chapter II, utilization of the Th232/U233 fuel cycle is lim-
ited to the FBR blanket regions, and preferably to the radial
blanket. Using Th232 in the FBR core region--as has been sug-
gested for the socalled proliferation resistant fuel cycles--
reduces the fertile fission contribution such that the global
breeding ratio BRy (for all regions n) of present oxide-fueled
LMFBR designs (BRy = 1.20) decreases to less than 1.0, which
would make these LMFBRs nonbreeding reactors. By contrast, Th232
causes only minor changes in the relevant FBR parameters if it
is used as fertile breeding fuel in the blanket regions. The most
pronounced effect is a noticeable redistribution of the region-
dependent breeding ratios BR, and breeding gains gp as well as
as slight decrease in the global breeding ratio.

Compared to the reference U0 radial blanket, the breeding
characteristics of a Th-metal (Th") radial blanket as well as of
a ThO2 radial blanket are found to be superior. The U232 and
Pa233 isotopes associated with the thorium cycle do not have any
significant effect on the performance of the FBR if thorium is
used in the blanket region. The sodium void coefficient is some-
what (~ 10%) increased for the thorium blankets. This can be
ascribed to the larger fissile fuel enrichment in the core zone
adjacent to the radial blanket (i.e. a fissile fuel inventory
larger by 1.2% for ThO3 and by 2.37% for ThM).

There is, however, no particular incentive to recycle the
U233 bred in the radial blanket into the FBR core region, where
U233 has slightly less favorable nuclear characteristics than
Pu239. The use of Th232 as fertile radial blanket fuel is thus
contingent on the efficient utilization of U233 bred in other
reactor types.
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In the context of this FBR assessment, an analysis is made,
involving considerable detail, of the effects of various FBR de-
signs on parameters determining the global breeding ratio. The
intrinsic difference between oxide- or carbide-fueled, and sodium-
or gas-cooled designs, and large or small reactor units is demon-
strated to be primarily due to their widely differing fast-fission
contributions. BRy 1s thus adversely affected by either a decrease
in fast fission by way of spectrum softening, shifting breed-
ing into the blanket regions (FBRs with small cores, i.e. small
power units), or substitution of Th232 for U238 as fertile iso-
tope in the core region. Only by use of the U238/Pu239 cycle in
the core region can breeding ratios larger than 1.0 be assured
for current LMFBR designs.

The fissile fuel cycle assessments of the HTR in Chapter III
demonstrate that the HTR attains its full potential for high con-
version ratios (Ck ¢ 0.90) when it is supplied with FBR-bred U233.
In this context, it is also shown extensively why the thorium
cycle exhibits a better fuel utilization (i.e. CR is larger by
about 0.20 than for the uranium cycle) under the assumption that
the U233 converted in the HTR can be recycled, i.e. if the cor-
responding thorium reprocessing facilities are available.

Without reprocessing, fuel utilization in the thorium cycle
is only insignificantly better than in the uranium cycle. About
equal amounts of U308 are required as makeup fuel in both cycles,
and the U30g demand of HTRs is similar to that of LWRs. Under
these constraints, there is no incentive to decrease the fuel
burnup in HTRs since this would result in a larger annual U30g
demand. The HTR conversion ratio is limited to about 0.65 in
this case without reprocessing.

If reprocessing facilities are assumed to be available, the
thorium cycle is clearly advantageous over the uranium cycle.
In addition, the U30g demand can be reduced significantly (by
N 50% or more) if ghe HTR fuel burnup is decreased to approximate-
ly 30,000 MWd/t. Conversion ratios as high as 0.85 seem attain-
able with U235 as makeup fuel.

Optimal thermal reactor fuel utilization is achieved if this
U235 makeup in the thorium cycle can be replaced by U233 makeup.
Only very small quantities of U233 are necessary if the fuel
burnup is kept low ( V30,000 MWd/t). This, of course, presup-
poses fuel processing. Conversion ratios of up to 0.95 seem
attainable under these circumstances.

The highest HTR conversion ratios are therefore attained
under the following conditions:

-- utilization of the thorium cycle;

-- recycling of U233 converted in the HTR; this requires
Th reprocessing and fabrication facilities:;

-- decreasing the fuel burnups currently optimized in terms
of fuel cycle costs from 100,000 MWd/t to values of

20,000-30,000 MWd/t, to be optimized in terms of fissile
fuel utilization;



-- use of U233 makeup supplied by an external source (e.g.
FBR) .

Good HTR fuel utilization thus depends also on the avail-
ability of Th reprocessing facilities.

These reactor physics assessments lead to the discussion in
Chapters IV and V on fuel utilization of reactor systems.

Chapter I/ demonstrates that the by far most favorable fuel
utilization of a symbiotic fast-thermal (FBR/HTR) reactor system
with a closed fissile fuel balance (i.e. a system independent of
U235 requirements) is achieved by utilizing both the uranium
cycle and the thorium cycle. For the FBR/HTR system, this is
identified as the mixed fuel cycle /U-Th/, which assumes the use
of the thorium cycle in the thermal reactor (HTR) and in the FBR
radial blanket region, and the uranium cycle in the FBR core and
axial blanket regions. In the other feasible system fuel cycle,
called the uranium cycle /U/, the thorium cycle is not used at
all, and both reactor types exclusively rely on the uranium cycle.
The advantage of the /U-Th/ cycle over the /U/ cycle is signifi-
cant, the difference in fuel utilization being a factor of 2 to
4, depending on HTR fuel burnup and FBR design.

In a nonexpanding or no-growth FBR/HTR system, the FBR and
HTR fissile inventories are of little significance. Instead,
high breeding ratios and/or low HTR burnups are important. An
FBR with a high breeding ratio (BRN = 1.4) can, for example, sup-
ply up to three equivalent HTRs with fissile fuel.

In an expanding FBR/HTR system, a system growth rate a. of
up to 5%/yr is possible with appropriate FBR and HTR designs.
The influence of fissile fuel inventories is considerable. FBRs
with medium size inventories and average breeding ratios are gen-
erally to be preferred over FBRs with high breeding ratios and
high inventories.

Chapter V assesses the U30g requirements during the transi-
tion phase for three different reactor strategy scenarios, each
focusing on a particular reactor type. The reference scenario
relies on FBRs, with both LWRs and HTRs being deployed in the
transition phase. This LWR/HTR//FBR reactor system converges in-
to the Uj0g-independent FBR/HTR system in the asymptotic phase.
The second scenario is primarily based on LWRs and has some HTRs,
and the third almost exclusively uses HTRs and some LWRs in the
transition phase; both of these scenarios are without FBRs,

In the context of the HTR scenario, the influence of opti-
mal HTR fuel utilization (use of the thorium cycle, availability
of thorium reprocessing facilities, low fuel burnup at 30,000 Mwd/t,
i.e. CR = 0.85) on U308 requirements is assessed in order to com-
pare it with the FBR scenario.
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In the FBR scenario, different FBR strategies are also ana-
lyzed in order to assess the influence of different FBR designs
on future U308 requirements. These FBR strategies are determined
in terms of FBR fissile fuel cycle inventory and breeding gains.

Future uranium ore requirements for these three reactor stra-
tegy scenarios were calculated for a high, a medium, and a low
nuclear energy demand forecast. The U308 requirements for the
various scenarios and strategies within the scenarios are observed
to differ only quantitatively but xnot qualitatively for the vari-
ous demand forecasts.

During the early period of the transition phase, 1970-2000,
all three scenarios exhibit substantial and very similar uranium
ore demands. These requirements, cumulative as well as annual,
do not differ significantly before 2000-2010, until the reactor
type under consideration assumes a significant fraction of the
total reactor capacity. Since the market penetration of any new
energy system or reactor type takes on the order of several de-
cades, the differences between the reactor scenarios and reactor
types cannot be expected to become significant before 2010-2020.
This is especially demonstrated by a comparison of the U30g re-~
quirements associated with some FBR desiqgns in the FBR scenario
with the HTR scenario with optimal fuel utilization. Accord-
ingly, no significant difference is to be expected between the
FBR and HTR scenarios with respect to their U308 demands if the
time horizon is limited to about 2020. Under these constraints,
even the LWR scenario shows comparable results.

The differences in U304 requirements between the scenarios
and between the strategies within the scenarios become transpar-
ent if the time horizon is extended to 2050, or to about 40 to
50 years after commercial introduction of the advanced reactor
types.

The salient, and intrinsic, difference between the FBR and
HTR scenarios is made clear by comparison of their annual uranium
ore demands.

Between 2020-2050, the annual U308 demand of most FBR stra-
tegies, depending on the reactor design-specific fissile fuel
cycle inventory and breeding gains, decreases to zero, thus lim-
iting the cumulative U308 requirements of this strategy to a fin-
ite value. In contrast, the annual U30g demand does not decrease
to zero even for the the most optimal HTR strategy. In the HTR
scenario, the annual demand never approaches zerc. This is indi-
cative of a continuous reliance and dependence on the availabil~
ity of U30g resources in this scenario until the time when FBRs
are introduced to replace some HTRs, Any scenario relying ex-
clusively on HTRs or, for that matter, any thermal reactor type,
therefore requires a practically unlimited U30g supply or resource
base. Adopting an HTR strategy would therefore merely imply sub-
stitution of a long-term U308 dependence for the current oil de-
pendence,
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The largest U304 resources are clearly required for the LWR
scenario. Exclusive reliance on LWRs would deplete present nonre-
newable U30g reserves within a few decades. Adopting such a stra-
tegy forecloses the use of nuclear power as a long-range option,
since by then the nuclear fuel base necessary for establishing a
self-sustaining reactor system will have been consumed.

The deployment of FBRs with socalled proliferation resistant
fuel cycles, i.e. with Th232 in the core region, exhibits charac-
teristics very similar to those of the HTR scenario, in that a
continuous annual U308 demand would be needed to sustain the sys-
tem beyond the year 2050. The only feasible fuel logistics be-
tween fast and thermal reactors is to use the U238/Pu239 cycle
in the FBR core region and Th232 in the radial blanket., Only in
this manner can the cumulative uranium ore requirement be held
finite.

In principle, the cumulative U30g demand can only be limited
by the deployment of FBRs. Different FBR designs have different
uranium ore requirements. It is shown in this context that the
FBR doubling time is not the dominant parameter during the FBR
introduction phase, when the deployment of FBRs is coupled to the
fissile plutonium production in LWRs. Rather, it is the FBR fis-
sile inventory. The breeding ratio or breeding gain becomes rel-
evant 10 to 20 years after FBR introduction. Generally, FBRs of
low fissile inventories and high breeding gains allow consider-
able savings in U30g (in this case 0.5-1.0 million tons). 1In
comparison to FBRs with high breeding ratios and high inventories,
FBRs with medium breeding ratios but medium inventories are pre-
ferable.

These reactor strategy assessments confirm that the comple-
mentary deployment of FBRs and HTRs in the transition phase can
lead to a self-sustaining FBR/HTR reactor system within a period
of 40 to 60 years. The quantities of U30g necessary for such a
system to become operational (referred to as the eritical mass
of the FBR/HTR system) essentially depend on the choice of FBR
design (gas-cooled fast breeder reactor, carbide-fueled LMFBR,
etc.), the fuel or fissile fuel cycle logistics between FBRs and
HTRs (uranium or thorium cycles, recycling or nonrecycling of the
bred fissile isotopes), and HTR fuel burnup. The U30g reserves
currently available are not sufficient to allow a significant
delay in establishing such a self-sustaining reactor system, lest
the option of using nuclear energy as a long-range energy supply
system should be foreclosed. Considerable quantities of uranium
ore can be saved by strategically favorable designs of both FBRs
and HTRs. Large-scale deployment of both reactor types assures
optimum utilization of the thorium and uranium reserves available,
provided the reactors have a closed fissile fuel balance and pro-
vided their fissile fuel cycle logistics is coupled in the manner
assessed in this investigation.
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CHAPTER I. EQUATIONS FOR THE BREEDING RATIOS OF FBRs
AND FOR THE CONVERSION RATIOS OF HTRs AND
OTHER THERMAL REACTORS

I.17. INTRODUCTION

The breeding ratio BR of the FBR and the conversion ratio
CR of the HTR are by far the most important parameters as regards
the fuel utilization of these reactors. These two parameters are
indicative of the fissile fuel requirements of these reactor
types, reflecting their needs for nuclear fuel, e.g. uranium ore.
Since BR and CR are viewed as the major parameters of this study,

they are discussed beforehand in some detail.

In this chapter relations are derived which are frequently
referred to in the subsequent chapters. Some of them can be
found in similar form in the literature (Adkins 1972), but most
of the derivations are developed and introduced here to meet the

special requirements of this assessment.

In the derivations of the relevant equations, a clear dis-
tinction is made between equations pertaining to multiregion
reactors whose contribution of fast fission is significant, and
equations for single-region reactors without significant fast
fission. The former types can be associated with FBRs, and the

latter with thermal reactors, such as HTRs, LWRs, etc.

Differentiation is also made between incore and excore re-
lations. The incore relations, limited to basic nuclear param-
eters, are useful for reactor physics assessments. The excore
(or out-of-core) relations also include parameters taking into
consideration the characteristics of excore fuel cycle activi-

ties, such as reprocessing and fabrication of reactor fuel,

The incore relations are used in the reactor physics anal-
yses of Chapters II and III, and the excore relations in Chap-
ters III to V.



Some further relations of the breeding ratio BRN and the
conversion ratio CR are introduced that are based on parameters

of a more universal applicability. These equations are partic-
ularly suitable for comparisons of different reactor designs

as well as for parametric sensitivity studies.

I.2. INCORE PARAMETERS OF A MULTIREGION REACTOR
WITH FAST FISSION (e.g. FBR)

Assessment of the impact of different fertile and fissile
isotopes in the various reactor regions1 of an FBR requires a
detailed description of the breeding characteristics of each
region. This is usually accomplished by consideration of the

reaction rates of each region.

I.2.a. The'Global Breeding Ratio BRN and the Region Breeding
Ratio BRp

In FBRs of current design, the core region is surrounded by
both an axial blanket region and a radial blanket region. The
core region is fueled with enriched fuelz, and the axial and ra-
dial blanket regions are fueled with fertile fuel. Such reactors
made up of distinctly different fuel regions are referred to as
multiregion reactors. The global breeding ratio BRN of such a
multiregion reactor is normally given by

N JG . '
1718 moligm olgn) -v
BRy = N TG T ' (1-1)
D) Nl(n)o;(g,n) ¢(g,n) =V
nig

1The following designations are adopted here: reactor regions
are global regions of similar nuclear characteristics. The
core, the axial blanket, and the radial blanket of an FBR are
referred to as regions. Each region can be subdivided into
zones; the core region is usually partitioned into two or more
zones.

2enriched fuel is a mixture of fertile and fissile fuels.
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N represents the total number of regions n, G the total number
of energy-groups g into which the continuous neutron spectrum is
partitioned, J the total number of fertile isotopes j, and I the
total number of fissile isotopes i. The following isotopes are
usually referred to as fissile and fertile isotopes:

{u233, U235, Pu239, Pu241}

l_l.
i

{Th232, U234, U238, Pu240}

u.
It

ci(g,n) are few-group neutron capture (c) and absorption (a)

cross sections of energy group g in region n, ¢(g,n) is the cor-
responding neutron flux, NY the particle density of isotopes i

or j, and v, the total volume of region n. Equation (I-1) is
utilized in multidimensional burnup calculations as were performed
for the assessments in Chapter II.

Equation (I-1) can be reduced by collapsing the G energy
groups into a one-energy group, such that

N J :
g 11
BRy = oI TN I P (1=2)
N o)) a_
n i

where a; is the absolute absorption reaction rates defined as

» G . I3
a; = Z Nl(n) ¢ O;(g,n) ¢(g:n) ° Vn ’ (1-3)
g

with c% being similarly defined.

Equations (I-1) and (I-2) describe the ratioc of fissile
fuel generated due to neutron capture cd in the fertile fuel

to the fissile fuel lost due to neutron absorption a' in fis-
sile isotopes 1i.



It is usually more convenient to consider normalized reaction
rates instead of the absolute reaction rates used in Equation
(I-3). Normalization is accomplished by equating all neutron
losses throughout the reactor to unity, i.e.

I J

AN + AN + PN =1.0 , (I-4)

where Aé represents the normalized total absorption rate of all

I fissile isotopes in all N reactor regions. Likewise, Ag re-
presents the corresponding normalized total absorption rate of
all J fertile isotopes, and PN is defined as'the sum of all frac-
tional parasitic neutron losses, such that

PW =L+ FP+St+ M+ C+ R ; (I-5)

L is the parasitic neutron leakage loss (reflector leakage);

FP the parasitic neutron absorption in the fission products,

St stands for losses in the structural materials, M in the mod-
erator, and C in the control rods; R represents a remainder of
absorptions in parasitic actinides, such as Np237, Pu242, Pa233,

etc. Aé, A%, and PN are all normalized in the following manner:

I
I _ N -
N

Py being the nonnormalized parasitic neutron losses. The perti-

nent Equation (I-2) can now be expressed in terms of normalized
reaction rates as

N J 3

Cg g % Cn
BRN=F=W_1 . v (I"7)

v Ll




In order to maintain criticality of the reactor, Equa-
tion (I-4), describing the sum of all neutron losses, must be
equated to the neutron generation. For an exactly critical re-
actor, in this case an FBR, the equation describing the produc-

tion of neutrons is then
I J _
(\)F)N + (\)F)N = 1.0 , (1-8)

where (VF)é represents the normalized neutron production rate as
a result of all fissile fissions, and (vF); the neutron produc-
tion due to all fertile fissions (fertile fissions are also re-

ferred to as fast fissions).

Equations (I-2) and (I-7), which are of importance for
burnup calculations, can be used either as point-in-time rela-
tions, which describe the ratio of reaction rates at any given
time in any burnup cycle, or as burnup cycle-averaged relations
that describe the reaction rates averaged over one or more burn-

up cycles.

The breeding ratio of a given reactor region n 3 can then be
written as

73
CJ z Cn
_ n _ 3
BRn‘g‘%‘;%—i - (1-9)
A
n i n

Other than in Equation (I-7), the capture rate in Equation (I-9)
is limited to region n. It can be shown, of course, that the
global breeding ratio BRN is the sum of the region breeding
ratios BR_ . such that

35 can also be any zone of a region.



N
BRy = g BR . (I-10)

I.2.b. The Region Conversion Ratio KRn

Analogously to the region breeding ratio BRn' a region con-

version ratio KRn can be defined for each individual region as

.~ G
(@)
o I

. (I-11)

-t~
g
o N T8

The difference between Equation (I-11) and Equation (I-9)
is in the fissile absorption rate, which in Equation (I-11) is
restricted to the particular region n.

The relationship between KRn and BRN can be easily shown to
be the following:

A,

BR, = XE KR, (I-12)
v [al

BRy = LT XRy| | (1-13)

I.2.c. The Global Breeding Ratio BRN Expressed in Terms of
Global Nuclear Parameters
The previous equations are given in terms of reaction rates,
which are normally determined by detailed criticality and/or
burnup calculations. Since such calculations cannot always be
performed, it is desirable to develop an equation of the global
breeding ratio BRN in terms of more fundamental and universal

parameters. Okrent (1964) has suggested such an equation, given
as '



BRN= (v=1) = o =P -L + (V'-1)F , (I-14)

1+a

with o as the capture-to-fission ratio of the fissile fuel, and
v and v' as the neutrons released per fission in the fissile and
fertile materials, respectively. From a physics point of view,
this equation provides more information about the influence of
the relevant nuclear parameters on BRN, assuming the behavior of
the parameters to be known. The applicability of this equation
is, however, limited by the unfavorable normalization of the
variables P, L, etc., which in this case are normalized to the

neutron absorption in the fissile fuel.

A similar equation is derived in Appendix I.A:

J
(VF) ¢ 3
BRN = Iy * Aé 1—(PN+FN) -1, (I-15)
with né = (vF);/Aé . The parameters in this equation are

normalized according to Equations (I-4) and (I-8); they are
referred to as global nuclear parameters. These parameters,
which are more widely applicable than those in Equation (I-14),
can be used as reference parameters for comparing FBRs of dif-
ferent designs. Equation (I-15) is convenient for parametric
sensitivity studies because it allows one to assess the effect of
design changes on these parameters, and thus on BRN' For ex-
ample, the influence on BR of increasing the radial blanket
thickness can be easily determined, since an additional row of
blanket elements can be shown to affect primarily P. A re-
liable estimate of BRN can be obtained this way without detailed

burnup calculations. A region-dependent equation similar to
Equation (I-15) is derived in Appendix I.A.2.

I.2.d. The Global Breeding Gain G

and the Region Breeding
. N
Gain G_

The breeding ratios defined above refer to the ratio of

fissile fuel produced by means of fertile capture to the fissile



fuel lost as a result of neutron absorption. A more relevant
parameter as regards the fissile fuel utilizaticn of the reactor

(FBR) is the breeding gain G that describes the actual surplus
of fissile fuel produced.

Two definitions of the breeding gain should be differenti-
ated. According to the standard definition, the breeding gain

is normalized to the total fissile fuel consumed, i.e.

Excess fissile material produced
Total fissile material consumed

BG =

The definition more relevant in this context (Adkins 1972) is
the breeding gain normalized to the fission rate, or the total

power produced:

Excess fissile material produced
Power of reactor produced (fission rate)

G =

In terms of reaction rates, BGN is given by

I
N T Ay

BG,, = —— = (BRN—1) , (I-16)

= — (I-17)
e
N
with
IJ - I J N
FN _FN+FN . (I-18)

In general, reference to a surplus, or breeding gain, cf

fissile fuel is only made if Gy > O, or Cg > Aé. A more explicit

derivation of GN is derived in Appendix I.B.1:



V(22
G.. = (BR_.-1) — | (1+a) . (I-19)
N RN n i F§J n

This equation can be expressed in the more useful form in

terms of the fundamental global neutron parameters.

Gy = (BR-1) (1-ey) (l+a)y 7 (1-20)

ey and (1+a); are derived in Appendix I.B, Equations (I.B-9) to
(I.B-11).

Analogously to the region-related breeding ratio BRn and the
conversion ratio KRn, a region-related breeding gain Gn can be
derived (Appendix I.B.3) such that

N I F; ;1 F; i
G =BR ] ] g3 (+ta) =] —5 (+a)_ (1-21)
niF i F
n n
or in the more useful form as
G = BR. (1-e.) (1+a)% = (1-e)s_(1+0)1 (1-22)
n n N N en n n

€ 6n, and (1+a)£ are defined in Appendix I.B.2. Equation (I-22)

nl
is particularly significant for the radial blanket assessments

in Chapter II. Moreover, it can be shown that
N

Gy, = ) G_. - (1-23)
n

The breeding gain I of several regions m can be derived similar-

ly as J,r see Appendix I.B.2.



I.3. INCORE PARAMETERS OF A SINGLE-REGION REACTOR
WITHOUT FAST FISSION (e.g. HTR, LWR)

The equations referred to in Section I.2 relate to multi-
region reactors with fast fission, e.g. the FBR. Similar rela-
tions can be derived for the HTR and/or the LWR. These reactor
types differ from the FBR in the following two ways:

-- Both the HTR and the LWR can be described by means
of single-region equations, i.e. N = 1

-- Fast fission in the HTR and/or LWR does not make any
significant contribution to the overall neutron pro-

duction, i.e. (\)F)J =0 .

If these properties are taken into account, the relations in
Section I.2 can be reduced to the equations discussed in the
following. Reactor types with such properties normally exhibit
breeding or conversion ratios of less than 1.0. Therefore, it

is convenient to introduce the designation CR for the conversion
ratios of such reactor types, in order to differentiate them
clearly from the region dependent FBR conversion ratios.KRn, which

were defined in Equation (I-11).

I.3.a. The Conversion Ratio CR

The conversion ratio is expressed in terms of reaction rates,
in a similar way as is the global breeeding ratio in Equations
(I-2) and (I-7):

CR (I-24)

]

o) |0
ZHl2 Yy
l
QﬂJZFL

in the case of thermal reactors Cg 1s usually smaller than Aé.
CR may again be interpreted as a point-in-time or burnup cycle-

averaged relation.

A more universal equation of CR in terms of the fundamental
global nuclear parameters, similar to Equation (I-15) for the FBR,

is independently derived in Appendix I.C.1:



CR = nI(1-P) -1, (I-25)
with
1
fIo -, (I-26)
{1+a)
I i .
(1+a)T = 7 (Ef) (1+a) ¥, (I-27)
i F
I i
vl = ) (;‘_I) vl (I-28)
1

P is the total parasitic neutron loss defined in Equation (I-5).
One could also have derived Equation (I-25) from Equation (I-15)
setting FJ = 0. Equation (I-25) is essential to the HTR fuel

cycle assessments described in Chapter III.

I.3.b. The Fissile Fuel Demand D

In general, one only speaks of a breeding gain or surplus
of fissile fuel if BRN or CR is larger than 1.0. In HTRs
or LWRs, the conversion ratio is normally less than 1.0 and,
therefore, a démand for fissile fuel is associated with these

reactors. This demand D, defined similarly as gain GN’ is
normalized with respect to the total fission rate:
Demand D:
D = Demand for fissile fuel
Total fission rate in the reactor '
or, as is shown in greater detail in Appendix I.C.2, as
I J
A -
D = —IC 7 (I—29)



or

D= (1 -CR) - (1 + a) , ( I-30)

with (1 + a)! defined in Equation (I-27).

I.4. FBR AND HTR EXCORE PARAMETERS

So far the relevant relations have been derived in terms of
neutron reaction rates and global nuclear and neutron parameters.
These equations are generally used to assess the nuclear charac-

teristics of different reactor types.

In order to determine the actual mass flow of fissile fuel
into and out of the reactor, the relevant equations of the pre-
vious sections must be multiplied by a factor W, the fissile
mass fissioned per unit energy released. The above equations
are thereby transformed into mass balance equations. In addi-
tion, the losses of fissile fuel incurred in the reprocessing and
fabrication steps of the excore reactor fuel cycle must also be
taken into account.

I.4.a. The Breeding Gains Iy Ip7 gz, and gX of the FBR

n
The incore breeding gain, expressed in terms of excess

fissile fuel mass per unit energy gN,~is obtained by multiplying

Gy by Wg, such that:
= F_ - I _a
gy = Gy Wy = (BR-1) (1-gg) (1+a)g Wy (1-31)
F . :
Wy is given by
I.1,.J.J
N _ QF +Q°F
wp o= (9087 - 5 17!, ana Y - D 0D (1-32)
n Fn+Fn



where Qi is the energy released per unit weight of the fissile
isotopes I in region n, and Gn is defined in Appendix I.B.2 as
the power fraction of region n.

In order to account for the fissile fuel losses incurred in
the excore activities one must consider the fissile fuel incore
inventories I and the fuel residence time T. If the FBR excore
loss fraction is designated VF, the global excore breeding

. \Y
gain go becomes

In
()

F T

’ (I-33)

S~

V — — -—

o

with In being the fissile inventory in region n, and Tn the

corresponding residence time.

The excore breeding gain of a single region n or of several

regions m can be shown to be

IVF

V— -— -
n—g“VF) Tr (I-34)

with 9, given by Equation (I-22) and the corresponding form of

Equation (I-31). Likewise,

1V

T
n

g

m ) 2 (1'35)

m
—g(1vF) b
n

where I =

fo N 1=
Vo)
e}

I.4.b. The Fissile Fuel Demands 4 and dV of the HTR

As with the FBR, the influence of the (reprocessing, re-=
fabrication) losses in the excore cycle must also be taken into
consideration in the case of the HTR. The incore demand for

fissile fuel normalized to the power generated is given by

= . = - I I (I—36)
d D WH (1 CR) (1 + o) WH '
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where WH is given similarly as in Equation (I-32) for N

D by Equation (I-30). If excore losses VH
result is

= 1, and
are considered, the

v I I IH_-VH
d" = (1 - CR) (1 + a) WH + —F , (I-37)

where @’ is the exzcore fissile fuel demand of the HTR after
deduction of reprocessing and other 1losses.

These mass balance equations are particularly important in
Chapter IV, in which the fuel utilization of a symbiotic FBR/HTR
system is analysed, and for Chapter V, determining the uranium

ore demand for various reactor strategy scenarios.



CHAPTER II. THORIUM IN THE FBR

IT.1. INTRODUCTION

The goal of fast breeder reactor (FBR) development is the
implementation of an economic, safe, and environmentally accept-
able energy source that provides a practically inexhaustible
energy supply by optimum utilization of the uranium resources
available. Among all the fission reactors currently under de-
velopment and consideration, only the FBR offers the prospect
of serving as a long-range, inexhaustible energy supply system.
By means of the breeding process, the FBR produces more fissile
fuel than it consumes while generating power. This excess fis-
sile fuel can then be used either as initial fissile fuel inven-
tory for starting up additional FBRs, or as fissile fuel supply

for other, nonbreeding, reactor types.

Early in the development of FBRs it was recognized that the
use of the uranium cycle (U238/Pu239) in the FBR is clearly su-
perior to that of the thorium cycle (Th232/U233) as regards
fissile and fertile fuel utilization. Such considerations have
led to the present FBR design whose core region is fueled with
the (fertile) U238 and (fissile) Pu239 isotopes and whose axial
and radial blanket regions are both fueled with U238. The fuel

materials chosen are Pqu/UO and UO respectively.

2 27
This chapter serves to assess the performance of an FBR in
which the fertile isotope U238 in the radial blanket is replaced
by the fertile isotope Th232. The fuels in the core region
(Pqu/UOZ) and in the axial blanket region (UOZ) are assumed to
remain unchanged, and the fuel material for the radial blanket
5 Or Th™ (thorium metal). The dif-
ferences between these radial blanket configurations are com-
pared to the UO

is assumed to be either ThO

2 blanket, and their impact on the performance of
the FBR is examined with respect to the global breeding ratio, the
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breeding characteristics of the radial blankets, the fissile fuel
inventory, the sodium void coefficient, and other parameters per-
taining to reactor operation.

The relative merits of using either the U238/Pu239 cycle or the
Th232/U233 cycle in the FBR were assessed in a number of earlier
investigations. (They include studies by Loewenstein and Okrent
1958, Okrent et al. 1965, Hankel et al. 1962, Loewenstein and
Blumenthal 1965, Allen et al. 1966, and Sofer et al. 1963.,)

Their main focus was on the use of the Th232/U233 cycle in the
core zones. One of the earliest studies on this topic by Loewen-
stein and Okrent (1958) considered small metallic spherical re-
actor cores, and the breeding ratios calculated were 1.2 to 1.4
for the thorium cycle and 1.4 to 1.7 for the uranium cycle. 1In a
later study with revised cross sections Okrent et.al. (1965)
showed that, with regard to the breeding ratio, the thorium cycle

was even more disadvantageous than the uranium cycle.

Hankel et al. (1962) conducted an extensive investigation
into the use of Th232/U233 in the FBR. It became clear from
this study that the shortest doubling time and the lowest fuel
cycle costs were to be achieved with carbide fuel. The results,

among others, were the following:

-— Shorter doubling times are obtained with the U238/
Pu239 cycle.

-- The fuel cycle costs are lower with the U238/pPu239
cycle.

-- The sodium void coefficient is negative for the Th232/
U233 cycle, but positive for the U238/pPu239 cycle.

-- The Th232/U233 cycle requires at least 50% more excess
reactivity than the uranium cycle.

Loewenstein and Blumenthal (1965) and Allen et al. (1966)
emphasized the improved safety coefficients arising from the use
of thorium in the central zones of the core of large LMFBRs.
This advantage was ascribed to the lower sodium void coefficient

with thorium in the core zones.

Sofer et al. (1963) conducted a detailed study stressing
the safety aspects of the thorium cycle for a carbide-~fueled
system. They pointed out the following problems:



-- the increase in reactivity in the core after shutdown
due to the decay of Pa233 to U233,

--— the smaller fraction of delayed neutrons for the thorium
system (0.003 as compared to 0.004 for the U238/Pu239
cycle), which is explained by the significantly lower
contribution of fast fission in Th232,

-- the larger excess reactivity requirement in the core
region, which is due to the delay of U233 formation
(the half-life of Pa233 is 27.4 days).

All these assessments of the use of the Th232/0233 cycle in
the FBR core region led to the conclusion that, due to its higher
fissile inventory and much lower breeding ratio, the thorium cycle
is considerably less attractive for the FBR than the uranium cycle.
For current LMFBR designs, the global breeding ratio BRN would be-
come less than 1.0. These studies had been mainly motivated by
the lower sodium void coefficient attainable with the thorium cycle.

A number of Soviet investigations (Leipunskii et al. 1965
and 1971, Batyrebekov et al. 1964) considered a mixed uranium/
thorium cycle in FBR core zones. Leipunskii et al. (1965) opti-
mized an LMFBR using Th232 as fertile fuel in the radial blanket
and a mixture of Pu239, U233, and U238 in the core zones. 1In
the authors' opinion, the breeding ratio of such a system ap-
proaches that of a U238/Pu239 system. Their calculations also
showed a relatively low U232 buildup in the blanket region.
(U232 is an undesired by-product since it leads to considerable
shielding problems in U233 refabrication.)

Batyrebekov et al. (1964) used BR-1 experiments to study
the contribution of an infinitely thick thorium-metal blanket to
the breeding ratio. Calculations showed that the breeding ratio
for the Th™ blanket was approximately 20% less than that for an in-
finitely thick uranium-metal blanket. This difference was ascribed
to the different fast fission contributions in the radial blankets.

The report did not provide any other details about the capture
and fission rates obtained.

In a more recent study, Leipunskii et al. (1971) exam-

ined a number of different configurations with thorium blankets
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only. The work centered around the influence of the isotopic
composition in the core on the safety and on the power density
distribution in the core zones. Here, too, combinations of
U238, U233, and Pu239 cycles proved to be optimal systems. An
optimal Pu239 and U233 isotope distribution was shown to reduce
the maximum radial form factors in the core zones from approxi-
mately 1.8 to approximately 1.2. These studies demonstrated the
Soviet interest in using Th232 in the FBR radial blanket.

More recent studies have dealt with the coupling of the
fissile fuel cycles of two reactor types, the crossed-progeny
cycle (for example, Lang 1968 and 1969, Wenzel 1971, and Brogli
and Schultz 1974). The considerations were based on two oOr more
reactors that mutually exchange fissile material. Lang (1968 and
1969) investigated coupling the fissile cycles of an LMFBR and
of a PWR with a hard neutron spectrum. In the PWR, U238/U233 is
used as fuel, and the converted Pu239 is transferred to the
LMFBR. The LMFBR breeds U233 in the radial blanket and in the
internal breeding zone (LMFBR design by Allis Chalmer, 1964).
Lang was of the opinion that because of this reactor configuration
LWRs might be phased out early in the next century.

Wenzel (1971) investigated a similar PWR and LMFBR reactor

configuration. His results can be summarized as follows:

-— The fuel cycle costs of the PWR can be reduced by approx-
imately 10% to 30%, with the FBR fuel cycle costs remain-
ing approximately the same.

-- The PWR-LMFBR reactor configuration can slightly reduce

the separative work requirements expected for the 1980s.

Brogli and Schultz (1974) studied the economic aspects of
coupling the cycles of a GCFBR-HTGR system. They concluded that
the fuel cycle costs of such a configuration are little influenced
by uranium and plutonium prices.

Wood and Discroll (1973) conducted an extensive investigation
into the economic aspects of radial and axial thorium oxide blan-
kets. They calculated an advantage in fuel cycle costs of up to
30% for a radial thorium blanket as compared to a uranium blanket,

assuming a favorable U233 price (16.7 dollars/gram) as compared
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to the Pu239 price (10.0 dollars/gram). Their burnup calculations,
like those in the preceding studies, were based on relatively old
cross-section sets, such as the ABBN nuclear data set (Abagjan
1964) .

This chapter is meant to provide a comprehensive and detailed
comparison of fissile fuel utilization in different radial thorium
(Tho2 and Thm) blankets and a uranium blanket (UOZ)' on the basis
of revised cross sections. Since uncertainties in the various
cost assumptions still prevail, the economic aspects have been
viewed as subordinate to the fuel economic aspects and are there-

fore not considered here.

ITI.2. GENERAL REMARKS ON THE PROPERTIES OF
A RADIAI BLANKET

The blankets (axial or radial) of an FBR have two principal
functions. They primarily serve as efficient neutron reflectors,
backscattering into the core region the neutrons escaping from
it, their secondary function is to breed fissile fuel by absorb-
ing the nonbackscattered neutrons in the fertile fuel of the
blankets.

The effectiveness of a blanket in fulfilling these two
functions depends largely on the nuclear and, to some extent,
material properties of the nuclear fuel employed, i.e. on the
types of fissile and fertile isotopes and on the chemical compo-
sition of the fuel material (oxide, carbide, or metal, etc.).

The fissile and fertile isotopes relevant to this study are
U233 and Pu239, and Th232 and U238, respectively, and the relevant
fuel materials are U0, Th02, and Th™.

This investigation focuses on the breeding characteristics
of the various radial blankets. Such an assessment requires
analysis of the various factors that influence and govern radial
breeding. These factors can be made translucent if the buildup
of fissile fuel in the radial blanket region is understood in
terms of the neutron economy of the blanket. (The gatin,
or buildup, of fissile fuel is here defined as the difference
between the production of fissile fuel due to neutron capture
by fertile fuel minus the loss of fissile fuel due to neutron

absorption by fissile fuel.)
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One can do this, for example, by looking at the number of
neutrons available for absorption in the blanket, and where these
neutrons originate. There are two sources of neutrons for the
blanket region: the leakage neutrons scattering into the blanket
region from the core region (these are the nonbackscattered neu-
trons referred to above), and the fission-induced self-generated
neutrons originating in the blanket. Their total makes up the
sum of neutrons available in the blanket. Under the assumption
that all these neutrons are captured in the fertile fuel of
the blanket, the production of fissile fuel is clearly directly

proportional to the total number of neutrons available.

Not all of the neutrons available in the blanket are util-
ized in the breeding process, however. Some of them are lost by
parasitic processes. (The neutrons absorbed by the structural
material of the blanket and of the neutrons leaking into the ra-
dial reflector are referred to as parasitic neutron losses.) The
extent of fissile fuel buildup is thus also, to some degree, in-

fluenced by such parasitic losses.

The discussion has concentrated on the FBR radial blanket
thus far. As the radial blanket region is only one in three reac-
tor regions, it is also interesting to compare its importance rel-
ative to the other reactor regions, the core and the axial blanket.

Table II.1, listing the condensed neutron balance distri-
bution of the FBR design investigated here, illustrates on the
one hand the relative significance of the core leakage neutrons,
the fission-induced self-generated radial blanket neutrons, and
the parasitic neutron losses in the blanket, and on the other
hand the role of the radial blanket with respect to the other
reactor regions.

In the equilibrium burnup condition of the core and the
blankets, 100 neutrons are produced throughout the reactor due
to fission; 85 of them are generated in the core region, and
15 in the blanket regions; 10 of the latter originate in the
axial blanket, and 5 in the radial blanket.
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Table II.1. Distribution of neutron production and neutron losses
in the various FBR regions (equilibrium burnup condi-

tion).

FBR regions Losses Production
Core zones 69 85
Axial blanket 18 10
Radial blanket 9 5
Reflector 1 -
Leakage (total) 3 -

The greatest majority of these 100 neutrons is absorbed in
the reactor, and only a small fraction (3) is lost due to leakage
from the reactor (reflector leakage). 69 of the total 100 are
absorbed in the core region, leaving a net surplus of 16 core
neutrons (85-69) that scatter into the blanket regions1. These
neutrons, representing about 19% of the neutrons generated in
the core region, are referred to as core leakage neutrons, oOr

leakage neutrons.

Ten of the 16 leakage neutrons (62%) diffuse into the
axial blanket, and only six (38%) leak into the radial blanket.

(This axial leak preference can be ascribed to the low H/D 2

ratio of this FBR3.) Thus a total of 11 neutrons remains for
absorption in the radial blanket, six of which (55%) are core
leakage neutrons, and five (45%) originate in the blanket itself.
For a radial blanket in equilibrium burnup condition, this im-
plies about equal contributions of core leakage neutrons and
self-generated neutrons. This distribution, of course, changes

with the burnup condition of the radial blanket.

1
In the actual case, more than 16 neutrons leak into the blankets.

Most of them, however, are backscattered into the core region

(about 70-80%, see discussion in Section II.7.a). The 16 neutrons
referred to above represent a net leakage.

2,0 . .
Height to diameter ratio.

A more detailed discussion of the influence of the H/D ratio
follows in Section II.7.a.
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Of the 11 neutrons available for absorption in the radial
blanket, only nine (80-85%) are actually absorbed there; the re-
maining two are permanently lost into the radial reflector, where
they are either absorbed or lost due to reflector leakage. These
two neutrons are representative of the parasitic neutron losses
of the radial blanket.

The importance of the radial blanket with respect to the
other reactor regions can be inferred from the fact that only
nine out of a total of 100 neutrons are absorbed there. As far
as neutron absorption is concerned, the radial blanket is thus
of only limited significance. It can therefore be expected that
different fertile or fissile fuels and fuel materials in the
radial blanket region will have no major impact on the overall

reactor performance.

The buildup of fissile fuel in the radial blanket has been
shown to be governed primarily by the neutron leakage into and
the neutron generation in the blanket. At a later point, neutron
leakage will be shown to be primarily determined by the geometric
FBR design expressed by the H/D ratio, and by the neutron reflec-
tive property, or albedo 8, of the radial blanket fuel material.

A favorable H/D ratio and a small R generally imply a large neu-
tron leakage into the radial blanket.

The extent of neutron generation in the blanket is determined
by its fertile fission and fissile fission. Both fission proces-
ses release excess neutrons, which are again utilized in the
breeding process. A large fast-fission contribution in the ra-

dial blanket will therefore enhance its breeding potential.

A large production of fissile fuel, governed by these param-
eters, however, does not necessarily correspond to a large build-
up, or gain, of fissile fuel since part of the fissile fuel built
up in the blanket is consumed, or lost due to fissile neutron
absorption. A large loss of fissile fuel will therefore keep the

buildup low.

A radial blanket with the following properties would exhi-

bit a large buildup of fissile fuel:



-~ small albedo B,

-~ high n; of bred fissile fuel,

-- small absorption cross section of bred fissile fuel
fiss

(o ) s

a r
-~ large capture cross section of fertile fuel
(Ofert)
o r’

The last condition assures that most of the neutrons
available in the radial blanket are actually utilized in the
breeding process and not lost by some parasitic neutron loss
process.

Not all of these properties, which are favorable to a large
buildup of fissile material in the radial blanket, are actually

advantageous to the reactor as a whole.

For example, a high n;, a small (¢

(Ogert)r generally improve the global reactor performance.

A small blanket albedo B, however, implies an enhanced neutron

fiss
a )r' and a large

leakage from a region of high reactivity worth into one of re-
latively low reactivity worth, resulting in a net decrease in
reactivity. This reactivity loss must be compensated for by an
increase in the fissile fuel enrichment in the core region, so
that sufficient burnup reactivity is maintained. The resulting
higher fissile fuel inventory, on the other hand, is not a de-
sirable feature since it tends to increase the doubling time
of the reactor.

Blanket characteristics apparently conducive to breeding
in the blanket, therefore, do not necessarily exert a favorable

influence on the reactor as a whole.

Therefore, in order to assess the impact of the various
radial blankets, i.e. UOZ' Thoz,
it is necessary to compare not only the parameters governing
the breeding characteristics of a radial blanket but also the

or Thm, on FBR performance,

global reactor parameters. Both groups of parameters depend on
the radial blanket fuel materials. For an overall assessment,
one must examine in particular the following reactor characteristics:
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-- changes in reactivity keff’

-- changes in fissile fuel enrichment and fissile fuel
inventory I,

-- changes in radial breeding ratio BRr and radial
breeding gain Gr’

-- ~changes in global breeding ratio BRN and global
breeding gain GN’

-- changes in the distribution of region breeding ratios
BRn and region breeding gains Gn’

-- the effective buildup of fissile fuel in a given
blanket,

-—- the power contribution of radial blankets,

-- the maximum linear rod power Xmax,

-- the buildup of U232 in the thorium blankets,

-- the reactivity worth of Pa233 in the thorium blankets,

-- the influence of the various blankets on the Na void
coefficient.

Such an analysis requires detailed nuclear burnup calcula-
tions, focusing on the radial blanket of a representative power
reactor. This is the objective of the following sections.

IT.3. MATERIAL PROPERTIES OF UO

ThO and Th METAL

27 27

The basic material data of some nuclear fuels are compiled
in Table II.2. Of interest here is a comparison between UOZ’
ThOz, and Th metal. Regarding its heavy-metal density, ThO2
a slight disadvantage of 8.7% with respect to UOZ; yet, on account
of its higher melting temperature (3290°%C for Thoz, and 2750°C for

UOZ) and its somewhat better thermal conductivity, higher maximum

has

linear rod powers with theoretical upper limits of 1000 W/cm are
attainable for Thoz, as compared to approximately 650 W/cm for
UOZ' ThO2 irradiation properties in FBR neutron spectra are
expected to be similar to those of U02.
Because of its high density, U metal would be a good re-
flector or the ideal FBR blanket material. However, due to
anisotropic expansion under neutron irradiation, U metal exhibits

a very unfavorable burnup behavior, which is attributed to its
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orthorhombic lattice structure. It is mainly for this reason

that U metal is not a suitable fuel material in power reactors.

Th metal, on the other hand, does not have these unfavorable
properties. Because of its body-centered cubic lattice structure,
it expands isotropically under irradiation and (as reported in
Olsen 1966 and Bundschuh 1972) has very good irradiation proper-
ties for the burnup range (up to 10,000 MWd/t) relevant to radial
blankets. 1In addition, its melting point is much higher than
that of U metal. More important, however, is the considerably
higher temperature at which Th metal undergoes a phase change.

It is 1375°C, as compared to 665°C for U metal. On the basis of
the very high thermal conductivity K(T) of Th metal, which differs

by a factor of 10 compared to U0, and Thoz, a very high linear

] 2
rod power4 of approximately 800 W/cm, and thus high power densi-
ties can be achieved. This makes Th metal an interesting fuel

for FBRs requiring high power densities.

These few points serve to illustrate that ThO2 and Th
metal have material properties that are as favorable as,
and in some respects even superior to, those of UOZ. The use
of ThO2 or Th metal as FBR blanket material is therefore not
expected to be restricted on account of their material pro-

perties.

II.4. DESCRIPTION OF THE FBR INVESTIGATED

General Electric's design of a 1000 MW(e) oxide LMFBR is
used as reference reactor (General Electric 1968). It was se-
lected because of the extensive documentation available on re-
sults of detailed burnup calculations, which helped the author

check the computer codes and nuclear cross-section libraries used.

The basic reactor data of this LMFBR are compiled in Table
II.3. Figure II.1 indicates the reactor dimensions, the parti-

tioning of the various reactor regions into burnup zones, and

4linear rod power x = 41 [ maX g(r) dt; Tmax = maximum central
TS
temperature; T_. = surface temperature.

S
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the corresponding volume fractions of fuel w, structural material
s, and coolant a. Reference is to be made here in advance to the
volume fraction of structural and cladding material in the core
region which, in the light of the present state of the art, appears
too low. The General Electric results, especially with regard to
the breeding ratio, should not thus be compared to representative
values of more recent LMFBR designs, in which the volume fraction
of structural material in the core region is 20-~22%, instead of
the 15% assumed here. The breeding ratio calculated here is,
therefore, higher than the values obtained for large oxide-fueled
LMFBRs of current design of BRN = 1,20. Since the prime purpose
of this investigation is to compare the influence of different
radial blankets on FBR performance, emphasis should be on the
relative results—--especially as regards the global breeding ratio
BRN——rather than on the absolute values calculated. It should be
expected that the relative results are also applicable to FBRs of a

more recent design with comparable H/D ratios.

Furthermore, mention should be made of the rather optimistic
maximum linear rod power of 550 W/cm assumed here, which is a tech-

nological goal of the future. This high value explains the rela-
tively high power density of 580 kW(th) per liter, and thus the
very low fissile inventory of the oxide-fueled LMFBR design con-
sidered here.

II.5. NUCLEAR CROSS SECTIONS

This is a short description of the nuclear cross-section
library and the procedure used to generate the few-group cross-

section sets for the burnup calculations in this study.

II.5.a. Comparisons of Multigroup Cross Sections Based on
the ENDF/B-III File
The ENDF/B-III 29 group constant set (Kidman and Scheuter
1971) has been used as nuclear library for the burnup calculations.
First, the 29 groups were collapsed into 26 groups, so that the
data set became compatible with the NUSYS computer code system
(H8bel and Huschke 1966) for fast breeder calculations, available

at the Nuclear Research Center Karlsruhe (KFK), T.R.3. Then,
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Figure II.2. Comparison of of(U233)/of(Pu239) from the ENDF/B-

III group constant set (Kidman and Scheuter 1971)
and values measured by Gwin et al. (1976).

the ENDF/B-III and KFK-INR (Kiefhaber 1972) cross-section sets were
compared by way of criticality calculations on a UOZ-PuO2 fueled
fast critical assembly (SNEAK) (P.McGrath, personal communication,
KFK, 1973). The results showed good agreement between the cross-
section sets with respect to the U238 and Pu isotopes. This was
to be expected since the cross sections of these isotopes had
continually been revised and updated for the past decade. The
reliability of the Th232 and U233 cross sections in ENDF/B-III
could not be verified in a similar manner since, for these iso-
topes, the KFK-INR set contains data from the original ABBN set
(Abagjan 1964). It was felt, however, that the reliability of
the thorium cross-section data in ENDF/B-III is comparable to
that of the U238 and Pu data of ten years ago, in particular as

regards the inelastic scattering cross section of Th232.

More recent data on U233 and Pu239 published by Gwin et al.
(1976) show generally good agreement with the U233 absorption
data from ENDF/B-III (see Figure II.2) in the relevant energy
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range. More recent Th232 foil irradiations performed in the
radial blanket of SNEAK (W. Scholtyssek, personal communication,
KFK, 1975) also show good agreement (5%) between the Th232 cap-
ture rates calculated with ENDF/B-III and the values measured,
whereas a deviation of 15% to 20% was found with the ABBN set.
This satisfactory agreement allows the conjecture that the Th232
and U233 data contained in ENDF/B-III are sufficiently accurate
for the present investigation. This in particular applies to the
present assessment, where the Th232 and U233 isotopes are
located in a reactor region of only moderate importance (see
Section II.2). However, the reliability of the cross sections
of these isotopes becomes more significant if the radial blanket
region assumes a more important role (e.g. in gas-cooled FBRs,
- see discussion in Section II.7.a), or if these isotopes are used
as fuel in the FBR core region.

In evaluating the breeding properties of different radial
blankets, it is imperative to compare the relevant cross sections
of the fertile isotopes Th232 and U238 and the fissile isotopes
U233 and Pu239. Table II.4 contains such an energy group-depen-
dent comparison for the unshielded microscopic capture and
fission cross sections of Th232 and U238, and Table II.5 lists
the corresponding shielded cross sections of the oxide blankets
investigated here. Table II.6 compares the unshielded U233 data
with the corresponding Pu239 data. The effect of self-shielding
of the fissile isotope is shown to be negligible in the blankets.
Table II.7 shows the differences between the shielded Th232
cross sections of a ThO2 and of a Th-metal radial blanket. Some
of these data are plotted in Figures II.3 and II.4. Comparing
the data leads one to observe the following:

-- Th232 has a considerably higher Capture cross section
than U238 (by ~ 30%) in the energy region above 60 keV.

-- The fast-fission cross section of U238 is larger, by
approximately a factor of 4, than that of Th232.

-—- The fission cross section of U233 is decisively above
that of Pu239 for the energy range below 1 MeV, in-

Creasing quite considerably with decreasing energy.
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Table II.4. Comparison between unshielded microscopic capture
and fission cross sections of Th232 and U238
(ENDF/B-I11I).

Energy Upper <0.> (barns) Th232 <of>.(barns) U238

greup  EmeRY % u23g U238 ha32  yz3g  Th232

1 10.00 MeV .0115 .0064 1.80 .2862 .8772 3.07
2 6.05 .0209 .0116 1.80 L1424 .5467 3.84
3 3.68 L0401 .0272 1.47 L1237 . 5471 4.42
4 2.23 .0787 .0632 1.245 .0918 .4268 4.65
5 {.35 .1418 .1208 1.174  .002 .0270 13.5
6 .821 L1774 .1258 1.410 - .0013 -
7 .498 .1784 .1169 1.526 - - -

8 .302 .1837 .1346 1.365

9 .183 .2184 .1698 1.286

10 111 .2903 .2155 1.347

11 67.4 kev .3829 .3386 1.131

12 40.8 .4525 L4448y 1.018

13 25.5 .5716 .5671 1.008

14 15.0 .7047 .7034 1.002

15 9.1 .8633 .8624 1.001

16 5.53 1.073 1.065 1.007

17 3.35 1.388 1.296 1.071

18 2.84 1.527 1.385 1.102

19 2.40 1.602 1.492 1.074

20 2.03 2.154 1.777 1.212

21 1.23 2.163 2.916 0.742

22 748 eV 4.353 3.606 1.207

23 4sy 7.10 20.31 0.350

24 275 18.56 52.96 0.350

25 61 10.22 29.16 0.351

26 thermal
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C

' ff are energy group

Table II.5. Comparison between shielded microscopic capture and
fission cross sections of Th232 and U238 in oxide
radial blankets (ENDF/B-III).

Energy Upper fc<oc>(barns) Th232 fg<og>(barns) U238

gronp ST T h232 uz3s U238 Tqno3z  uzss | RS2

1 10.00 Mev .0114 .0064 1.781 .2862 .8772 3.067
2 6.05 .0207 .0117 1.769 .1424  .5466 3.831
3 3.68 .0399 .0270 1.478 .1237 .5470 4.428
4 2.23 .0780 .0627 1.244 .0918 .4268 4.652
5 1.35 1418  .1208 1.174 .0020 .0270 13.51
6 .821 L1774 ,1259 1.409 - .013 -
7 .49s8 .1787 .1168 1.530 - . 001 -
8 .302 .1837 .1345 1.366 - - -
9 .183 .2184 .1698 1.286

10 111 .2903 .2155 1.347

11 67.4 kev .3774  .3343 1.129

12 40.8 L4478 .4342 1.031

13 25.5 .5413 .5280 1.025

14 15.0 L6424 .6271 1.024

15 9.11 .7576 .7370 1.028

16 5.53 .8790 .8173 1.076

17 3.35 1.1677 1.0907 1.071

18 2.84 1.1279 1.0171 1.109

19 2.40 1.0947 0.9559 1.145

20 2.03 1.0930 0.8756 1.248

21 1.23 0.9962 1.0980 0.907

22 748 ev 1.1604 1.0931 1.062

23 454 1.2380 0.9515 1.301

24 275 1.6435 1.7628 0.932

25 61 1.0151 2.6356 0.385

26 thermal

£ dependent shielding factors
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Table II.6. Comparison between umshielded microscopic capture
and fission cross sections of U233 and Pu239
(ENDF/B-I1I11).

Energy Upper <gs> (barns) U233 <g¢> (barns) U233
GEORR SREE T35 puzsg  Pu2dl U233 pu239 923
1 10.00 MeVv .0008 .0653 0.012 2.1292 2.0247 1.052
2 6.05 .0017 .0018 0.944 1.6703 1.7082 0.978
3 3.68 .0069 .0038 1.816 1.9012 1.9452 0.977
4 2.23 .0218 .0097 2.247 1.9222 2.0084 0.957
5 1.35 .0590 .0243 2.428 1.8550 1.7517 1.059
6 . 821 .1183 .0762 1.553 1.9187 1.6308 1.177
7 .u98 .1669 .1399 1.193 2.,0742 1.5551 1.334
8 . 302 .2024 . 1957 1.034 2.1806 1.4933 1.460
9 .183 .2258 .2275 0.993 2.2462 1.5405 1.458
10 111 L2424 .2697 0.899 2.3126 1.6323 1.417
11 67.4 kev ,2752 .3629 0.758 2.5668 1.7021 1.508
12 40,8 .3258 .5507 0.592 3.0032 1.7413 1,725
13 25.5 .3943 . 7676 0.514 3.6187 1.8154 1.993
14 15.0 .4918 1.0670 0.461 4.3703 1.9820 2.205
15 9.11 .6391 1.5951 0.401 5.2419 2.2489 2.331
16 5.53 .8925 2.2416 0.398 6.2375 2.6585 2.3U6
17 2.35 1.1760 2.7015 0.u435 7.1640 3.3635 2.130
18 2.84 1.3910 2.9281 0.475 7.8160 3.6319 2.152
19 2.40 1.6360 3.7320 0.u438 8.6440 2.7830 3.106
20 2.03 2.3160 3.5729 0.648 10.0440 U4.6701 2.151°
21 1.23 3.5360 U4.6767 0.756 11.38406 6.3333 1.798
22 748 ev 4.8440 7.3763 0.657 14.2960 10.3438 1.382
23 4sy 3.9900 9.6917 0.412 18.0200 10.7083 1.683
24 275 6.0160 21.2288 0.283 28.4440 29.7813 0.955
25 61 26.3200 29.4039 0.895 140.0800 41.7361 3.356
26 thermal 10.9400 0.6276 17.432 93.3600 7.2604 12.859
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Table 11.7. Comparison between shielded microscopic capture
cross sections of Th232 in Th02 and ThM radial
blankets (ENDF/B-III).

Energy Upper ' fc<0c> (barns)
group energy ThO
Tho, Th® ThT
1 10.00 Mev 0.0114 .0114 1.000
2 6.05 .0207 .0207 1.000
3 3.68 .0399 .0400 0.998
u 2.23 .0780 .0781 0.999
5 1.35 .1418 .1418 1.000
6 .821 1774 L1774 1.000
7 .498 .1787 .1787 1.000
8 .302 .1837 . 1835 1.001
9 .183 .2184 .2181 1.001
10 111 .2903 .2900 1.001
11 67.4 kev .3774 .3766 1.002
12 40.8 .uu78 L4415 1.014
13 25.5 .5413 .5283 1.025
14 15.0 .6424 .6212 1.034
15 9.11 .7576 .7284 1.040
16 5.53 .8790 .8329 1.055
17 3.35 1.1677 1.1164 1.046
18 2.84 1.1279 1.0524 1.072
19 2.40 1.0947 0.9989 1.096
20 2.03 1.0930 0.9578 1.141
21 1.23 0.9962 0.8755 1.138
22 748 eV 1.1604 0.9384 1,237
23 4su 1.2380 0.9600 1.290
24 275 1.6435 1.3200 1.245
25 61 1.0151 0.8560 1.186
26 thermal

fc energy group dependent shielding factor
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-~ The capture cross section of U233 is larger (by ~60%)
than that of Pu239 in the 200 keV-6 MeV energy |
range.

-- There is no significant difference between the ratios
of the shielded and unshielded cross sections of
Th232 to U238.

These considerable differences between the basic cross
sections of the respective isotopes in thorium- and uranium-
fueled blankets lead one to expect rather significant dissimi-
larities between their breeding as well as neutron reflective

properties.

IT.5.b. Generation of Few-Group Cross Sections for the
Burnup Calculations Performed
In order to reduce computer time for the burnup cal-
culations, the 26-group constants were collapsed into four

energy groups by means of the Karlsruhe NUSYS System. The re-
actor was partitioned into various burnup zones, as is indicated

in Figure II.1. The core and axial blanket regions were divided

into three zones each, and the radial blanket region into four

zones, labeled:

Reactor Zone Designation

Core zones CzZ1, Cz2, and CzZz3

1, 2, and 3

Axial blanket zones AX1, AX2, and AX3

1, 2, and 3

Radial blanket zones rl, r2, r3, and r4, where R1

1, 2, 3, and 4 -
stands for r1 and r2 and corre-

sponds to the first row of blan-
ket elements; R2 stands for r3
and r4 and corresponds to the

second row of blanket elements.
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By means of the 1-D diffusion program in the NUSYS system,
the 26-group constants were neutron-flux weighted with the cor=
responding eigenspectrum for each individual zone, and collapsed
into four energy groups. An isotopic composition~dependent four-
group cross-section set was thus obtained for each reactor zone
(Figure II.1). This resulted in three four-group cross-section
sets for the core, three for the axial blanket, four for each of
the UO,, ThO,,

Changes in volume fraction, fuel type, or isotopic composition in

and Th-metal blankets, and one for the reflector.

any one of the zones made it necessary to generate new four-group
cross—section sets. These sets were generated for isotopic com-
positions with the reactor in equilibrium burnup condition. Stor-
ed on tape in a retrievable manner, they served as input data for
the multidimensional burnup code CITATION (Fowler 1971).

Table II.8 reproduces four-group cross sections of the most
important isotopes in core zone CZ1 and radial blanket zones
r1 and r3 (see Figure II.1). Table II.9 shows the corresponding
one-group cross sections. The influence of the softer neutron
spectrum in the blanket zones on the cross sections is clearly
noticeable from the increase in the blanket cross sections, as
compared to those in the core zones. Regarding the oxide blankets,
for example, the absorption cross section of U238 in radial zones
r1 and r2 is larger by 1.2% and 18%, respectively, than in core
zone CZ1; for Pu239 the differences are 13.4% and 45.1%, and for
U233 15.8% and 42.4%. Comparisons of fertile fuel cross sections
show the same trend.

Comparing the fertile and fissile isotope cross sections

for the UO2 and ThO2 blankets, one observes the following differ-

ences:
-- a 16% larger capture cross section Io > of Th232 than
of U238 in r1, which decreases to 9.1% in r2,
-- a 35.6% larger absorption cross section 04 of U233 than
of Pu239 in r1, which decreases to 30.4% in r2;
5
O' =O’ -



- 43

Table II.9. Spectrum-welighted one-group cross sections of
fertile and fissile isotopes in core zone CZ1 and
in radial blanket zones rl1 and r3 for various fuel
materials.

Reactor Fuel U238 Th232 Pu239 U233

zone material

4 (barns)

Core U02 0.3460 .3019

zone

Cz1 ThO2 0.325 .258 .057

UO2 0.3504 .6102

Radial

blanket Th02 0.3740 .5404

zone r1 m

Th 0.3050 .9779
UO2 0.4083 .3410

Radial

blanket ThO2 0.4304 .3550

zone r3 m

Th 0.3173 . 1551
07 (barus)

Core UO2 0.0453 .830

zone

Ccz1 ThO2 0.0116 .811 .759

U02 0.0342 .964

Radial

blanket ThO2 0.0067 .1486

zone r1 m

Th 0.0082 .6769
U02 0.0175 .319

Radial

blanket ThO2 0.0039 .7987

zone r3 o

Th 0.0043 .8301




. m
and, comparing the cross sections of the Th  blanket and the

Tho2 and UO2 blankets:

-~ In r1 of the metal blanket, Th232 shows capture cross
sections that are smaller by 19.2% and 6.3% than such
values for Th232 and U238 in the oxide blankets.

-— U233 in the metal blanket has an absorption cross sec-
tion 14.1% larger than Pu239 but 16% smaller than U233
in the oxide blankets.

-- Th232 in the metal blanket has a fast-fission cross
section 22.4% larger than Th232 and 4.17 times smaller
than U238 in the oxide blankets.

From these cross-section differences, one may infer that the pro-
duction, the loss, and thus the buildup of fissile fuel in the
various radial blankets can be expected to show the following be-

havior:

-- a larger production of U233 in both the ThO2 and Th™
blankets than of Pu239 in the UO2 blanket,

-- higher losses of U233 due to neutron absorption in both
thorium blankets than of Pu239 in the 002 blanket,

-- a higher loss of U233 in the ThO2 blanket than in the
Th™ blanket.

The buildup, i.e. the difference between production and
losses, is difficult to assess offhand, since both the production
and loss terms are larger for the thorium blankets than for the

UO2 blanket.

The above deductions are based on the supposition that an
approximately equal number of neutrons is available for absorp-
tion in the three different blankets. Since the various fuel
materials are most likely to have different albedos--and thus
different core neutron leakages into the blankets--the above con-
siderations are simply deductions based on the nuclear data, Only
by detailed burnup calculations can the described behavior of
the production and loss of fissile fuel in the various blankets

be verified and determined exactly.
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IT.6. DESCRIPTION OF THE BURNUP
CALCULATIONS PERFORMED
The aim of this investigation is to assess the influence of
the different fuel materials UO,, ThO,, and Th" in the radial
blanket region on the blanket breeding properties and on the glob-
al reactor parameters of the LMFBR. Such an assessment requires

two-dimensional burnup calculations.

IT.6.a. Reference Conditions

For the burnup calculations, the reactor regions were par-
titioned as described above, and the mesh width selected was 5 cm
in the core zones and 3 cm in the radial blanket zones. The
burnup calculations were performed along the geometric R and 2

axis of the reactor.

Among the first points to consider was the specification of
a representative burnup reference condition for the core and the
axial blanket. It was assumed to be the condition when the fuel
isotopic compositions in the core and the axial blanket are in
equilibrium. This condition was attained after repeated recy-

cling and refueling of Pqu/UO fuel in the core and axial blan-

2

ket regions, with UO, as reference fuel in the radial blanket

region. At the end gf each burnup cycle, the fuel of the inner
core and axial blanket zones was unloaded, and the fuel in the
outer core and axial blanket zones was shuffled into the ad-
jacent inner zones; outer zone CZ3 and the corresponding axial
blanket zones were supplied with fresh fuel. After three burnup
cycles--each lasting for 292 full power days at 2420 MW(th)--
the fuel was removed from the inner core and inner axial blanket
zones, and the plutonium recovered from these two regions was
subsequently mixed and recycled as fresh fuel into the outermost
core zone CZ3. This procedure was continued until the composi-
tion Pu-vector of the fuel freshly charged into C23 attained
equilibrium.

With the core and the axial blanket in equilibrium burnup
condition, the radial blanket region was then supolied with fresh

fuel: depleted UO Thoz, or Thm. After sufficient burnup

2’



reactivity was ensured for each of these reactor configurations,
the core and the axial blanket were refueled after each burnup
cycle as described above, while the fuel in the radial blanket

remained in place for five burnup cycles.

Under these conditions, the radial breeding characteristics
and the global reactor parameters were compared for the three
blanket configurations. The results of these calculations are

now being discussed.

IT.6.b. Criticality Calculations

The influence on keff of the thorium blankets as compared
to the UO2 radial blanket is shown in Table II.10. A decrease
cff (from 1.0180 for the U0, blanket to 1.0147 for the ThoO,
blanket and to 1.0116 for the Th™ blanket) corresponds to a loss

in keff of 0.324% and 0.629% for the two thorium blankets.
In order to ensure sufficient burnup reactivity for the thorium

in k

blankets, the Pu enrichment in the core region was increased by

iteration of keff for either blanket. Thus it was necessary to

increase the fissile Pu inventory by 1.2% in the case of the ThO
blanket and by 2.43% for the Th™ blanket, as compared to the UO

blanket.

2
2

For maintaining a uniform power distribution in the core
region, the increase in Pu enrichment was limited to CZ3, the
core zone immediately adjacent to the radial blanket. For the
ThO2 blanket the enrichment of CZ3 had to be increased by 4.64%,
and for the Th™ blanket by 9.63%.

Figure II.5 shows keff as a function of the blanket residence
time for the three different radial blankets. A noticeable dif-
ference in keff between the blankets occurs after the fourth or
fifth burnup cycle, but this can be easily compensated for by
moving the control rods. For these burnup calculations, the
control rods were assumed to be stationary. This accounts for

the cyclic increase in keff' which can be ascribed to the con-

tinuous buildup of fissile fuel in the radial blankets.



Table II.10. Enrichments and fissile inventories of the core
and axial blanket regions before and after k £f
iteration for various radial blankets. €

Before
Radial keff After keff iteration
blanket iteration
config- : "
uration keff keff Puflssenrichment(%) Puflss inventory
(t=0) (t=0) Cz1 CZZ CZ3 (Core + aX) (kg)
002 1.0180 1.0180 11.02 14.68 14.45 1855.0
Th02 1.0147 1.0180 11.02 14.68 15.12 1877.0
ThM 1.0116 1.0180 11.02 14.68 15.84 1900.0

*The axial blanket contains a small quantity of U235.

0.04

003

0.02

(kegs - 1.0)

001

I | i 1

2 3 4 5 {Cycle)
Radial Blanket Residence Time{1Cycle =292 Days)

0.00
0

Figure I1I.5. keff as a function of the radial blanket residence
time for an LMFBR with UO,, ThO,, and Th™ radial

blankets (the core and the axial blanket are re-
fueled after each cycle).



II.7. THE MAIN FACTORS INFLUENCING
THE RADIAL BREEDING RATIO BRr
Before the numerical results for the various radial blanket
configurations are presented in Section II.8, it is useful to
discuss in some more detail the various factors influencing the

breeding characteristics of a radial blanket.

The breeding properties of a radial blanket are generally
described by two parameters, the radial breeding ratio BRr and
the radial breeding gain Gr' Both are formally defined in Chap-
ter I in terms of the cumbersome neutron reaction rates and the
more useful global neutron parameters. Physically speaking,
however, neither representation conveys a very clear under-
standing of how these factors influence the breeding character-
istics of a blanket. The following discussion, therefore, fo-
cuses on neutron balances in a way similar to the approach taken

in Section II.2.

The neutrons available for absorption in the blanket have
been defined as the sum of the neutrons leaking into the radial
blanket from the core region and of the neutrons generated in the
blanket. There are basically four processes competing for these
neutrons in the radial blanket: absorption by fertile fuel, ab-
sorption by self-bred fissile fuel, parasitic absorptions by
structural material and other nonbreeding materials in the blan-
ket, and leakage into the radial reflector. (Parasitic neutron
absorptions and radial leakage losses are here defined as para-

sitic (neutron) losses.)

Assuming temporarily an ideal blanket condition, i.e. no
neutrons are lost due to parasitic losses, and assuming that
neutron absorption by self-bred fissile fuel is small, one can
expect that practically all of the neutrons available are used
for breeding, i.e. they are captured by fertile fuel. Since
the radial breeding ratio BRr is defined in terms of neutrons
captured by fertile fuel in the radial blanket, BRr is ob-
viously directly proportional to the number of neutrons available,
i.e. those leaking into the radial blanket from the core region
and generated in the blanket. A larger neutron leakage and/

or a larger neutron self-generation imply a larger BRr' The



parameters determining leakage and self-generation are therefore
relevant for comparing the radial breeding ratios BRr of the

various radial blankets.

How many neutrons leak into the radial blanket is determined
by two factors independent of each other: the geometric design of
a given FBR, and the neutron reflective properties of the particu-
lar radial blanket material. The geometric design is discussed in
terms of the H/D ratio of the core design, and the neutron reflec-

tive properties are examined in terms of the blanket albedo R.

Self-generated neutrons result from fissions occuring in the
fissile and fertile fuels6. The influence of fissile fission and
fertile fission on the radial and global breeding ratios can be
suitably illustrated in terms of two parameters, ni, the number
of neutrons released per radial fissile absorption, and (vF)g/Aé,

the contribution of radial fertile fission neutrons.

Since the latter parameter is shown to be a very sensitive
function of the neutron spectrum prevailing in the radial -blanket,
its influence on BRr is much more difficult to assess beforehand
than that of n;. A more convenient, but less concise, parameter
representing the fast-fission component is the fast-fission

cross section of the fertile isotope.

Thus the radial breeding ratio BRr is determined by basical-

ly four parameters:

-- the H/D ratio of the FBR core design,

-- the albedo R of the blanket material,

-- the neutron effectiveness of the bred fissile fuel,
represented by ni,

-- the fertile-fission fission contribution of the radial
blanket, represented by (vF)g/Aé or illustrated by

. J
Ccross section of,

where the first two parameters determine the neutron leakage in-

to, and the last two the neutron self-generation in the blanket.

6Fission in fertile fuel is referred to as fertile fission or
fast fission; neutrons released by fertile fission are fertile-
fission or fast-fission neutrons.



ITI.7.a. Neutron Leakage into the Radial Blanket: Influence of
the H/D Ratio and the Albedo
Neutron leakage from the core region into the radial blanket
is determined by the FBR core design, which is described by the
H/D ratio, and by the neutron reflective properties of the ra-

dial blanket material.

Influence of the H/D Ratio on the Breeding
Properties of the Radial Blanket

The geometric configuration or design of the FBR core de-
termines essentially the directional leakage preference of neu-
trons originating in the core region and diffusing into the blan-
ket regions that surround it. Safety- and thermohydraulic-
related considerations require FBR designs with relatively flat,
pancaked, cores. It can be shown that such designs with
H/D ratios of 0.3 to 0.4 have a definite neutron leakage prefer-
ence into the axial direction, or into the axial blanket, for
that matter. This leakage preference was briefly demonstrated
in Section II.2. There it was shown that 10 {or 62%) of a total
of 16 core leakage neutrons scatter into the axial blanket, while

only 6 (or 38%) scatter into the radial blanket region.

It has been argued that the radial breeding ratio BRr is a
direct function of the neutron leakage into the blanket. One
should therefore expect a distinct correlation between the H/D
ratio and BRr' This is shown to be the case in Table II. 11,
in which H/D, BRN’ and BRr are listed for some current FBR de-
signs. BRr clearly increases with increasing H/D, even though
not all of the FBRs have the same blanket thickness’. 1In
addition, the data demonstrate that there is a definite correla-

tion between the H/D ratio and the BRr/BRN ratio (see last

The radial blanket thickness determines the reflector leakage
component of the parasitic neutron losses. 1In the case of a
thick blanket, only a few neutrons are lost due to leakage into
;he reflector. Such leakage losses can be guite significant

if phe radial blankets are not sufficiently thick and in FBR
designs with small cores (i.e. SNR 300), where the contribution
of the blanket breeding ratios is very important. In the latter

case, the reflector leakage losses must be kept small (see dis-
cussion 1n Section II.9.b).
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Table II.11. Influence of the H/Dc ratio on the radial breeding
ratio BRr and on the ratio of radial and global

breeding ratios (BRr/BRN).

Breeding ratios r
FBR type H/D = (%)
C BRN BRR BRN
SNR-2%*

Carbide 0.240 1.35 0.20 15
Oxide 0.273 1.22 0.22 18
LMFBR** 0.31 1.36 0.24 17.6

GCFBR***
GGA 0.40 1.43 0.32 22,4
KFK 0.40 1.32 0.33 25

*?i S fnke, personal communication, Interatom, Benskerg, F.R.G.
974).

**Values based on General Electric, GEAP 5678 (1968).
***Kernforschungszentrum Karlsruhe, KFK 1375 (1971).

column in Table ITI.11). For example, BRr/BRN increases from
15-18% for designs with low H/D ratios of 0.24-0.31 to 22-25%
for designs with high H/D ratios of 0.40, which indicates a
larger neutron leakage component into the radial direction as
the H/D ratio increases. Changing the H/D ratio will therefore
change the contribution of the radial breeding ratio BR.. This

fact is relevant to the discussion in Chanter IV.

Currently, the H/D ratio of the FBR is limited to a narrow
range by safety and thermohydraulic considerations. These con-
siderations will most likely prevail in the coming decade
of FBR development. A detailed assessment of the influence of
the H/D ratio on FBR performance, especially as regards the
radial breeding ratio in connection with different radial blan-
ket materials, is therefore not attempted here. At this point,
one observation is in order, however: the differences in the
relevant reactor parameters, due to the different blanket fuel

materials, are amplified as the H/D ratio increases. This should



be kept in mind when comparing numerical results of this investi-
gation with those of similar assessments for FBRs with larger
H/D ratios, e.g. gas-cooled FBRs with H/D =~ 0.40.

The axial leakage preference due to the H/D ratio can partly
be compensated for by changing the fissile fuel enrichment in the
core zone adjacent to the radial blanket. Usually, the enrich-
ment in this core zone is already increased for the purpose of
power flattening. If the enrichment should be increased even
further, enhanced neutron leakage into the radial blanket will re-
sult on account of the larger neutron flux gradient at the core-
blanket interface. This is expected for the thorium blankets,

since the enrichment in core zone CZ3 was increased in both cases.

The Albedos of UC

ThO, , and ThR®
Radial Blankets

2’

Since the H/D ratio remains the same throughout this in-

vestigation, neutron leakage into the radial blanket is basi-

cally determined by the neutron reflective property, or albedo B8,
of the UO,, ThO,, and Th" blanket fuel materials. The radial
breeding ratios BRr are thus expected to be inverssly proporti-
onal to the B values of the radial blanket materials. According
to diffusion theory, the albedo B of a reflector, which in this
case 1s the radial blanket, can be derived for a slab in the

one~group theory as follows:

1T - 2 DC/S
B = ’ (II_1)
1+ 2 DC/S

where S is the reflector saving, given by

S = (DC/DB)LBtanh(a/LB) : (II-2)

DB’ DC are the diffusion coefficients in the blanket and in the
core, a is the blanket thickness, and LB the diffusion length

in the blanket, approximated by



2 _ - -
Ly =Dg/ ([, = v 1g - (II-3)

L, is corrected by the neutron production v Zf.

Using the one-group data listed in Table II.12 of the blan-
ket mixtures investigated here, the albedo values can be calcul-
ated for fresh radial blankets of infinite and finite (e.g. 26.7 cm
of the present blanket) thickness. These values are listed in

Table II.13.

_The U0, blanket is shown to have the highest albedo B of
0.742, and hence the best neutron reflective properties among

the blankets considered. It is closely followed by the ThO2
blanket with 8 = 0.729 and the Th™ blanket with B = 0.678. The
reflectivity of the ThO2 blanket is less by 1.8%, compared to that
of the UO2 blanket, and the B of the Th™ blanket is less by 8.6%.
The superior reflective property of UO2 is clearly due to the
larger fast-fission contribution and the small U235 concentration
remaining in depleted uranium, 0.25% in this studyv. (Compare the
data with and without fast fission in Table II1.13.) The consider-
ably lower B for the Th™ blanket is principally due to the much
harder neutron spectrum in a metal blanket. For this particular
case, backscattering of neutrons is reduced on account of the

larger neutron diffusion coefficient DB'

Thus, on the basis of albedo comparisons, the following dif-

ferences between the three radial blankets can be anticipated:

-- a larger neutron leakage into the ThO2 and Th™ blankets
than into the UO2 blanket, on account of the smaller B
values,

-- the necessity of increasing the fissile fuel enrichment
of the core region in both thorium blankets,

-- the largest enrichment increase in the case of the Th™
blanket due to its smallest R,

-- a larger BRr for both ThO2

of their lower B wvalues, with the Th™ blanket showing

and Thm blankets on account

the largest increase,

-- redistribution of the region breeding ratios BRn.



Table II.12.

One-group data of fresh radial blankets.

Radial blanket

Cne-group data

uo, Tho., -~ h"
A ________ e ————————— ——— ———
D, (cm) 1.327 1.189 1.500
la (cm™ ) .00459 .00471 .00546
vy tem™h) .00157 .000283 .000307

Table II.13.

One-group albedos B of fresh radial blankets.

Radial blanket thickness = « Radial blanket thickness = 26.7 cm

Radial B Radial g

blanket with wlithout blanket with wlthout
fast fission fast fission

UO2 .755 .730 UO2 L7482 .709

ThO2 .746 .740 ThO2 .729 .723

Th™ .701 .693 Th™ .678 .672




IT.7.b. Production of Neutrons in the Radial Blanket

There are two sources of neutron self-generation in the ra-
dial blanket: the neutrons released as a result of fission in
the blanket-bred fissile fuel, and the neutrons released as re-
sult of fertile fission. Their influence on BRr and BRN can be
illustrated in the case of the fissile-induced neutrons by the
ni value of the bred fissile isotope(s), and in the case of the
fertile-induced neutrons by (vF)g/Aé, the fertile-fission neutron

contribution in the radial blanket.

The Energy-Dependent nl(e) for Various Fissile
Isotopes in the LMFBR Neutron Spectrum

The number of neutrons released per fissile neutron absorp-
tion n is one of the most important parameters with regard to
the breeding ratio of any reactor type. Figure II.6 shows the
energy-dependent n' of various fissile isotopes for the core
neutron spectrum of the LMFBR investigated.

4 . -

. OF- i o] fy< oy>

| q 2y — =y ——

Netf L R

Energy Groups

3 |
716 15 14 13 12| n 10 9 28 7 6 | S 4 3 2 1
| O I | [ | l ] L J | | | | | 1 |
‘ T — T
OkeV 100keV 1MeV 10MeV
Energy

Figure II.6. nl of different fissile isotopes for the LMFBR
spectrum (ENDF/B-III data).
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The average neutron energy in the core zones of an oxide-
fueled LMFBR 1is about 80-100 keV. 1In this energy range,_the fis-
sile isotopes Pu239 and Pu241 have considerably larger n' values
than the corresponding uranium fissile isotopes U233 and U235.
Much higher global breeding ratios BRN are therefore attainable
in FBRs with Pu as fissile fuel in the core region. This is part-

ly why Pu239/Pu2i41 is chosen as fissile fuel for all FBR designs.

The neutron spectra in the blanket regions of an FBR are
considerably softer than the spectrum in the core region. This
is due to the fact that the core leakage neutrons are degraded
in energy as they are diffusing into the blanket region.

In the mean neutron energy range of an oxide radial blanket
(10-40 keV), U233 clearly has the larger n' value than Pu239.

This advantage of U233 increases as the neutron spectrum becomes
even softer.

The U233 bred in a thorium blanket will therefore have a
more positive influence on the radial and global breeding ratios
8

than the Pu239 bred in a UO2 blanket ™.

né, weighted over all N FBR regions and all I fissile iso-
topes, 1is therefore expected to be larger in the case of the

thorium blankets than for the UO2 blanket.

The Fast-Fission Effect in the Radial Blanket

The importance of fast fission for the global breeding
ratio BRy is discussed in detail in Section II.9.b, comparing
the global nuclear parameters of Equation (I-15) for various
FBR designs. Since the fast-fission contribution strongly
depends on the prevailing neutron spectrum--as can be readily
inferred from the threshold fast-fission cross sections of U238

aqd Th232 in Figure II.4-—BRN is also dependent on the neutron
spectrum.

8The fissile fuel bred in the blankets is almost exclusively

pure Pu239 or U233, e.g. the vector for a U0O) radial blanket is
Pu239/Pu240/Pu241/Pu242 = 92.36/7.32/0.30/0.02, and the vector
for ThO, is U233/U234/0U235/0236 = v¥6.17/3.55/0.27/0.



Most of the fast fissions occur in the core region of the
FBR, where the neutron spectrum is hardest. The blanket regions
supply only few fast-fission neutrons. 1In the FBR investigated,
21.45 out of 100 neutrons generated throughout the reactor are
fast~fission neutrons, 18.42 (86%) of which are generated in
the core region and 1.05 (only 5%) in the radial blanket region.
This indicates that a change in the neutron spectrum of the
core region, such as the use of a different fertile isotope,
will have a prdfound impact on the total fast fission and thus
on BRN' whereas this impact will be considerably less if such
change occurs in the radial blanket region. A different fertile
fuel or neutron spectrum degradation in the radial blanket will
affect the total fast fission only insignificantly and is ex-
pected to have little influence on BRN.

The fast-fission cross section of Th232 has been shown
to be about four to five times smaller than that of U238. Thus
the fast-fission contribution of the radial blanket will still
be even smaller if the U238 there is replaced by Th232.

This explains why a thorium blanket, in comparison with
the UO2 blanket, is expected to exhibit superior nuclear proper-
ties as regards the breeding of U233 as fissile fuel, but less
favorable properties as regards the fast-fission contribution.
Which of the two opposing trends come to dominate the total
neutron production can only be determined by detailed burnup

calculations.

II.8. COMPARISON OF THE BREEDING PROPERTIES OF
U02, ThOz, AND Thm RADIAL BLANKETS
The breeding properties of radial blankets have been said
to be described by two parameters, the radial breeding ratio
BRr and the radial breeding gain Gr' BRr was discussed in the
previous section, and this section focuses on the breeding
gain Gr'
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I1.8.a. Parameters Determining the Radial Breeding Gain Gr

The radial breeding gain Gr’ or radial buildup, was derived

in Chapter I in terms of global neutron parameters, such that

Gr = BRr (1+a)N (1 EN) (1+a)r Sr (1 er) . (IT-4)
production of loss of fissile
fissile fuel fuel

The first term in the equation represents the production of fis-
sile fuel, and the second term the consumption, or loss, of fis-

sile fuel, in the radial blanket.

Regarding the first term, the glcbal neutron parameters
(1+a)§ and (1-€N) primarily depend on the neutron characteristics
of the core region. The fissile isotope production term is thus
largely determined by the radial breeding ratio, which in turn
is governed by the neutron leakage into and the neutron production

in"the blanket, as discussed previously.

The second term, or loss term, in the equation is primarily
a function of the absorption cross section of the fissile fuel
bred in the blanket. This loss term is expected to be larger

for the thorium blankets than for the UQO., blanket, on account

2
of the larger absorption cross section of U233 than of Pu239.

Since the thorium blankets are expected to exhibit fissile
fuel losses offsetting the larger fissile fuel production--both
terms being larger than in the case of a UO2 blanket--the trend
of Gr for the thorium blankets is difficult to assess beforehand,

especially without burnup calculations.

Burnup calculations are also needed to verifv the negligible

parasitic neutron losses previously assumed for all blankets.

II.8.b. G_ for the UO,, ThO,, and Th™ Blankets

’

The relevant global neutron parameters (1+a)i, (1-€n), én

BRn’ and Gn for the core, axial blanket, and radial blanket
regions of the FBR investigated are listed in Table II.14. They
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are given as functions of the residence times of the U0,, ThO,,

I
n’ (1—€n)l

and én were calculated by means of the normalized, region- and

and Th™ radial blankets. The neutron parameters (1+a)

isotope-dependent reaction rates extracted from the burnup cal-
culations. The corresponding fertile and fissile isotope-de-
pendent absorption, capture, and fission rates are found in
Table II.A.1 in Appendix II.A.

On the basis of the data in Table II.14, the fissile fuel
production and loss terms of the radial breeding gain G. of
Equation (II-4) can be calculated for each blanket configuration
as a function of the blanket residence time. The numerical results

in Table II.15 are illustrated by Figure II.7.

As has been expected, the production of fissile fuel is
indeed larger for each thorium blanket than for the UO2 blanket,
and is highest for the Th™ blanket. The differences, in percent,
between the thorium blankets with respect to the UO, blanket are

2

plotted in Figure II.8: the ThO2 fissile production appears to
approach an asymptotic value of 5%, whereas that of the Th™

blanket increases from 4.5% to 6%.

The loss of bred fissile fuel due to absorption (Figure II.7)
is shown to be largest for the Tho2 blanket, less for the UO2
blanket, and least for the Th™ blanket. The large loss in the
ThO2 blanket can be clearly ascribed to the absorption cross
section of U233 (which has been shown to be 30-35% larger than
that for Pu239). According to Figure II.8, the loss of U233 in
the ThO2 blanket approaches a value 16% higher than that of
Pu239 in the UO2 blanket, while that of the Th" blanket is smaller
throughout the full residence time.

The highest radial breeding gain Gr (Figure II.7) is ob-
tained with the Th™ blanket, followed by the ThO2 blanket, for
residence times of less than four cycles. For longer residence

times, Gr of the UO2 blanket slightly increases, compared to
the ThO2 blanket. Since the residence time of a radial blanket

is normally limited to between three and four cycles, a ThO2

blanket can be expected to have a somewhat higher breeding gain
than a UO, blanket.



62

“2WT3 SOUSPISaX
39jueTq TeTpel 9yl JO UOT3IOUNJ B SB S393jueq [RIPRI SNOTIRA UT [aNnJ I[TSSTI JO

uteb burpesaq xo snidans pue ‘uoridaosqe 03 snp ssol xo uorixdunsuod ‘uoilonpoid -, II 2anbtg

[SKOQZ6Z = M2AJ1) i) 32UIPISIY JHUD|E |DIPOY

(81249
v € Z \ 0
§ 7 € z t 0 5 Y € 4 | 0 S 70
- 210 77— wo v
1 - 4 770
TW/ 7o A= %00 \ /
| i R S Y4 ~Jlezo
7 w'id - > IIHUU /] \MV =
NO—.:. on -— 90 o \ —1 900 J!\.L \ +
il 1 - Zon \ ] 7 Z wo 2
AN 810 / 800 . J\ \\ =
. o+ =~
/ / \ ; P Zoy4y B '
/ 7 y \ I SZ0 N..d
N ; 020 /4 -LouL— oLo “ wylL
4 do¢d N 3 7 ) p T —18¢0
C2lupeyen-(Yr-uNpe ) ua=to | ‘ 240
ynuoig oipogu e | ¢40 PAUDIg [IPOY U 557 13»{uDig jpipoY v TOTISNPOId




Table II.15. Production and loss of fissile fuel and radial
breeding gain for various radial blankets.

Radial blanket Fissile Fissile Radial
residence time fuel fuel breeding
(days) production* loss** gain Gr
292 blanket
219 0.2161 0.0234 0.1927
803 0.2305 0.0669 0.1636
1387 0.2u421 0.1057 0.1364
’I‘hO2 blanket
219 0.2223 0.0186 0.2037
803 0.2420 0.0740 0.1680
1387 0.2541 0.1210 0.1331

Th™ blanket

219 0.2263 0.0148 0.2115
803 0.2424 0.0602 0.1822
1387 0.2573 0.1032 0.1540
*Pissile fuel production in radial blanket: BRr(1+u)£(1—eN)
**Fissile fuel loss in radial blanket: (1+a) I8 _(1-c) .
Production
(*e) - (°l) Loss
7+ 20+
L ™
10+
4Lt ThO,
- 0
2+
L Thm
-10F
ok
- -20+
R A | ] | [| I\ !
0 1 2 3 4 5 0 1 2 3 4 5
(Cycle) (Cycle)
Radial Blanket Residence Time(1Cycle =292 Days)
Figure II.8. Production and loss of fissile fuel in thorium blan-

kets, given as differences in percent, with respect

to the UOj; blanket, as functions of the radial blan-
ket residence time.
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Note that the residence time of the radial blanket is deter-
mined by either the maximum permissible linear rod power achieved
by the radial blanket fuel rods directly adjacent to the core
region, or the maximum permissible neutron fluence of the cladding
of the second blanket row, or by economic considerations. The
limitations these effects may have on the blanket residence time

are not specifically addressed here.

II.8.c. Influences of UOz, Thoz,and Th™ Blankets on BRr’ B

BRy Gc,ax’ and GN

Table II.16 lists the FBR region-dependent breeding ratios

c,ax’

and breeding gains for each different blanket configuration as

a function of the radial blanket residence time. These data

are depicted in Figures II.9 and II.10 as differences in per-
cent between the thorium blankets and the reference U0, blanket.
As previously noted, the radial breeding gains Gr of the thorium
blankets are above the UO2 blanket breeding gain, between 9.5%
and 12.5% for the Th™ blanket and between 5.5% above and 2%

below for ThOz, depending on the blanket residence time (Figure
II.9b).

As can be seen from Figure II.9c, the increase in the

thorium blanket radial breeding gain reduces Gc ax’ the sum of
I

the breeding gains of the core and the axial blanket. Gc ax of

the Th™ blanket is smaller by 8-11.5% compared to Gc ax of the

UO2 blanket; for the ThO2 blanket it is smaller by 3.5-7.2% than

for the uo, blanket. The overall breeding gain GN (Figure II.9a)
in the case of a Th™ blanket then ranges from approximately 1%

above to 0.5% below that of the UO2 blanket, while for the ThO2

blanket it is as much as 5% below that of the UO2 blanket. This

shift in region gains, favoring the radial breeding gain of the
Th blankets, is explained by a redistribution in the region de-
pendent breeding ratios. Figures II.10a, b, ¢ show these dif-
ferences in percent. BRr for the Th blankets increases from 5%
to 7% for the Th™ blanket and from 2.5% to 5.3% for the ThO2
blanket, with respect to the UO2 blanket. This increase in BRr

is at the expense of BRc ax’ with the result that the global
14
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Table II.16. Region-dependent breeding ratios BR and breeding
gains G_ for the LMFBR with various radial blankets,
as a function of the blanket residence time.

Radial blanket Breeding ratio Breeding gain
residence time G
(days) BRN BRr BRc,ax GN Gr c,ax
ggzblanket
219 1.3926 0.2180 1.1746 0.3883 0.1927 0.1961
803 1.3916 0.2310 1.1206 N.3509 0.1636 0.1873
1387 1.3162 0.2412 1.0750 0.3176 0.1365 0.1811
ThO2 blanket
219 1.3948 0.2235 1.1713 0.3927 0.2037 0.1890
803 1.3455 0.2421 1.1034 0.3457 0.1681 0.1776
1387 1.3004 0.2537 1.0467 0.3008 0.1331 0.1677

Thm blanket

219 1.3953 0.2283 1.1670 0.3920 0.2115 0.1805
803 1.3554 0.2455 1.1099 0.3512 0.1822 0.1690
1387 1.3160 0.2585 1.0575 0.3744 0.7540 0.1604

breeding ratio BRN in the case of the Th™ blanket exhibits no
significant difference from that of the UO2 blanket (a slight
increase by 0.5%), and the difference in BRy between the ThO

blanket and the 002 blanket decreases from +0.25% to -1.25%,

2

depending on the radial blanket residence time.

These observations serve to illustrate that the use of tho-
rium in the FBR radial blanket causes a shift in the distribution
of the region breeding ratios, in the sense that the radial
breeding ratio BRr is somewhat increased at the expense of the
core and axial breeding ratios BRc,ax' The global breeding
ratio BRN changes only insignificantly, however. Table II.17 re-
produces the region-dependent discharge excess fissile fuel of
the FBR investigated, averaged over five burnup cycles of the ra-
dial blanket.
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Table II.17. Discharged (or unloaded) excess fissile fuel aver-
aged over five cycles, per GW (e) .

Discharged fissile fuel* (kg/yr)*#*

Core and axial

Radial blanket Radial blanket Reactor
blanket , :
Pu239/Pu2i1 Pu239 or U233 Puflss+U233
UO2 128.4 122.2 250.6
'I‘ho2 120.0 122.4 242.4
Th™ 114.4 131.6 246.4

*1 year = 292 days = 1 cycle.
*¥*Tncludes unloaded U235

Here, the same characteristics are observed as for Gr' Gc ax’
1
and GN' According to the first column in the table, less excess

Pu239/Pu241 is unloaded from the core and axial blanket regions
in the case of the thorium blankets; but more fissile fuel is

at the same time discharged from the radial blankets?. The
total excess fissile fuel discharged is slightly less for either
thorium blanket: 250.6 kg/yr for the uo, blanket, 246.4 kg/yr
for the Th™ blanket, and 242.4 kg/yr for the ThO, blanket (or

2
1.68% less for the Th™ blanket and 3.27% less for the ThO. blan-

2
ket).
IT.9. THE GLOBAL BREEDING RATIO BRN

In connection with the above discussion on the impact of
radial thorium blankets on the region-dependent breeding ratios
BRn’ it is of interest to examine in more detail the effects

responsible for the change in BRN when the UO2 blanket is re-
placed by thorium blankets.

9The reasonable assumption made here is that Pa233 decays com-

pletely to U233.
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This can best be analyzed and illustrated by comparing the

global nuclear parameters né, P etc. for the various reactor

NI
configurations. Recall that these parameters have also been
recommended as reference parameters for comparing different FBR
designs with respect to the global breeding ratio BRN' The

relevant relation was derived in Appendix I:

J
1 OVFy J
— - -— { — -
BPN ny * A%’ 1 \PN+FN) 1 , (II-5)
with
P. =L+ St +FP +M+C+ R |,

N

where (vF)g is the normalized neutron production by means of
fast fission; Aé the normalized absorption by fissile iso-
topes; né is averaged over all fissile isotopes and all zones;
and PN is the sum of all fractional parasitic neutron losses due
to leakage from the reactor L, absorption in the structural
material St, fission products FP, sodium and oxygen M, C in the
control rods, and a remainder R accounting for the absorption

in Pu242, Np237, etc.

IT.9.a. Influence of the Various Radial Blankets on the
Global Nuclear Parameters Determining BRN

The global nuclear parameters of Equation (ITI-5) are listed
in Table II.18 and plotted in Figure II.11 for the three blanket
configurations of the FBR investigated. The parasitic neutron
losses PN are split up into their components, showing the in-
fluence of the different blanket materials on these parameters.
Compare the global breeding ratio BRy s calculated on the basis
of Equation II-5, with the results of the burnup calculations in
the last two columns of Table II.18: for the burnup calculations,
BR,. is determined from the ratio of the reaction rates, Equation

N
(I-1), which is used to verify the validity of Equation (II-5).
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The influence of the different blankets on the global
breeding ratio BRN is best understood by considering each term
in Equation (II-5). The global nI

N
isotopes and regions is shown in Figure II.11a,

averaged over all fissile

In the case of the UO2 blanket, n§ decreases with the blan-

ket residence time. This is so because as Pu239 accumulates in
the radial blanket region, where the n; value of Pu239 is smaller
than its né in the core region, the isotope- and region-weighted

n§ decreases. radial blanket,

N is thus largest for a fresh UO
which contains no Pu239.

2

As for the thorium blankets, né does not decrease so much
since n; has been shown to be larger for U233 than for Pu239

(Figure I1I.6). This is reflected by Figure II.11a: for the Th™
blanket, n§ remains almost constant as U233 is being puilt up and
consumed. This is clearly due to the fact that the n; value of
U233 in the Th™ blanket is almost as large as the corresponding
Pu239/Pu241 value in the core zone. This is confirmed by the
data in Table II.19, listing the ni, vi, and (1 + a); values of
the fissile isotopes Pu239, Pu241, U235, and U233 in the various
reactor regions.

Note, first of all, the smaller n; value of Pu239 in the
blanket region (2.121) as compared to its né in the core region
(2.327). This is reflected by the decrease in nI

N in the case of
the U02 blanket (Figure II.11a).

The n; values of U233 in the Th02 and Thm blankets (2.230

and 2.285) and that of Pu239 in the U02 blanket (2.1217) reflect
clearly the superior nuclear fuel utilization characteristics of

U233 in the radial blanket region.

Comparing the core region-dependent n; values of U233 and
Pu239, one observes only a slightly larger value for Pu239 (2.327)
than for U233 (2.297). Thus used in the FBR core region, these

fissile fuels exhibit nuclear properties that do not differ sig-
nificantly.

Table II.20 shows the impact of neutron flux degradation

in the blanket region on (1+a); and ni: for U233 in the oxide
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and metal fuel blankets and for Pu239 in the oxide fuel blanket,
for the first and second rows of blanket fuel elements, ni for
Pu239 drops very rapidly by 0.142 from 2.155 in R1 to 2.013 in

R2, whereas ni for U233 is reduced by only 0.046 in the case of
the ThO2 blanket and by only 0.027 in the case of the Th™ blanket.
This points to a relatively flatter decrease in n(E) for U233 as

compared to Pu239 (see Figure II.6).

The decrease in the fast-fissZon contribution due to Th232
in the radial blanket and its effect on the total fast fission
are demonstrated in Figure II.11b, showing the fast-fission
contribution vFg/Aé. The ThO,
share; that of the Th™ blanket lies between the contributions of

blanket clearly displays the smallest

the ThO2 and U02 blankets. As can be seen, the harder neutron

spectrum in the metal blanket can only partially compensate
for the reduced fast fission in Th232.

The sum nB of the two neutron production terms né and

vFg/Aé is plotted in Figure II.11c. As can be seen, the advantage
of the higher né values of the thorium blankets is virtually
compensated for by their lower fast-fission contributions. The
UO2 blanket has the highest n

the Th™ blanket. The ThO

B value; it is closely followed by

5 blanket has the smallest g value.

This is the cause of the slightly smaller BRN for the thorium

blanket than for the UO2 blanket,

This demonstrates that the improved fissile fuel utilization
of U233 in the radial blanket is completey overshadowed by the
diminished fast-fission neutron production in the thorium blankets.
This negative effect of decreased fast fission is even much more
dominant if the H/D ratio is larger, or if Th232 is placed in re-
actor regions such as the core region, whose fast-fission contri-
butions are of significant importance for the total neutron pro-

duction.

Placing Th232 in the core region will therefore drastically
J I . e

reduce the \)FN/AN component of nB, decreasing BRN significantly.
The parasitic losses PN for the three blankets do not differ

greatly, although the P,, of the Th™ blanket is slightly higher

N
(Table II.18). This can be explained by the larger neutron
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leakage losses L for the Th™ blanket, which are plausible because
of the harder neutron spectrum of the metal blanket, which en-

hances neutron diffusion through the blanket region.

In Equation (II-5) the fertile fission rate Fg behaves the
same way as the parasitic neutron loss term PN. The sum of
(PN+F§) is plotted in Figure II.11e, showing that the uo, blanket
has the largest sum because of the greater number of fast fissions.
This fact partially compensates for the larger ng value for the
002 blankets, with the result that the global breeding ratzos BRy
for the various blanket configurations differ only slightly
(Figure II.11f). The percentage differences in BRN are plotted

in Figure II.10a.

The above discussion has demonstrated first of all that the
effects on the global breeding ratio BRN of placing different
fissile or fertile fuels in the various FBR regions can be
made translucent by comparing the global nuclear parameters of
Equation (II-5). Secondly--a point more relevant to the present
discussion--several opposing, but largely compensating, effects
have been shown to be the cause of the samll differences in the
global breeding ratio BRN between the UO2 blanket and the thorium
blankets. The net differences observed in BRN of about 0.01, or

about 1 point, aré of no significance as regards the FBR investi-
gated here.

However, the difference in BRN must be expected to be larger
for FBRs of larger H/D ratios, or for FBRs in which the contri-
bution of the radial breeding ratio BRr i1s of greater importance,
i.e. where BRr makes up more than 20% of BRN’ as is the case with
SNR 300. 1In addition, thorium blankets have been found to cause
a redistribution of the region breeding ratios and region breed-
ing gains. BRr and Gr both increased at the expense of BRc
and Gc

,ax
,ax’

IT.9.b. BRy of Other FBR Designs in Terms of Their Global
Nuclear Parameters
Before the discussion of the effects of thorium blankets

on FBR performance is continued, the global breeding ratios

BRN of some other FBR designs are compared and analyzed in terms



of their global nuclear parameters. This comparison should
serve, firstly, to demonstrate the usefulness of Equation (II-5)
for this type of assessment, and, secondly, to explore the causes

of the wide range of BRN values obtained with FBR designs cur-
rently under discussion.

Table II.21 reproduces global nuclear parameters of some
current FBR designs. The designs listed are fueled with U238
and Pu239 isotopes, except for one using Th232/U233. The table
also gives the material composition in volume fractions of fuel
w, structural and cladding material B, and coolant a, to the

extent such data were available.

The global breeding ratios BRN of the Pqu/UOZ—fueled FBRs
are shown to vary over a surprisingly wide range, from 0.92 to
1.45. This large variance is due to a number of FBR design-
specific characteristics, such as large structural material
content, degraded neutron spectrum, or large parasitic neutron
losses. A means of conveniently analyzing and explaining such
differences between FBR designs is to compare their global

nuclear parameters.

As discussed in the previous subsection, BRN is primarily

determined by n_, and P the total number of neutrons released

B N’
per fissile and fertile fuel absorption, and the fractional

parasitic losses.

n, itself depends on two parameters given in Equation II-5.

ColumnB7 in Table II.21 reveals a variance of 25 points in Ny

for the Pqu/Uoz—fueled FBR designs, ranging from 2.96 to 2.74.
This unexpectedly large variance is essentially due to the wide
range of 0.41 to 0.58 of the fast-fission contribution vF;/Aé

of the fertile isotope U238--a difference by itself of 17 points--
and not so much to né, which varies only by 13 points, ranging
from 2.25 to 2.38. The difference narrows down to only 8 points
in the case of né for LMFBRs and GCFBRs, if the GCFBR design of

Kraftwerk Union Erlangen, FRG, is excluded.

PN’ the sum of all parasitic neutron losses of the reactor,
varies by a surprisingly wide margin, ranging from 0.10 to 0.25,

the latter implying that 25% of all the neutrons is lost by some
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parasitic process, instead of being utilized in the breeding pro-
cess by way of capture in the fertile fuel. The largest fraction
(40-50%) of Py can be explained by the absorption losses in the
structural material St, with St ranging from 0.04 to 0.10. Then
follow the leakage losses L (20-30%), ranging from 0.01 to 0.06,
and the relatively small ( ~20%) parasitic absorptions in the

fission products FP, ranging from 0.0%1 to 0.02.

None of these FBR parasitic loss components can be signifi-
cantly altered or reduced without major technological'innovations.
A practicable possibility would be to reduce the St component,
but this would mean to use less structural material in the core,
which is difficult to implement without improving the burnup
characteristics of FBR fuel and cladding materials. The leakage
losses L and fission product absorptions FP for large FBRs are
already as low as is practicable. The parasitic losses PN are
therefore relatively fixed for the FBR, which is in contrast to
present day thermal reactors, specifically the HTR, in which
some of the parasitic loss components can indeed be influenced

favorably without much difficulty.

The parasitic fission—product absorption component FP of
the HTR reactor type can be significantly reduced by simply
decreasing the fuel burnup. Since it represents the largest
parasitic loss component of the reactor (~ 80% of all losses),
this reduction will significantly improve the conversion ratio
and thus the fissile fuel utilization (see Chapter III). At
this point it suffices to recognize that none of the parasitic
loss components of the FBR can be altered or reduced as con-

veniently as is the case with the HTR.

The only way of significantly influencing the BRN of the

FBR is by changing the neutron production term ng in Equation

(II-5). This means to change either né or vFg/Aé, or both. Since
both parameters are determined by the fissile and fertile iso-
topes, one can influence BRy either by selecting the combinations
of fissile and fertile fuels most favorable in the various FBR
regions, in order to increase né and/or vFg/Aé, or by increasing
these values in some other ways, for example, by hardening the

neutron spectrum in the core or blanket regions.
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The most unfavorable neutron utilization in this respect is
that of the LMFBR prototype SNR 300. It has the highest para-
sitic losses with PN = 0.25; this 1is due to unusually high
leakage losses L of 0.066, large parasitic losses in the struc-
tural material St of 0.097, and large losses due to control rod
absorption of 0.067, which are included in the R term. Its low
BRN of only 0.92 is largely a result of these significant para-
sitic losses. The leakage losses, for example, could be reduced
considerably to about 0.03 by addition of a row of radial blanket
elements. This would at the same time reduce the neutron losses
in the structural material, since as much as 0.035 (36% of St)
is ascribed to structural material absorption losses in the
neutron reflectors. A thicker radial blanket would decrease
both L and St losses by altogether about 0.043, thereby increas-
ing BRN to 1.04., The SNR 300 control rod losses are difficult to
reduce since they are an inherent feature of small FBR reactors.
Small FBR cores need a large excess reactivity for the burnup
swing1o, which must be compensated for by the control rods during

the early burnup phase.

The average structural material losses are about 0.05, and
the average leakage losses about 0.035. These values seem
representative of large FBR designs in the 1000 MW(e) category.

To reduce the average P, losses of 0.13 to less than 0.10 by a

N
major technological innovation seems justifiable if BRN larger

than 1.30 are to be attained.

The most profound effect on BRN can be achieved with a more
favorable g/ obtained by increasing the fast-fission contribu-
tion. A comparison of the last two columns in Table II.21, giving
the FBR global breeding ratio BRy with and without fast fission,
clearly reveals the importance of fast fission for FBR perfor-
mance. Without the fast-~fission contribution, all of the FBRs
listed would have serious difficulties in attaining BRy much
above 1.0. For SNR 300, BRN would drop from 0.92 to 0.75, for

10
Small FBR cores generally have internal conversion ratios con-

siderably less than 1.0. This feature in turn requires a large
excess reactivity.
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SNR-2 (homogeneous design) from 1.17 to 0.94, and for the gas-
cooled fast breeder reactor (GCFBR) from 1.24 to 1.0. This
illustrates the importance of the fast-fission contribution for
LMFBRs.

The fissile fuel-specified n;

designs vary within very narrow limits, i.e. from 2.30 to 2.34,

values of the various reactor

provided the two extreme values of 2.38 and 2.25 are assumed to
represent special cases. This narrow range is not unexpected,
since all the FBRs given are fueled with the isotopes Pu239/Pu241.
Being fueled with PuOZ/UOZ’ all such designs can be assumed to
have similar neutron spectra. GCFBRs tend toward a harder
spectrum, whose influence on n;Iis not very signifcanti Even

SNR 300 has a relatively high Ny of 2.33. 1Its large Ny value

can partly be explained by fuel enrichment, which is higher

for SNR 300 than for larger LMFBRs.

The large fluctuation in Ng and thus in BRN, is céeaily
due to the greatly varying fast-fission contribution vFN/AN.
This parameter varies from 0.46 to 0.58, or 12 pcints, if the
two extreme values are neglected. The reasons for this large
variation cannot be extracted with certainty from the data
available, but there appears to be some correlation between the
structural volume fraction B and the fast-fission contribution.
In addition, the ratio of BRax,r to BRN seems to have some in-
fluence on the small fast-fission contribution of 0.410 of the
SNR 300 reactor.

With SNR 300, a large fraction of BRN is ascribed to axial
and radial blanket breeding. Since the fast-fission contribution
in the blanket regions becomes very small as the neutron energy
spectrum is degraded, the total fast fission becomes less if
breeding is shifted to the blanket regions.

Gas-cooled breeders seem to achieve the highest BRN'
This is understood as being due to their hard neutron spectra,

allowing both the highest né
fission contributions. The harder neutron spectrum, in comparison
to a sodium-cooled FBR, can be explained by the nature of the

coolant and the apparently small volume fraction of structural

values and very large U238 fast-
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material of 11.9%, which is 23% for a sodium-cooled FBR of current
design. A small volume fraction implies not only less parasitic
absorption but also a harder neutron spectrum. An increase in

B8 generally degrades the neutron spectrum, on account of the

large scattering cross sections of the structural materials,

thus possibly lowering Ny’ as 1s the case with Na-cooled FBRs.

As indicated above, the fast-fission neutron contribution
is very critical with respect to the breeding ratio BRN of any
FBR. This is also underlined by the differences between homoge-
neous and heterogeneous core designs. (See Table II.21 for the
homogeneous SNR-2 and the heterogeneous SNR-2.) Besides the small
decrease in PN from 0.15 to 0.13 for the homogeneous and hetero-
geneous designs, the more significant difference is the gain
of 6 points from 0.52 to 0.58 in the U238 fast-fission contribu-
tion and of 3 points in né from 2.30 to 2.33. This favorable
combination of an increase in Ny by 9 points and a simultaneous
decrease in PN by 3 points permits a higher BRN in the hetero-
geneous type by up to 20 points.

The sensitivity of the global breeding ratio BRN to changes
in the fast-fission contribution cannot be stressed often enough.
One way of significantly reducing the fast-fission contribution
is to replace the fertile U238 isotope by Th232 in the FBR core
zones. As a result, the fast-fission contribution will decrease
from 0.40-0.60 for U238 as fertile fuel to 0.05-0.15 for Th232
as fertile fuel. BRN will decrease correspondingly. In current
FBR designs, e.g. SNR-2, the global breeding ratio BR would
certainly decrease from 1.2 to less than 1.0. N

The influence of Th232/U233 as fuel in the FBR core region
is demonstrated by the global nuclear parameters of the Molten
Salt Breeder Reactor (MSBR), given in Table II.21. BRN equals
1.05, although the parasitic neutron losses PN are very small

(0.073). né of 2.195 is close to the values listed in Table II.19

for U233, and about 0.13-0.20 (i.e. 13 to 20 points) below

the values for the PuOZ-fueled cores. The large difference in

nB, however, is due to the almost nonexistent fast-fission contri-
bution of only 0.026, resulting in a difference of up to 0.55 in

Ny (55 points) in comparison to cores with U238 as fissile fuel.
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The fuel combination Th232/Pu239 in the core zones leads to
results similar to those of Th232/U233 because of the great si-

milarity between the né values of U233 and Pu239.

Introduction of Th232 in the FBR core region will therefore
significantly reduce the global breeding ratio BRN on account of
the smaller fast-fission contribution. Replacing U238 by Th232
as fertile material in current FBR designs (e.g. SNR-2) will
most certainly decrease their breeding ratios below 1.0, thus
making Th232 in place of U238 definitely unattractive as principal
fertile fuel in the core region, especially for current sodium-
cooled FBRs. The use of Th232 is thus limited to the blanket
regions of the FBR, where the fast-fission contribution is less

important.

II.10. ADDITIONAL COMPARISONS BETWEEN UO Tho

AND Th™ RADIAL BLANKETS

27 2

In addition to different breeding properties, the thorium
blankets exhibit burnup characteristics that are slightly dif-
ferent from those of the UO2 blanket, especially with regard to
blanket power fraction, linear rod power, etc. Of particular
interest here is the influence of isotopes Pa233 and U233, both

of which are special characteristics of the thorium cycle.

IT.10.a. Power Fraction, Linear Rod@ Power, and Fuel Burnup of
the Various Radial Blankets

Figure II.12 shows the increase in power fraction for the
various radial blankets as a function of the blanket residence
time. A fresh UO2 blanket has, on account of U235 residual
enrichment (0.3%) and the larger U238 fast fission, a larger
power fraction than a fresh ThO2 or Th-metal blanket. With the
fissile material building up in the blankets, the power fraction
of the radial blanket increases up to 10%. Between the second
and third cycles (1 cycle = 292 days), the ThO2 blanket attains
the same power fraction as the UO2 blanket. This is due to the
higher fission cross section of U233 as compared to Pu239. (Com-

pare Table II.9 for the one-group cross sections.)
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Figure II.12. Power fraction of the radial blanket as a function
of its residence time (R1, R2).

Figure II.13 shows the burnups of the first and second
rows of blanket elements as a function of the blanket residence
time. Figure II.14 gives the maximum rod power of the blanket
rods directly adjacent to core zone CZ3. The blanket rods of
the U02-blanket element R1 attain their maximum permissible rod
power of 350 W/cm within four burnup cycles, i.e. the residence
time of the first row of elements of a UO2 blanket is usually
limited by the maximum permissible linear rod power. The maximum
rod power of ThO2 is 700 W/cm to 800 W/cm. This has not yet
been reached within the residence time considered here, i.e. the
life of the ThO2 blanket is, unlike that of the UO2 blanket, not
limited by the maximum permissible rod power but probably by
the neutron fluence. The situation is similar for a Th-metal
blanket whose rod power after five cycles is 400 W/cm, well be-

low the permissible maximum of approximately 700 W/cm.

Figures II.15 and 16 show the fissile fuel buildup in the rad-
ial blankets. For the Th blankets, unloaded Pa233 was considered,
its largest fraction decaying into 233 with a half-life of 27 days.
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IT.70.b. Buildup of U232

One of the problems associated with the thorium cycle is
the buildup of isotope U232, which leads to considerable diffi-
culties in U233 refabrication. U232 decays into Th228, according
to the diagram, with a half-life of 71.7 years. Via several
alpha and beta decays, Th228 is transformed into stable Pb208.
Due to the decay of intermediate products, especially due to
T1208 and Bi212, hard gammas (2.6 MeV) are generated which ne-

cessitate heavy shielding during refabrication.

VA SN SR - 4 2 ~ Rn220
U23271.7 years Th228 1757 years Ra228 3737 days
— Y+ P0216 =——=2— Pb212 B Y | 512
54 sec O 0.16 sec 70.6 n
5 T1208 ~_ &~
4% ‘ my
- n 208
60.5 min —=pb2’% L
£y S v®
Po212 Q-

U232 concentration is linked to a financial penalty with a
maximum of § 2/g, according to information from AEC (U.S. ERDA).
Table II.22 gives U232 concentrations and associated penalties

(Eighty~-Ninth Congress of the United States 1966).

During the reprocessing step, the uranium and thorium iso-
topes are first of all separated. The Th228 contained in the ex-
tracted thorium fuel is taken to an intermediate storage, where
it remains for about 20 years to decay. Processing of thorium in

hot cells before the end of this decay period is also possible.

The U232 contained in the recovered uranium, in this case
in fissile fuel U233, is returned to the refabrication process

after processing. Within a short time, a very high radiation
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Table II.22. U232 penalty.

Parts of U232 Penalty in dollars
per million parts per gram of
of uranium total uranium
0] 0.40
20 0.60
45 0.80
80 1.00
130 1.20
190 1.40
250 1.50
350 1.60
500 1.70
700 1.80
1000 1.90
1500 2.00

Source: Eighty-Ninth US Congress (1966).

level builds up due to fast decay of Th228 from U232 into Ra224
(the half-life of Th228 is 1.9 years). Refabrication of larger
quantities of U223 within ten days after processing would, in
principle, be possible without gamma shielding, but this re-

quires a smooth production sequence (Baier 1974).

Calculations of the U232 buildup in the HTR utilizing the
thorium fuel cycle indicate U232 concentrations of up to 500 ppm
in the case of repeated recycling of the fissile fuel (Baier
1974). Since this concentration level is sufficient to require
shielding, this is the range of U232 concentrations shielding in

HTR refabrication plants has to be designed for.

The buildup of U232 takes place by means of essentially
three reactions:

(1) Th232 (n,2n) Th231 —— S —» pa231(n,y) Pa232
6.34 Mev 25 hours

T.3 days 0232

(2) U233 (n,2n) U232
6 MeV

(3)  Th230 (n,vy) Pa231 (n,y) Pa232 —2m—w U232

1.3 days
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Due to the relatively high thermal capture cross section of
Th230, reaction (3) is only of significance in a thermal reactor
spectrum (e.g. HTR), i.e. if the concentration of Th230 exceeds
approximately 5 ppm (Baier 1974). With thresholds at approxi-
mately 6 MeV, both Th232 (n,2n) and U233 (n,2n) reactions are
therefore significant, especially in very hard spectra. Al-
though the fission spectra of the fast reactor and the thermal
reactor are very similar, the fact that the neutron flux in a
fast reactor is two orders of magnitude larger makes the (n,2n)
reaction more important for the fast reactor than for the thermal
reactor. In the fast FBR spectrum, the Th232 (n,2n) reaction
clearly dominates on account of the much larger Th232 particle
concentration. Approximately 95% of the U232 produced can be

accounted for by this reaction.

The (n,2n) cross sections of Th232 and U233 have been de-
termined by experiments described in Kobayashi et al. (1971 and
1973). The mean values measured for the fission spectrum were
12.5 + 0.84 mb for Th232 (n,2n) and 4.08 + 0.30 mb for U233 (n,2n).
Absorption cross sections of U232 and Pa231 were taken from
Hinkelmann (1970). The absorptions of Th231 and Pa232 were
neglected because of the short half-lives of the two isotopes
(of approximately one day).

Figure II.17 shows the buildup of U232 for the two rows of
blanket elements in the two thorium blankets. Due to the rapid
decline of the neutron flux and due to the rapid degradation of
the neutron spectrum in the radial blankets, the U232 concen-
tration in the second row is approximately four times smaller
than that in the first row. With a residence time of five cycles
(1460 days), the concentration is below 300 ppm. If the dis-
charged fuel of both rows is mixed, the concentration for the
ThO2 blanket averages somewhat above 200 ppm and that for the
Th-metal blanket 160 ppm. The conspicuausly smaller U232 build-
up (despite the harder spectrum) in a Th-metal blanket is due to
the considerable fast-fission cross section of 1.2 barns of Pa231
in the upper energy group (G = 1). Since it has been tacitly
assumed here that the U233 bred in the FBR blankets is transferred
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to HTR reprocessing and refabrication plants, the U232 concentra-
tions of both blankets remain within the range stipulated for HTR
refabrication plants (500 ppm-1000 ppm).

The residence time of the radial blankets is thus not limited
by the U232 buildup. The financial penalty is also kept within
limits, due to the relatively low U232 concentration built up
in the blanket (see Table II.22).

IT.10.c. Influence of Pa233

The buildup of U233 takes place via the decay of the inter-
mediate decay product Pa233. This process is similar to the

buildup of Pu239 via the decay of the intermediate product Np239.

8 8
U238(n,Y) ..U239 . L
92 92 23.5 min 93°P23% 74 days 9uFu23d
Th232(n,vy) ..Th233 ——Lew  pa233 8 U233
90 90 22 min 91 27.4 days 92

The basic difference between these two chains is the relatively
long half-life of 27.4 days for Pa233, as compared to 2.4 days
for Np239. This half-life causes high equilibrium concentrations
of Pa233 to build up, mainly in the case of high power densities.
Considerable reactivity insertion must therefore be expected,
after reactor shutdown. This reactivity insertion must be com-
pensated for by additional control rods. If thorium is used in
the core zones, this effect becomes a considerable problem (see
the following section).

When thorium is used in the radial blanket, the Pa233

decay is of minor influence since, firstly, only relatively

small equilibrium concentrations are built up, because of the

low power density (only about 22 kg of Pa233 for the ThO2 and
Th™ blankets) and, secondly, the Pa233 is located in a reactor
region of relatively small reactivity worth. The maximum reacti-
vity worth of the above amount of Pa233 in the blankets was cal-

culated as 3.0% in keff’ by means of two keff calculations for
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which Pa233 was assumed to be equivalent to U233. This increase
in reactivity, expected to occur approximately 100 days after
reactor shutdown, does not constitute any particular shutdown

problems.

Another problem connected with Pa233 is the neutron cap-
ture in Pa233, resulting in the loss of one U233 atom. Due
to the high absorption cross section of Pa233 in the thermal
spectrum (oa = 45 barns), this loss of potential fissile material
is of considerable significance in thermal reactors, but is
small in the case of the FBR blanket spectrum (oa =~ 4.5 barns).
There, only 3% of the Pa233 atoms is lost due to absorption,
and the remaining 97% decays into U233.

From this it may be concluded that the buildup of Pa233 in

the radial blankets does not pose any significant problems.

I7.10.d. The Sodium Void Coefficient

One of the most important reactivity coefficients for the
sodium-cooled FBR is the sodium void coefficient. It decisively
determines the course and the potential effects of a loss-of-
coolant incident in the reactor. The properties of this reacti-
vity parameter were discussed in detail by Schroeter (1970). 1In
the present case, the difference between a UO2 radial blanket and
a ThO2
1-D perturbation calculations were performed for this purpose
with the 26-ENDF/B III group set.

radial blanket is considered in terms of the sodium void.

Figure II.18 shows the radial dependence of the void ef-
fect for a sodium-free 1-liter bubble in UO2 and ThO2 blankets.
It can be seen that the void effect in core zone CZ1 is approxi-
mately 10% larger in the case of the ThO2 blanket than with the

UO2 blanket. Toward the outer radius of the core  the void be-

comes smaller with the ThO2 blanket than with the UO2 blanket.
This is due to the larger net leakage of neutrons into the ThO2
blanket region (which has a higher albedo). 1In the case of the
ThO2 blanket, the increase in the void coefficient in the core
region is to be ascribed to the larger enrichment of core zone

CZ3, causing a somewhat harder spectrum.
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Figure II.18. Radial dependence of the sodium void effect AKV(R)
for 002

calculation for a sodium-free 1-liter bubble.

and ThO2 radial blankets. Perturbation

The 10% rise of the sodium void coefficient in core zone
CZ1 is of relatively little importance, since the uncertainties

in determining the sodium void effect are regarded to be within
this range. The increase jis therefore within the expected un-
certainty limits. The Doppler coefficient could not be investi-
gated here due to a lack of nuclear data. However, it can be
deduced from Wood and Discroll (1973) that there is little dif-
ference between the Doppler coefficients of the two blanket con-

figurations.



II.11. THORIUM IN THE FBR CORE REGION

The influence of thorium in the FBR core zones on the global
breeding ratio and reactivity coefficients has been examined in
detail in several studies (Loewenstein and Okrent 1958; Okrent,
Cohen, and Loewenstein 1965; Hankel et al. 1962; Loewenstein
and Blumenthal 1965; Allen, Stoker, and Campise 1966; Sofer et al.
1963). In this investigation, it has already been shown in
Section II.9.b. that utilization of Th232 in the core region of
present oxide-fueled FBRs is totally impracticable. Th232 in

the core region is thus addressed only marginally.

The following problems are associated with the use of Th232

in the core region:

-- The breeding ratio is reduced significantly on account
of the drastically decreased fast-fission contribution.

-- U233 bred in the core has a sﬁaller ni than Pu239
(see Table II.19), which has an additional, negative
influence on BRy (see discussion in Section II.9.a).

-- The high power density in the core region causes a high
equilibrium concentration of Pa233, leading to con-
siderable shutdown control problems after reactor shut-
down.

-- The high buildup of U232 in the core zones (high neutron
flux) leads to additional problems in fuel refabrication.

-— There is a mixture of U233 and Pu239 as fissile fuel
in the core if Th232/Pu239 is the initial fuel; this im-
plies mixed reprocessing of both the thorium and ura-
nium cycles.

-- The fissile inventory increases if the power density

remains unchanged.

The only attractive aspect of using thorium in the core region is
limited to the distinctly lower sodium void coefficient. 1In the
case of a U238/Pu—fueled11 FBR, the sodium void becomes positive

due to spectrum hardening during sodium voiding, which causes an

11
Pu = Pu239/Pu240/Pul2d41/Pu24d?l.
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increase in the fast fission of U238 and Pu240, and a higher neu-
tron release in Pu239 due to the steep rise of its n in the higher
energy region (see Figure II.6). With the use of thorium in the
core region, the positive Na-void effect is greatly reduced, due

to the four times smaller fast-fission cross section of Th232

as compared to U238, the flatter n (UG233) curve, and the rela-
tively low U234 concentration as compared to the analogous

Pu240 concentration. Depending on the U233/Pu239 ratio, the sodium
void can even become negative (Leipunskii, Kazachkovskii et al.
1965).

To determine the influence substitution of Th232 for U238
in the core zones would have on the breeding and reactivity
properties of the FBR investigated, U238 in core zone CZ1 was
replaced by Th232, leaving CZ2 and CZ3 and the blankets unchanged
(UO2 as radial blanket). Thus the initial fuel of CZ1 was Th232/
Pu. As the burnup of the core zones progressed U233 began to
build up in C2Z1, replacing the initial fissile fuel Pu239. The
most relevant results of this investigation can be summarized

as follows:

1. The breeding ratio BRN decreased by 10 points.
2. The initial fissile fuel inventory of Pu increased by 7%.
The Pa233 equilibrium concentration of 40.6 kg corre-
sponds to a reactivity addition of 2.94% Ak/k 100 days
after reactor shutdown. This reactivity increase must
be compensated for by additional control rods.
4. U232 built up to high concentration levels of 2000-
3000 ppm.
5. The Na-void coefficient in C21 was reduced by a factor
of 3.

These results indicate that placing Th232 in the core zones of
an FBR will result in significant changes in virtually all the
important FBR parameters. The global breeding ratio BRN is
influenced most significantly, and is followed by the additional
control problem. Complete substitution of Th232 for U238 in the
core region of Na-cooled FBRs of current design, whose breeding

ratios of about 1.20 are already low (homogeneous core), will
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certainly decrease their breeding ratios to below 1.0, making

the use of Th232 in such core regions impracticable. The use of
thorium in such FBRs is therefore strictly limited to the blanket
regions, preferably to the radial blanket, as has been investi-

gated and proposed in the previous sections.

It could possibly appear feasible to use Th232 in FBR designs
with inherently higher breeding ratios (BRN ~ 1,3 - 1.4), such
as the heterogeneous core designs of sodium- or gas-cooled FBRs,
since their BRN would still be somewhat above unity (BRN =~ 1.1) with
Th232/U233 as fuel instead of U238/Pu. In terms of their present
state of technological develepment, however, gas—-cooled FBRs are
considered to be several years behind Na-cooled FBRs. But it is
conceivable and also to be expected that their breeding ratios
will gradually decrease with further research and development,
as was the case with the development of Na technology for LMFBRs.
On this premise, employment of thorium in these reactors is as
unfeasible as in LMFBRs of current design.

IT.12. SUMMARY OF CHAPTER II

It has been shown that the practical use of Th232 as fertile
fuel in LMFBRs of current design (BRN ~ 1.2) is limited to the
blanket regions of fast breeder reactors, preferably to the ra-
dial blanket. The use of ThO2 or Th metal as radial blanket ma-
terial can be considered a viable alternative to the conventional
UO2 blanket, whereas Th232 in the core region of present LMFBRs
decreases their breeding ratio BRN to less than 1.0. It has been
shown in particular that a ThO2 or Th-metal radial blanket in
place of a uo,, radial blanket does not have any intrinsic disad-

vantages as regards the FBR global breeding properties.

The most important influence of the Th blankets has been
shown to be a shift in the distribution of the region breeding
ratio BRn and of the region breeding gain Gn. Due to the lower
neutron reflective properties of ThO2 and Th™ as compared
to 002, the radial breeding ratio BRr increased by 5% in the
case of a ThO, blanket and by 6.5% for a Th™ blanket. At the

same time the breeding ratios of the core and the axial blanket
were reduced.
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The radial breeding gain Gr in the case of the ThO2 blanket
was found to be approximately 2% above the Gr of a uo, blanket,
and that of the Th™ blanket approximately 12% higher than that

of a UO, blanket.

2
The global breeding ratio BRN of the FBR was, in the case
of the ThO, blanket, reduced by 1% as compared to a UO., blanket,

2 2
and no noticeable difference was observed for the Th™ blanket.

The global breeding gain GN of the FBR was approximately 3%
lower in the case of the ThO2 blanket and 0.5% lower for the

Thm blanket than for a UO2 blanket.

The superior breeding properties of the two thorium blankets
were highlighted by the Th™ blanket. Its superiority can be
ascribed to the neutron spectrum, which is harder in a metallic
than in an oxide radial blanket. A small increase in the fissile
inventory is required with Th blankets, which was 1.2% for the
ThO, blanket and 2.37% for the Th™ blanket above the fissile in-

2
ventory of a UO, blanket.

2
The buildup of Pa233 is moderate in radial Th blankets,

causing no particular control problems.

The buildup of U232 was kept below 300 ppm for a residence
time less than 5 cycles (1 cycle = 292 days). This concentra-
tion level is below the expected design value of HTR refabrica-
tion plants (thorium cycle).

The sodium void coefficient was approximately 10% larger for
the Th blankets than for the UO2

in the range of uncertainty of sodium void coefficient calculations.

blanket. This is, however, with-

There is no particular incentive to recycle the radial blan-
ket-bred U233 into the core region of the FBR since U233 is a
slightly less favorable fissile fuel in the FBR core region than
Pu239/Pu2ii.






CHAPTER III. ASSESSMENT OF THE NEUTRON AND FISSILE
FUEL UTILIZATION OF THE HTR

IIT.17. INTRODUCTION

The HTR is a thermal reactor that requires for its operation
a continuous supply of fissile fuel. The fissile isotope usu-
ally employed is U235, because the other fissile isotopes U233
and Pu239 are either not available in sufficient quantity or un-
desirable as fissile fuel. The uranium ore (U308) demand asso-
ciated with the U235 requirement makes the HTRs of present de-

sign dependent on the continuous availability of uranium ore.

One of the most important parameters with respect to HTR
fuel utilization is the actually necessary amount of uranium ore,
or the fissile fuel U235 needed to sustain reactor operation.
This quantity is usually directly proportional to (1-CR), with
CR being defined as the HTR conversion ratio, which is normally
less than 1.0. Thus little additional fissile fuel, or makeup
fuel, is necessary for an HTR with a large conversion ratio of
approximately 0.8 to 0.9, but considerably larger amounts in

~

the case of a relatively small CR - 0.5 - 0.6.

The HTR conversion ratio CR is primarily determined by the
fuel cycle employed, and to some extent by the operational mode
and design of the reactor. Disregarding the latter two dependen-
cies temporarily, one can show that CR is largely a function of
the combinations of fertile and fissile isotopes used, with U238
and Th232 as fertile, and U233, U235, and Pu239 as fissile iso-

topes.

The results of Chapter II have shown that the breeding of
U233 in the radial blanket region of the FBR is a feasible alter-
native to Pu239 breeding, if there is a proper incentive to do
so. It has been mentioned, however, that there is no particular

advantage in recycling this U233 into the FBR core region.



- 98 -

Therefore, the guestion arises as to whether transfer of the
FBR-bred U233 to a thermal reactor, e.g. an HTR, would improve
not only the fuel utilization of the latter but also the fuel
utilization of the combined reactor system. It is indeed of
interest to consider this particular fuel transfer, since the FBR
can supply either Pu239 or U233 as fissile fuel, and since the HTR
can in principle, utilize either isotope as makeup fissile fuel.
This calls for a detailed assessment of th HTR fuel cycle econony,
in order to determine the advantages and disadvantages of using
U233, U235, or Pu239 as fissile HTR fuels. Such an assessment
is the subject of this chapter1

If U233 should prove advantageous to the HTR, the breeding
of U233 in the FBR radial blanket could be considered a viable
alternative to the breeding of Pu239 as FBR surplus fuel.

A general assessment of the HTR fissile fuel utilization

is rendered difficult by the great number of fissile fuel cycles

conceivable for the HTR: both U238 and Th232 can be used as fer-

tile isotopes, with either U233, U235, or Pu239, or a combination
thereof, as fissile fuel makeup. This leads to several possible

combinations of converted (self-bred) fissile fuels, makeup fis-

sile fuels, and fertile isotopes utilized in the HTR. These com-
binations of fertile and fissile isotopes are referred to as

fissile fuel cyecles in the following.

Table III.1 lists the feasible fissile fuel cycles of the
HTR, differentiating between uranium, thorium, and hybrid cycles.
The fertile isotopes in the uranium and thorium cycles are
U238 and Th232, respectively. The thorium fissile fuel cycles
are called A, B, and C, and the uranium fissile fuel cycles D, E,
and F. In A and F the fissile fuel makeup is U233 or Pu239,
respectively, the fissile isotopes that can be supplied by the
FBR; the makeup for the remaining fissile fuel cycles B, C, D,
and E is U235. Fissile fuel cycles G and H are hybrid cycles,
characterized by the alternative use of Th232 and Pu239 or U238

and U233. These hybrids can be shown to be insignificant from

1 .
These results would also be applicable to LWBRs, LWRs, or any
other thermal reactor using the FBR-bred U233.
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Table III.1. Fissile and fertile isotopes of various thorium
and uranium fissile fuel cycles of the HTR, and
their designations.

Fissile Fertile Fissile Re- Fissile Fissile
fuel isotope isotope cycling isotope fuel
cycle (converted) {makeup) inventory
designation

Thorium cycle

A Th232 U233 yes U233 U233

B Th232 U233 yves U235 U233, U235
c Th232 U233 no U235 U235, U233
Uranium cycle

D U238 Pu* no U235 U235, Pu

E U238 Pu yes U235 U235, Pu

F U238 Pu yes Pu Pu

Hybrid cycle**

G Th232 U233 yes Pu U233, Pu
H U238 Pu yes U233 Pu, U233

*pPu in this table refers to the fissile Pu vector.
**Not specifically considered,

a reactor strategic point of view, although they may be of
interest in the context of proliferation. The individual fissile

fuel cycles are described in more detail in Section III.2.

An assessment as to whether the feed of FBR-bred fissile
isotopes generally improves the HTR fissile fuel economy can only
be made on the basis of a comparison of all these fissile fuel
cycles. A detailed investigation of the fuel economy of each

fissile fuel cycle is made in this chapter.

Assessments of this kind usually require extensive burnup
calculations, similar to those in Chapter II for the FBR blanket.
Special nuclear data libraries and special computer codes would be
needed. In order to avoid the considerable effort involved in
preparing cross-section sets and in performing the numerous
burnup calculations necessary, the fuel utilization in the various
fissile fuel cycles is analyzed by means of an analytical one-group
model developed here. The model is based on the availability of
a few pertinent global neutron parameters that can be determined
from the neutron balances of the burnup calculations already

performed for some of the fissile fuel cycles.
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This one-group method is attractive for its universality,
transparency, and comprehensiveness: it is applicable to the HTR
fuel cycles considered here, and it makes clear the relationships
between the nuclear parameters and the design parameters pertinent
to the fissile fuel economy of the HTR; and, most important, it
allows a comprehensive overview of the HTR potential in terms of

fuel utilization and design characteristics.

For example, reliable estimates of the impact of design
changes on the conversion ratio, such as reduced neutron leakage
of decreased fission product poisoning, can be easily obtained,

without extensive burnup calculations.

The accuracy of this one-group model is verified with the
results of burnup calculations performed at the nuclear research
center Kernforschungsanlage (KFA) Jilich, F.R.G.

Section III.3 gives an outline of the methodology; a more
extensive discussion is contained in Appendix III.A. The
relevant global neutron parameters are evaluated and discussed
in Section III.4, and Section III.5 summarizes the results of
the fissile fuel cycle assessments performed and discussed in
detail in Appendix III.B.

IIT.2. DESCRIPTION OF THE FISSILE AND FERTILE FUEL
FLOWS IN THE VARIQUS FISSILE FUEL CYCLES

The inherent design flexibility of the HTR offers the possi-
bility of using either the thorium cycle (fertile isotope Th232)
or the uranium cycle (fertile isotope U238). Each fuel cycle
requires a feed of fissile fuel as makeup, however.
Since the makeup could be U233, U235, or Pu239, there are three
conceivable fissile fuel cycles to each fuel cycle. They can be
reduced to two fissile fuel cycles per fuel cycle since there is
no particular incentive to supply the thorium cycle, converting
Th232 to U233, with Pu239 as fissile fuel. The only logical
makeup fissile isotopes for the thorium cycle are either U235
or U233. A similar line of reasoning applies to the uranium cy-

cle, for which U233 as makeup fuel is impractical.
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The number of fissile fuel cycles per fuel cycle increases
to three if one includes the recycling mode of the self-bred fis-
sile fuel. Thus thorium fissile fuel cycle C assumes that the
self-bred U233 cannot be recycled due to a lack of thorium re-
processing facilities (Table III.1). Should such facilities be-
come available the self-bred U233 could be recycled into the
reactor; the resulting fissile fuel cycle is designated fissile
fuel cycle B. Since B and C need additional U235 as makeup in
the form of highly enriched uranium (93%), they both require

considerable amounts of uranium ore (U308).

A similar line of reasoning applies to the uranium cycle.
Recycling of self-bred Pu239 is assumed for fissile fuel cycle E
but not for D. Since both cycles require U235 in the form of low
enriched uranium (~3-4%), they also have uranium ore require-
ments, similar to those of cycles B and C.

Should, however, an excess of fissile isotopes U233 and/or
Pu239 become available through the FBR2, the U235 makeup for B
and E could be replaced by U233 or Pu239, respectively, and
fissile fuel cycles A and F would become viable. 1In cycle A the
self-bred U233 is recycled, and the makeup is also in the form of
U233; cycle F assumes Pu239 recycling, and the makeup is also
Pu239. Thus neither A nor F has a demand for uranium ore.

The hybrid fissile fuel cycles G and H could become relevant
if the proliferation issue regquired denaturation of fissile fuel.
They are not discussed specifically since their fuel cycle per-
fermance lies within the range of the fissile fuel cycles inves-

tigated here.

The HTR is limited to fissile fuel cycles C or D as long
as there are no appropriate facilities for reprocessing the

discharged fuel. Should they become available some time in the

2In an HTR system, the U233 (or Pu239) bred by some HTRs can be
transferred to other HTRs utilizing fissile fuel cycle A. The
HTR U233 suppliers, however, run on fissile fuel cycle C, which
requires considerably larger guantities of U235. A reactor
system that only relies on HTRs, therefore, always requires U235,
except in the very unlikely case that the conversion ratio of
the entire system becomes > 1.0.
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future, there would be a choice of operating the HTR on any one
of the four fissile fuel cycles, A, B, E, or F, provided the
appropriate fissile fuel makeup is available. For the following
discussion of these four fissile fuel cycles, it will tacitly be

assumed that such reprocessing facilities exist.

ITT.3. BASIC EQUATIONS RELATING TO THE FISSILE FUEL ECONOMIES
OF THE VARIOUS FISSILE FUEL CYCLES
Some of the basic equations necessary for evaluating the
fissile fuel economies of the various fissile fuel cycles are
briefly introduced here. Additional discussions are found in
Appendices III.A and III.B.

IITI.3.a. Fissile Fuel Demands dz and ng

The net fissile fuel demand dz, in kg/GW(th)d, is given by
Equation (I-36), such that

I

o (III-1)

— I -
a, = (1 +a), (1 -CR) W

(1 + a)z is weighted over the composition of all fissile isotopes
in the core. This value heavily depends on the particular fissile

fuel cycle since each has a different fissile isotope composition.

In the nonrecycling fissile fuel cycles C and D, dz repre-
sents the difference between the U235 loaded, defined as-dgs,
and the self-bred fissile fuels discharged, Pu239 or U233, defined
as a, and given in Equation (III-4).

Equation (III-1) does not vield the actual U235 demand to
be supplied as makeup. It can be shown that dgs, the U235 makeup,

in kg/GW(th)d, is given by

LUS
a% = (1 + )9 o)l . (III-2)
VA Z FI H

(1 + d)gs is the fissile fuel cycle-weighted (1 + a) 9>,

Uus . . . .
(Fm /FI)Z is the fission fraction of the U235 makeup (see
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Appendix III.A), and Wgs

(I-32); Wé values for the various fissile isotopes i are given
3

assumes the meaning defined in Equation

below
As is shown in some greater detail in Appendix III.A.1, the

fission fraction of the U235 makeup can be given by

pU> 1 [ ng
_2%-= 1 - —= |- =5 (III-3)
F i#US5 \ F F

where (FgS/FI) is the fission fraction of the self-generated
U235, i.e. U235 produced by successive neutron capture in U233
and U234. These fission fractions of U235 must be determined
before the desired U235 feed dgs, Equation (III-2), can be eval-

uated. This in particular holds for fissile fuel cycles B, C,
D, and E.

If dz and ng’ in kg/GW(th)d, are known, then a, the amount
of self-bred fissile fuel discharged (U233 or Pu239), can be

evaluated for the nonrecycle fissile fuel cycles C and D by

i _ U5 _ _
a, = d, a (III1I-4)

3If the usable energy released per fission is assumed to be

200 MeV, then:

13
U3 0.233 x 864 x 10
thadle _13X >3 = 1.044 kg/GW(th)d
200 x 1.6 x 10 X 6.024 x 10
of U233
WIS _
g = 1.053 kg/GW(th)d of U235,
P
wHu9 = 1.071 kg/CW(th)d of Pu239,
with
I /i
I F i
w. =) [Z=]| w;
H i FI H
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with dgs

tively. However, these two equations can only be determined if the

and dZ given by Equations (III-2) and (III-1), respec-

fission fraction distribution (Fl/FI) is known. It can be found
if the conversion ratio CRz for fissile fuel cycle z is known.

IIT.3.b. Conversion Ratio CRz

Common to all fissile fuel cycles is the relation of the
conversion ratio, which is given by Equation (I-25) and derived

in Appendix I.C.1:

I
CR, = n, (1 - P) 1 (III-5)

CRZ is seen to be determined by two globai nuclear parameters
that will be shown to be largely independent of each other:

the fractional parasitic neutron losses P, defined in Equation
(I-5), will be shown to be primarily determined by reactor

design and fuel burnup; and ni, the number of neutrons released
per fissile absorption and averaged over the fissile isotopes,
will be found to depend on the respective fissile fuel cycle.

If the factors and relationships determining these two parameters
are known, it is possible to make a fundamental assessment of

HTR fuel utilization.

n, is given by the following set of Equations (I-26), (I-27),
and (I-28), derived in Appendix I.C.1:

\)I
nt = z
z I !
(1 + a)z
I i .
I
v, = ¥ Ef vt (III-6)
i\rJz
I i ,
(1 + a)i =9 ET (1 + a):
i \F Jz 2
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(Fi/FI)z is the fissile fuel cycle-dependent fission fraction of
a particular fissile isotope i, a?d (1 + a); the corresponding
(1 + a) value. It 1is seen ;hat n, strongly dgpends on fissile
fuel cycle z, since both (Fl/FI)Z and (1 + a); are determined

largely by the fissile fuel cycle.

In the thermal HTR neutron spectrum, the fertile isotopes
U238 and Th232 have a negligible fission fraction (<C.5%). They
do not appreciably contribute to ni and CR, other than in the
case of the FBR (see discussion II.9.b). Their contribution is
felt only indirectly, i.e. in the neutron properties of the
self-bred fissile isotopes U233 or Pu239. The HTR conversion
ratio thus depends only on the fissile isotope composition, re-

flected by ng, and the parasitic neutron losses P.

In order to determine the fissile fuel utilization in the
fissile fuel cycles, one must know the following parameters:
-= P = fraction of parasitic losses;

- vi = neutron release per fission of individual
fissile isotopes 1i;
-- (1 + a)i = HTR spectrum-weighted (1 + a)i values of

each fissile isotope i;

- (Fl/FI)z = fission fraction distribution of the indi-
vidual isotopes.
i .
P, v7, and (1 + a); are nuclear parameters; they are discussed in

the following section on the basis of the burnup calculations avail-
able. The fissile fuel cycle-dependent fission fraction distri-
bution (Fl/FI)z can then be evaluated with the help of analytical

relations, derived and discussed in detail in Appendix III.A.

IITI.4. GLOBAL HTR NEUTRON DATA FOR THE VARIOUS
FISSILE FUEL CYCLES

In order to determine CR, parameters P, vl, and (1 + a);
must be obtained for each fissile fuel cycle. Representative
parameter values can be extracted from the neutron balance

distributions of the burnup calculations performed at KFA Jiilich.
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ITI.4.a. Parasitic Neutron Losses P in the HTR

As is the case in the FBR, a considerable fraction of the

neutrons available is lost in the HTR by parasitic absorption
and leakage. These parasitic losses are given in Equation (I-5)

as
P=L+FP+St+M+C+R , (ITI-7)

where the right hand terms represent the fractional neutron
losses: L is due to leakage, FP is losses due to absorption in
fission products, St in structural material, M in the moderator,

C in the control rods, and R in parasitic actinides4.

Table III.2 lists the contributions of these terms to para-
sitic absorption P for several HTR reference designs; they are
extracted from the neutron balances of burnup calculations per-
formed at KFA (Teuchert et al. 1972, 1974a and b; Schulten et
al. 1977). The relevant fuel cycles of the HTR investigated are

given in the segquence of the nomenclature > of Table III.1.

4
P can also be determined as

P =1 - al - ad 4+ AJ+1

with
I . .
R = ) A1+1 " 2Aj+1
i
j+1 o . .
A is the parasitic absorption in each of the intermediate
C o 1+
actinides Pa233, Np239, etc; at ! is the parasitic absorption

in actinides such as U236, Pu242, Np237. Absorption of a
nNeutron in Pa233 or Np239 means loss of the neutron and the
loss of fissile isotope U233 or Pu239, constituting a double
entry in the neutron balance.

ejg..cases A-1, A-2, etc, represent burnup calculations for
fissile fuel cycle A.
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Also indicated in column 2 is the respective reactor power, re-
flecting the size of the core and hence the leakage term L. The
fuel burnup is tabulated in column 3. FP, the absorption losses

in the fission products, is separated into a xenon fraction Xe

and a remaining S fraction:
FP = (Xe + S) . (ITI1-8)

Examining the distribution of the parasitic losses more
closely reveals that

-- The largest fraction of parasitic losses is due to ab-
sorptions in the fission products.

-- The second largest losses occur as a result of leakage.

-- The parasitic losses in the structural materials and in
the moderator are insignificant.

-- The total parasitic losses P range from 0.18 to 0.25
for burnups larger than 80 GWd/t.

-- The parasitic xenon fraction appears to reach an equi-
librium value of Xe = 0.02 for all burnups.

-- The parasitic losses in the actinides are larger in

the thorium cycle than in the uranium cycle.

These observations, which are now discussed in more detail, are

in some cases related to the corresponding values observed in
FBRs (Table II.21).

The most important parasitic losses in the HTR are the
losses in the fission products, FP, In the thermal HTR spectrum,

a clear correlation should be observable between the S fraction,
which excludes the Xe losses, and fuel burnup. This is illus-
trated by Figure III.1, in which S is plotted as a function

of fuel burnup. This loss fraction clearly increases as the
burnups increases; for high burnups, the uranium cycle with

S = 0.08 exhibits a smaller S fraction than the thorium cycle
with § = O.16.6 At low burnups of 20-30 GWd/t, S reduces to

6
The fission products of U233 have larger absorption cross sections,

which explains the larger losses in the thorium cycle.



12 1 T T T T T T T T T T
10 I~ o g -1
Thorium Cycle 'g °
8 o - -
—_ o Uranium Cycle
n 6F -
[ ( ]
2+ .
0 | ! ! | | | L ! | ! !
0 20 40 60 80 100 120
Fuel Burnup ( GW(th)d/t )
Figure III.1. Fractions of neutron absorption in the fission

products (excluding Xe absorptions) of the HTR
thorium and uranium cycles, as a function of
fuel burnup (data from Table III.Z2).

values between 0.05 and 0.04. A decrease in fuel burnup thus
leads to a significant reduction of S by about 0.05 to 0.07, or
5 to 7 points. Comparing these values with the FP fraction of
the FBR in Table II.21, one observes that in the FBR the fission
product losses are relatively significant for the total PN losses.
The impact of the burnup on P and thus on CR or BRN is therefore
much larger in the HTR than in the FBR.

The second largest parasitic loss fraction in the HTR, leak-
age losses L, is seen to vary between 0.04 and 0.10. L losses
are found to be larger with HTR designs of power output less than
1 GW(th), whereas an increase in plant size to 3 GW(th) decreases
L to 0.04. The L range in the FBR is between 0.065 and 0.02.

SNR 300, with a plant size of 0.3 GW(e), clearly shows the
largest L of 0.066, whereas FBRs of 1-2 GW(e) size show L
losses of about 0.015. Therefore, leakage losses L are
influenced by reactor size in both FBRs and HTRs, with FBRs

exhibiting a tendency to generally lower values.
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The losses in the structural materials, St, are unimportant
for the HTR. In the FBR, St represents the largest loss contri-
bution of 0.04-0.10. Decreasing this loss fraction in the FBR
requires a redesign or possibly a technological innovation in
FBR fuel and/or cladding material properties. St in the FBR
generally cannot be influenced to the extent the S fraction
in the HTR can be adjusted.

The above arguments lead one to infer that the FP and L
fractions of the HTR can be influenced by variation of fuel
burnup and/or reactor size. By contrast, loss fractions Xe and
R seem to be less influenced by these factors. Xe seems to
approach an equilibrium value of approximately 0.021 at a fairly
wide range of burnups for all fissile fuel cycles from B to D.
As the xenon concentration in the reactor attains an equilibrium
within the first few days of reactor operation, Xe can thus be
assumed to be largely independent of fuel burnup. Xe should de-
crease, however, as the average neutron flux ¢ decreases. This
has been observed for the HTR designs designated A-1, A-2, and
A-3 in Table III.2--cases where the higher fissile enrichment
required for these cycles reduces neutron flux ¢. In general,

Xe and R take on greater importance only in the case of P < 0.10.

The above observations about the distribution of the pa-
rasitic neutron losses among the various HTR losses are summa-
rized in Table III.3. The relatively large P fraction of 0.24
for HTRs of small size (1-GW(th) unit) and high fuel burnup is
assumed to decrease with larger plant sizes (3-GW(th) units) and
with reduced fuel burnup. P values as low as 0.09 appear to be
achievable if the fuel burnup is held at 20-30 GWd/t.

According to Table III.2, there is no significant differ-
ence in P between the thorium and uranium cycles. Accounting
for the slightly smaller R losses in the thorium cycle, however,
Table III.3 lists somewhat different P values for the thorium
and uranium cycles. These P values serve as reference values

for the fuel cycle assessments discussed in the following
sections.
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Table III.3. Estimated influence of fuel burnup and reactor size
on the neutron loss fractions FP (fission products
and xenon), L (leakage), R (parasitic actinides),
and P (total parasitic neutron losses) for the HTR
thorium and uranium cycles.

Fuel cycle Thorium cycle Uranium cycle
Fissile fuel cycle A, B, C b, E, F
Loss fractions P L FP R P L FP R
Reactor size: 1 GW(th) 54 g9 ,12 .03 .23 .10 .11 .01
Fuel burnup: 100 GwWd/t

Reactor size: 3 GW(th)

Fuel burnup:~100 GWd/t .20 .05 .12 .03 .19 .06 .11 .01
~50 GW4/t .15 .05 .08 .02 .14 .06 .07 .01
~30 Gwd/t .12 .05 .06 .01 .11 .06 .05 -
~20 GW4/t .10 .05 .04 .01 .09 .06 .03 -

P=L+FP+ R+ (St + M), FP = S + Xe.

III.4.b. HTR Spectrum-Weighted (1 + a)l and Fissile Isotope-
i z
Dependent v+ Values
The neutron parameters that remain to be determined are the
fissile isotope- and fissile fuel cycle-dependent (1 + a); values
and the fissile isotope-dependent vl values. The (1 + a)% values
have to be extracted from the burnup calculations, whereas the

v; values are shown to be independent of the fissile fuel cycle.

In the HTR most neutrons are absorbed in the thermal or
epithermal neutron energy range. The distribution between the
thermal and epithermal absorptions depends on the prevailing neu-
tron energy spectrum, which in turn is determined by the modera-
tion ratio. Since different moderation ratios are expected for
the various fissile fuel cycles, the values of the energy-de-
pendent global neutron parameters are also expected to differ

for each fissile fuel cycle. The v! values are energy dependent
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Table III.4. Fissile isotope data for the various fissile fuel

cycles.

Fissile fuel cycle Parameters U233 U235 Pu239 Pu2if

1
Thorium cycle: (T+a) 7 1.125 1.298 N -
Fissile fuel vl** 2.50 2.43
cycle A ni 2.222 1.872

1 .
Thorium cycle: (1+a)*+ 1.104 1.248  1.356  1.159
Fissile fuel SRt T 2.50 2.43 2.89 2.97
cycles B, C nt 2.264 1.947  2.131  2.562
Uranium cycle: (1+a) * 4+ 1.362  1.590  1.410
Fissile fuel visx 2.43 2.89 2.97
cycles D, E, F i

n 1.784 1.818 2.106

*¥* These values are mean values of cases A-1, A-2, and A-3
listed in Table III.5 (references are given in Table III.2).

** Personal communciation by E. Teuchert, Kernforschungs-

anlage J#lich, FRG (1974); good agreement with BNL-5800 and
ENDF/B-III.

+ These values are mean values of cases B-1 to C-5 listed in
Table III.5. The Pu values appear somewhat low, but have

only an insignificant influence on the neutron balances of
these cases.

tt The U235 value represents the mean value of cases D-1 to
D-4. Since the Pu239 and Pu 241 values of 1.460 and 1.265,
respectively, as they were determined from these cases, seem
somewhat too low, the values from Teuchert and Brandes (1975,
p. 139) were used for these isotopes. The corresponding Pu
value of 1.627 from the program system ORIGIN agrees well
with these values.

in the upper energy range of > 100 keV. In the thermal and epi-
thermal energy ranges, however, they remain constant for all
practical purposes, since absorption in the high energy region
is of little importance in the HTR. Unaffected by change in

the distribution of thermal and epithermal absorptions due to

a changing moderation ratio, the vi values are therefore
independent of the fissile fuel cycle. This is reflected by

1

Table III.4, where the isotope-dependent v~ values are the same

for all fissile fuel cycles. These values were taken from the
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modified GAM nuclear data set (30 thermal and 68 epithermal energy
groups used at KFA Jiilich, which show good agreement with the
values in BNL-5800, in the ENDF/B-III (Kidman and Scheuter 1971),
and in the HAMMER group constant set (Suich and Honeck 1967)).

The by far most critical parameters among the global neutron
parameters, and also the most difficult to determine accurately, _
are the fissile isotope- and fissile fuel cycle-dependent (1 + a);
values. They must be extracted from the neutron balance distribu-
tion of the burnup calculations, since they are highly energy de-~
pendent and thus fissile fuel cycle specific. Table III.5 lists
these values as they were extracted from the burnup calculations
referred to in Table III.2, for fissile fuel cycles A, B, C, and

D. No burnup calculations were available for cycles E and F.

The (1 + a)i values of a particular isotope and of a parti-
cular fissile fuel cycle are observed to fall within a relative-
ly narrow band, as is the case, for example, with U235 in
cycle C. The moderation ratios are also listed. The isotope-
specific (1 + a)i values of Table III.5 were averaged over all
the values available for a given fissile fuel cycle. These
mean (1 + a)i valueg are listed in Table III.4, together with
tbe correspond%ng n; values, which can now be evaluated since

vl and (1 + a); are known.

The influence of the moderation ratio or of the neutron
spectrum on (1 + on).l is seen in particular for U235. The modera-
tion ratio of fissile fuel cycle C centers around an average
value of 230, but that of cycle D around 420. A larger modera-
tion ratio implies a softer neutron spectrum, placing more
emphasis on thermal rather than on epithermal absorptions.

(1 + a)U5 is known to be a very sensitive function of the neutron
energy, increasing to generally higher values as the neutron
spectrum softens. This is reflected by the average (1 + a)U5
value of 1.362 in fissile fuel cycle D compared to 1.248 in

cycle C. The sensitivity of the neutron energy to (1 + a)i

is illustrated by Figure III.2, where (1 + a)i is plotted for
isotopes U233, U235, Pu239, and Pu241 in the thermal and in part
of the epithermal energy regions, from O to 5 eV. It must be
emphasized at this point that heterogeneity and fuel temperature
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Table III.5. HTR spectrum-averaged (1 + a)lvalues* of fissile
isotopes for various fissile fuel cycles and their

moderation ratios W /NHM from the burnup calcu-
lations available. ©

Fissile Maoderation
Fuel U233 U235 Pu239 Pu241 ri}io
Cycle** Nc NHM

Thorium cycle

A-1 1.126 1.289 110
A-2 1.125 1.308

A-3 1.123 1.299 110
B-1 1.107 1.254 1.346 1.131 230/280
B-2 230
C-1 180
c-2 1.102 1.253 1.350 1.178 280/240
Cc-3 1.099 1.248 1.364 1.197 230/280
C-4 1.105 1.250 230
C-5 1.109 1.237 1.365 1.1307 200

Urantum cycle

D-1 1.360 1.473 1.268 500
D-2 1.337 1.455 1.257 420/460
D-3 1.354 1.408**x* 350
D-4 1.397 1.405%*x*

* Fissile fractions (Fl/FI) and absorptions Al are extracted
from the neutron balances. (1 + a)1 can be determined by

using v’ from Table III.4 and the equation:
. i I i .
(1+OL)1 = —""iA I Z(F—I ‘)l
(F7/F7) i \F
** See Table III.2. for references.

**¥* Mean values for Pu239/241.
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have a very important influence on the fissile fuel cycle-speci-

fic (1 + a)1 values, so that a
in Tables III.4 and III.5 and those plotted in Figure III.2 is not

directly applicable. However,

comparison between the data listed

the general trend of (1+a)t

as a function of neutron energy or moderation ratio is clearly

demonstrated.

Some of the data in Figure III.2 are taken from the data set

of the HAMMER system

ments performed by Gwin et al.

(Suich and Honeck 1967), and some from measure-

(1976). Gwin gives the ratios of

the absorption and fission cross sections measured.

A smaller moderation
from the thermal into the
values for Pu239 and U235

largely constant over the

ranges.

ratio NC/NHM shifts the neutron spectrum
epithermal energy range, where the (1 + a)
are higher. U233, by contrast, remains

3

1

entire thermal and epithermal energy
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It can be inferred from the energy dependence of the (1 + ayt

values of U235 and U233 in Figure III.2 that the moderation ratio
in the thorium cycle has relatively little influence on the HTR

spectrum-averaged (1 + a)’ values, since (1 + OL)U3 is relatively
flat. The moderation ratio in the uranium cycle, on the other

hand, is considerably more significant due to the steep rise of
(1 + a)" of Pu239,

The (1 + a)l values of the Pu isotopes, which were determined
from the neutron balances available, still seem somewhat uncertain.
As regards thorium fissile fuel cycle C, however, Pu is only of
minor significance; the Pu239 and Pu241 values, which seem quite
low, maybe fairly uncertain for all thorium fissile fuel cycles
since they do not significantly influence fissile fuel utiliza-
tion. By contrast, the U235 and U233 values determined for
the thorium cycles must be highly reliable.

As regards fissile fuel cycles D, E, and F, i.e. the uranium
cycle, burnup calculations were available only for cycle D. The
(1 + o) values for the Pu isotopes (1.460 and 1.265 for Pu239
and Pu241, respectively) taken from these calculations probably
require some revision. In the meantime, values of 1.59 and 1.41
have been published without accompanying neutron balances (Teuchert
and Brandes 1975), which show closer agreement with the global
HTR data of (1 + a)t%% = 1,627 and (1 + o)¥9%" = 1,373 contained
in the ORIGEN code system (Bell 1973) and the data measured by
Gwin et al. 1976 (Figure III.2). For cases D to F, the values
proposed in Teuchert and Brandes (1975) were accepted with the
reservation that they might reguire revision. A comparison of
(1 + a)i for the Pu isotopes in the DZO reactor (N. Pieroni,
recalculations for Atucha, Argentina, personal communication,
Gesellschaft fir Kernforschung, Karlsruhe, 1974) yields values
of 1.526 for Pu239, 1.439 for Pu241, and 1.180 for U235. This
1s as far as the problem of accurary of such (1 + a)i data can
be discussed here; a more detailed examination would exceed the

scope of the present investigation.
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ITI.5. DESCRIPTION OF THE ONE-GROUP
CALCULATIONS PERFORMED

The relevant global neutron parameters P, vi, and (1 + a)i
were evaluated in the preceding sections. 1In order to obtain
the conversion ratio CR, Equation (III-5), we still have to de-
termine the fissile fission fraction distribution (Fi/FI)Z, for
which analytical relations are developed in Appendix III.A.
According to these equations, the distribution of (Fi/FI)z can
be determined for all fissile fuel cycles, once the respective
(1 + a); values are available and the conversion ratio CRz is
known. Since CRz is the parameter to be obtalned an iterative

process is needed for determining CRz and (F /F ) .

Briefly, this iterative process is the follow1ng: vi and
fissile fuel cycle-specific (1 + a)i values are taken from Table
III.4, and an HTR design- and fuel burnup-specific P value from
Table III.3. These parameters remain constant throughout the
iteration. First one makes a zero order approximation of the

conversion ratio CR (1 = iterative step) using Equation (III-5),

1=0
after having chosen a plausible ni=o value from the n; values of
the pertinent fissile isotopes in Table III.4 (see example in

Appendix III.A). With CRl=O available, an (Fl/FI)l_1 distribu-
tion can be determined by means of the appropriate equations in

. . i I .
Appendix III.A. With (Fl/F )l_1 available, one obtains a re-

vised ni 1 value with Equation (III-6), using the specified
(1+a) and vl values. Thus one calculates a revised

CR,_qs which again can be used to determine a new (Fi/FI)l=2
distribution. This iterative process is repeated until CRl=n
converges. Convergence is usually attained after three or four
iterative steps. Having specified CRl -’ One can proceed to
calculate the U235 fission fractlons, the U235 demand dUS, and

the discharged fissile fuel az, with the help of Equations (III-2),

(ITI-4), and (III-1).

Comparison of the results obtained with this analytical
method to the results of exact burnup calculations shows a con-
sistently good agreement. More details are given in Appendix

I1II.B, where the calculations for each fissile fuel cycle are
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Table III.6. Accuracy of the one-group @odel for fissile fuel
cycle parameters 1n comparison to exact burnup
calculations (P values taken from exact calcula-
tions, (1 + a)t values from Table III.4).

us
. I FU3(Pu) (Ft ) dUS .
z nz pl FI z z z
______——-—-———=_———__-__—_——__-——————————‘
+ + +
Accuracy I.01 t. 01 .01 t.01 3% 10%

discussed separately. Tables III.B.1 to III.B.4 compare the

method on the basis of the results of the reference burnup
calculations listed in Table III.2. The accuracy of prediction

that can be obtained for the relevant fuel utilization parameters

CRZ and dgs and for some other important parameters is summarized
in Table III.6: CR_ can be predicted up to 1 point (0.01), and

U5 z

d up to 3%.

Z

The accuracy of the results largely depends on the avail-
ability of reliable (1 + a); and P values. The P values were
shown to be well predictable for all fissile fuel cycles, but
the (1 + a)i values varied significantly among the individual
fissile fuel cycles. Based on ten reference burnup calculations,
the (1 + a)i values in Table III.4 for the thorium cycle can be
regarded as quite reliable. (1 + a)i for the uranium cycle, on
the other hand, specifically for fissile fuel cycles E and F,
are estimates, based on the burnup calculations for fissile fuel
cycle D. A relatively small error (~5%) in these values will
affect the results quite considerably. It is felt, however,

that the (1 + a); values adopted here for the uranium cycle,
and especially those considered for Pu239 and Pu241, represent
reasonable estimates that conform to the values observed for
other thermal reactors.
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IIT.6. RESULTS PERTAINING TO THE FISSILE FUEL
UTILIZATION IN FISSILE FUEL
CYCLES A TO F

It has been shown above that the HTR conversion ratio CR
I

can be represented by the two nuclear parameters ni and P; n,

has been shown to primarily depend on the respective fissile
fuel cycle, and P on design and fuel burnup.

Realizing that ni and P can be considered separately, one
may carry out an investigation scanning the complete spectrum
of HTR fuel utilization by assessing firstly, the influence of
the different fissile fuel cycles on ni and, secondly, the im-
pact of fuel burnup on P, employing to this end the analytical
procedure described above. Within the context of this investi-
gation, it is of particular interest to assess U233 and/or
Pu239 as fissile fuel makeup, Since these isotopes can be supplied
by the FBR.

The influence of the fissile fuel feed was analyzed by se-
lecting from Table III.4 the (1 + a)i values of a fissile fuel
cycle under consideration and a certain P value, depending on
HTR design characteristics and fuel burnup, from Table III.3.
The influence of decreased burnup was simulated for each fissile
fuel cycle, by reduction of the parasitic neutron losses P in
accordance with the data in Table III.3, the (1 + a)i values
being held constant7. i

The data assumed for these calculations are summarized in
Table III.7. Tables III.8 and III.9 reproduce the calculation
results for each fissile fuel cycle, which are discussed in
greater detail in Appendix III.B. Table III.8 shows the fis-
sile composition~averaged (1 + a)é, vg, and ni values obtained,
and Table III.9 gives the relevant fissile fuel cycle parameters

U5 .
CR,, U235 feed demand d ", net fissile demand a_. and discharged

7 .
Analysis of the neutron balances of various HTR designs shows

i
that (1 + a) values are independent of P values. The fissile

isotope composition-averaged (1 + “)g value, Equation (III.®6),
however, slightly changes with P.
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Table III.7. Fissile fuel cycle-dependent nuclear parameters and
parasitic loss fractions P (for 3-GW(th) units)
assumed for analytical calculations.

e el . * tor uroue

fﬁfle U233 U235 Pu239 Pu241 U233 U235 Pu239 Pu2ui 30 50 100
A 1.125 1.298 -- == 2.50 2.43 --=  -- 0.12 0.15 0.20
B 1.104 1.248 1.356 1.159 2.50 2.43 2.89 2.97 0.12 0.15 0.20
c 1.104 1.248 1.356 1.159 2.50 2.43 2.89 2.97 0.12 0.15 0.20
D —— 1.362 1.590 1.410 - 2.43 2.89 2.97 0.11 0.14 0.19
E -—— 1.362 1.590 1.410 -~ 2.43 2.89 2.97 0.11 0.14 0.19
F - 1.362 1.590 1.410 -~ 2.43 2.89 2.97 0.11 0.14 0.19

Table III.8. Global HTR fissile fuel cycle-averaged nuclear
parameters as determined by analytical calculations
for various fissile fuel cycles as a function of
fuel burnup. *

Fuel burnup (GWd/t)

Fissile 30 50 100

fuel

cycle I I I I I I

(2) (1+0L)z n, CRz (1+0L)z n, CRZ (1+a)z n, CRz
-\ 1.140 2.183 0.92 1.140 2.187 0.86 1.140 2.187 0.75
B 1.164 2.188 0.88 1.176 2.108 0.79 1.157 2.138 0.71
o] 1.198 2.049 0.80 1.190 2.065 0.75 1.183 2.080 0.66
D 1.451 1.814 0.62 1.448 1.819 0.56 1.438 1.824 0.u8
E 1.467 1.859 0.65 1.458 1.849 0.59 1.443 1.839 0.49
F 1.537 1.896 0.69 1.537 1.896 0.63 1.537 1.896 0.54

*See tables in Appendix III.B for comparing these results with
those of exact burnup calculations.
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fissile fuel a,r for different fuel burnups and fissile fuel

cycles z. The latter are shown in Figures III.3, III.4, and III.5S.

Figure III.3 shows the conversion ratio for each fissile
fuel cycle listed in Table III.1 as a function of fuel burnup.

The following observations can be made:

~= CR increases considerably as the fuel burnup decreases.
This holds true for all fissile fuel cycles. The in-
crease is primarily due to the smaller parasitic losses P.

-= The thorium cycle permits considerably higher conver-
sion ratios than the uranium cycle. The difference
between the comparable fissile fuel cycles is about 20
points8 at a burnup A of about 100 GW(th)d/t, and about
20-30 points at A = 20-30.

-- The nonrecycling fissile fuel cycles C and D show the
lowest conversion ratios.

== Recycling the self-bred fissile isotopes, i.e. changing
from cycle C to cycle B in the thorium cycle and
from cycle D to E in the uranium cycle, leads to higher
conversion ratios. Recycling U233 in the thorium cycle,
however, results in a larger increase in CR (~ 5 points
at A = 100) than recycling Pu239 in the uranium cycle
(~1 point at A = 100).

-- The optimal fissile feed isotope is U233 (fissile fuel
cycle A). This feed allows conversion ratios close to
1.0 for very low fuel burnups, i.e. CR = 0.95 for
A = 20-30. For comparison, a Pu239 feed allows con-
version ratios of only CR = 0.71 for low burnups, 1i.e.
A =~ 20-30.
The large difference between the thorium and uranium cycles in the
H'I‘R9 is explained by the large difference in the (1 + a)i values
of U233 and Pu239 in the thermal neutron spectrum. This is most
clearly seen for fissile fuel cycles A and F with nU3 ~ 2,22 and
nP% > 1,82, or (1 + 0)Y3 = 1.125 ana (1 + )T%% = 1.590.

81 point = 0.01 in CR, A = fuel burnup (GW(th)d/t).

like in any other thermal reactors relying only on fissile fission.
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Figure III.4 shows the fissile fuel demands dz, Equation
(III-1), of the six cycles. For the nonrecycle fissile fuel
cycles C and D, dZ represents the difference between the U235
loaded and the self-bred fuel discharged, i.e. U233 in C and
Pu 239 in D. For cycles B and E, 4, represents the actual

U235 requirements.

For cycles A and F, the respective U233 and Pu239 demands
are given by d,. d, is directly proportional to (1 - CR), and
the cycles with the highest conversion ratios consequently have
the lowest net fissile fuel demands dz. This comparison is of
particular interest.

Figure III.5 shows the uranium ore-dependent U235 makeup
U5
d
z

cyles B and E, for which availability of reprocessing facilities

for fissile fuel cycles B, C, D, and E. For the recycling

is assumed, there is a definite incentive to decrease the fuel

burnup since considerable U235 savings result.

This is not the case with the nonrecycling cycles C and D,
where lower burnups have the opposite effect. As the burnup
decreases, more self-bred fissile fuel is discharged at the
expense of a higher U235 demand, in spite of the increased con-
version ratio. Since the discharged self-bred fuel is stored
and not recycled, there is no incentive to decrease the burnup
of the HTR in these nonrecycling fissile fuel cycles. This im-
plies that, without reprocessing facilities, the U235 demand of the

HTR is lowest at high fuel burnups and with conversion ratios of

CR = 0.55-0.65. Increasing CR by decreasing the fuel burnup thus
results in a higher U235 demand for the nonrecycle fissile fuel
cycles C and D.

5 when

Figure III.6 shows the influence on the U235 demand dg
operation is shifted from the nonrecycle to the recycle mode;
the ratios of the recycle to the nonrecycle fissile fuel cycles
for the thorium and uranium cycles are plotted as functions of
fuel burnup. Shifting from the nonrecycle to the recycle mode re-
sults in a significant decrease in U235 demand, i.e. the recycle
U235 demand in thorium cycle B at A = 100 is only about 60% of

the nonrecycle demand, and decreases with lower burnups to about
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15%. 1In the uranium cycle the savings are not as large, i.e. still
about 90% of the nonrecycle U235 is needed for the recycle cycle
E at A =~ 100 GWd/t.

5 of the

Figure III.7 shows the ratio of U235 demands dz
recycle fissile fuel cycles E (uranium cycle) to B (thorium
cycle) and of the respective nonrecycle cycles D to C. Relative
to the big difference in U235 demand between the two recycle
fissile fuel cycles, especialli at low burnups, there is little
difference between the two nonrecycle fissile fuel cycles.

This implies that the thorium and uranium cycles do not differ
much with respect to their U235 demand as long as no reprocessing

facilities are available.

Figure III.8 shows the relative amounts of Pu239 feed in
cycle F and U233 feed in cycle A. At high burnups of A = 100,
cycle F needs about twice as much Pu239 as U233 is needed in
cycle A, the difference or ratio increasing steeply as the
burnup decreases. This fact will be of significance for the

considerations of Chapter 1IV.

ITI.7. SUMMARY OF CHAPTER III

It has been shown that the analytical method developed here
for studying the fissile fuel utilization of different HTR
fissile fuel cycles is of sufficient accuracy as compared to_de—'
tailed burnup calculations, provided the global nuclear parameters
(1 + a)i are reliably known. By analysis of the neutron balances
of detailed burnup calculations, it was deduced that the HTR con-
version ratio can be significantly influenced in two different

ways:

-- changing the fissile isotope composition. in the HTR
by supplying it with different fissile isotopes;

~-- manipulating the parasitic neutron losses due to ab-
sorption in fission products by way of changing the

fuel burnup.
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An assessment of these effects has shown that

-- The fuel burnup has a significant effect on the fissile
fuel utilization in the HTR for all the fissile fuel
cycles considered.

-— The thorium cycle allows considerably higher conversion
ratios than the uranium cycle if reprocessing facilities
are available.

-- TIf the self-bred fissile fuels, i.e. U233 in the thorium

cycle and Pu239 in the uranium cycle, are not recycled

(for lack of reprocessing facilities), there is little

difference in U235 demand between the thorium and uranium

cycles.

In the nonrecycle mode, there is no advantage in lowering

the HTR burnup since the U235 demand increases as the

burnup decreases, in spite of an increase in CR. The
lowest U235 demand is achieved with conversion ratios

CR =~ 0.50-0.60.

=< Decreasing burnups to obtain higher conversion ratios
and lower U235 demands is only reasonable if HTR repro-
cessing facilities are available.

~— Decreasing the burnup in the recycle mode allows

significant U235 savings.

Recycling the self-bred fissile fuel is more advan-

tageous in the throium cycle than in the uranium

cycle, i.e., the U235 savings are larger.

-— If the feed fissile isotope is not U235 but U233 or
Pu239, the thorium cycle with U233 as feed is superior
by several factors to the uranium cycle with Pu239 feed.
-= The fullest potential of the HTR is thus achieved if
a. the thorium cycle is utilized, i.e. Th232 is used as
fertile fuel;

b. the self-bred U233 is recycled, i.e. on the assump-
tion that thorium reprocessing facilities are avail-
able;

c. the feed fissile isotope is U233.
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If only condition a. is fulfilled, the thorium cycle has no
definite advantage over the uranium cycle, at least not as far
as its U235 demand is concerned.

If conditions a. and b. are met, the advantage of the thorium

cycle over the uranium cycle can be considerable, depending on the
design and the fuel burnup of the HTR.

And, if a transfer of fissile fuel from the FBR to the HTR
were ever contemplated, the HTR should definitely utilize the
thorium cycle.
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CHAPTER IV. FISSILE FUEL ECONOMY IN A SYMBIOTIC
FBR/HTR REACTOR SYSTEM

IV.1. THE STYLIZED FBR/HTR SYSTEM

The influence of the various fuel cycles on the fissile
fuel utilization in the FBR and the HTR has so far been assessed
in quantitative and qualitative terms: in Chapter II this was
done for the FBR, and in Chapter III for the HTR. The results
of these assessments are now being combined in order to de-
termine the fuel cycle of a symbiotic FBR/HTR system with the

most favorable fissile fuel utilization.

Even though a fully deployed reactor system consisting only
of FBRs and HTRs cannot be expected to be operative within the
next few decades, an assessment of the fuel cycle c¢haracteristics
of such a symbiotic reactor system appears to be of relevance
already today: it permits a timely recognition of the potential
and the constraints of such a system, and focuses attention on the
pertinent system parameters at a time when the two reactor types

in gquestion are still under development.

The period in which such an assumed symbiotic FBR/HTR system
will be operative is referrred to as the asymptotic phase. It is
basically characterized by the absence of a further large-scale
expansion of nuclear energy, yet does not foreclose the possibility
of a continued but limited growth of the FBR/HTR system.

The asymptotic phase is preceded by a transition phase, which
is basically characterized by the substitution of nuclear energy
for fossil fuels. This phase is initially dominated by the de-
ployment of other reactor types, such as the LWR, in conjunction
with the commercial introduction of FBRs and HTRsS. The fuel log-
istics of the transition phase are more closely investigated in
Chapter V. This chapter addresses the fuel logistics of the
asymptotic FBR/HTR system.
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The assessment of the fuel cycle performance of an FBR/HTR
system is stimulated by the prospect of obtaining a self-sustaining
system with a closed fissile fuel balance between the FBRs and the
HTRs. Two questions arise immediately: What is the fissile fuel
Logistics between FBRs and HTRs in the case of optimum fissile fuel
utilization? How many HTRs can one FBR supply with fissile fuel?

If, for example, it can be demonstrated that an FBR/HTR system
is self-sufficient in terms of fissile fuel--i.e. fissile fuel
isotopes, such as U235, U233, or Pu239, need not be supplied from
external sources--then it can be shown that such a system could
meet the energy needs for several centuries, for the fertile fuel
isotopes Th232 and U238 necessary to sustain the system are avail-
able in abundant quantities. Such a symbiotic FBR/HTR system would

offer the following long-range advantages:

-~ independence of the uranium ore (U308) requirement once
the asymptotic phase has been reached;

-- a self-sustaining enerqgy system independent of finite
fissile fuel resources (U235);

-— an energy system with a practically inexhaustible fuel
supply base (U238, Th232);

-— an energy system based on already stockpiled fuels, i.e.
depleted uranium (U238), accumulated in very large quanti-
ties during the transition phase, as the byproduct of
LWR and HTR fuel enrichment.

These characteristics, especially the practical inexhaustibility
and the accessibility of the fuel resource base, place the FBR/HTR
system in the same category as the two other energy systems of
virtually inexhaustible fuel supply: solar energy and fusion energy.
Such features are of particular interest to nuclear fuel resource-
deficient countries that must increasingly rely on the continued
development of nuclear energy. If the development of the present
advanced reactor types (FBRs and HTRs) is continued, and if their
full-scale deployment is implemented at a relatively vigorous pace
in the coming decade, the goal of reaching such a practically fuel
resource-independent (U;03) reactor system could be realized with-
in the next few decades.



- 133 -

This chapter assesses the requirements of a self-sustaining
FBR/HTR system with a closed fissile fuel balance between the two
reactor types. Differentiation is made between two FBR/HTR systems,
a nonexpanding system in a steady-state condition and an expanding
system assumed to undergo a limited growth. The relations devel-
oped for the steady-state case lend themselves to determining the
optimal fuel logistics between FBRs and HTRs on the premise that
FBRs are indeed self-sufficient with respect to their own fissile
fuel needs.

In the following, the total, time-dependent thermal power of
such an FBR/HTR system is assumed to be

Ps(t) = PF(t) + PH(t) ’ (IV-1)

where Ps(t) is the total thermal power of the FBR/HTR reactor

system, PF(t) the total thermal power of the FBRs, and PH(t) the
total thermal power of the HTRs.

IV.2. THE NONEXPANDING FBR/HTR REACTOR SYSTEM

The fissile fuel logistic of a nonexpanding, i.e. stationary,
FBR/HTR power system is addressed. The system is assumed to be
governed by the following conditions:

constant = Po

(t) o

Pg
i

1
5 constant ,

"

m

-~ BRy > 1.0, or gg > O for the FBRs,

-—— CR < 1.0, or dV > 0 for the HTRs.

The first two conditions state that

P° = p° + p

(o] -
p F q (IV-2)

1The case of a nonconstant power ratio is not explicitly treated
in this section since the influence of the FBR and HTR fissile
fuel inventories on the fuel balance of the system is described
in Section IV.4.
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This implies that no additional FBRs or HTRs are deployed
except for replacements. As a result, the total fissile fuel

o_H

inventory of the system (PHI + POIg) remains constant, requiring

Z F

no additional fissile fuel for first core inventories. Thus the
entire breeding gain gx of the FBRs can be utilized to meet the
fissile fuel demand of the HTRs., A closed fissile fuel balance

between FBRs and HTRs is then assured if

-= the entire fissile fuel requirements of the HTRs are
met by the excess fissile fuel bred by the FBRs, and
-~ fissile fuel self-supply of the FBRs is guaranteed.

Even though not completely independent of one another, the

two conditions can be discussed separately.

IV.2.a. The Fissile Mass Balance Between FBRs and HTRs

For the FBR/HTR system in a steady-state condition, a closed

fissile mass balance between FBRs and HTRs is assured if
(IV-3)

vV . . .
where gy 1s the surplus of fissile fuel of the FBR, defined

by Equation (I-33), and dV the continuous fissile fuel demand of
the HTR, defined by Equation (I-37). The HTR-FBR thermal power

ratio attainable with a closed fissile fuel balance can be written

o) \Y%
Pn_ o
o .V
PF dZ
N I FBR
_ _ I R SN n
|:(BRN 1) (1 ) (1 + a) (1 Vo) Wy Vfg'ﬁ]

H

H HTR
[(1 - CR)(1 + aytwt 4+ 1 vt
z z'I T (IV-4)

If the fissile fuel losses in the external fuel cycles of

both the HTR and the FBR can be neglected, i.e., VF==VH==O, then the

above equation can reduced to
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(BRN -1 .

(1 - CR,)

S .,
N (IV-5)

’Ul’U
T ol O

f; is defined as the global fuel cycle factor of the FBR/HTR system.

FBR
F [1-e)(1+a')I'WF}
fS _f_N— ( N N N ' (IV-6)
N fg [(1 s ol - WI:'[I]HTR

where fg and fz are defined by the global reactor parameters.

Wg and W? are found in Chapters II and III. Both fg and fg de-
pend on parameters determined only by the fuel cycles in the
respective reactor types. Table III.8 lists (1 + a)i for the

HTR for the various feasible fissile fuel cycles; and representa-
tive (1 + eN) and (1 + a)§ values of the FBR are given in Table

IT.14. fg of the system is thus essentially determined by the

fuel cycles employed in the FBR and in the HTR.

The derivations of the above relations assume transfer of
the entire FBR global breeding gain gg to the HTR. If on account
of the FBR design only gg, the breeding gain of a specified FBR
region n, e.g., the radial blanket, is used for the breeding of
HTR fissile fuel, Equations (IV-3) to (IV-6) are rewritten:

o \Y
’n _ 5n
e} \Y
PF dz
I FBR

I I n . F

I:BRn(1-eN)(1+a)N-(1-en) 6n(1+a)n](1-VF)W§-ﬁv

} 1 .1, i HIR -

{(1 CRZ)(1 + a)z . WH + TH } (I )

where gX, Equation (I-34), has replaced gg. If the external fuel

cycle losses are again neglected, the above equation reduces to

o S

PH _ gn _ BRn S fn
—6—3——-——-—-EN—-———————-— H (IV-8)
PF z (1 - CRZ) (1 - CRZ)
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there the new factor fﬁ, defined as the FBR region-dependent fuel
cycle factor of the FBR/HTR system, is given as

FBR
F I
. £ [(1—5)6(1+a)'wp]
£S - _n _ n’ “n n N (IV-9)
n fH
z @1 + a)i . Wﬁ]HTR
The region-dependent FBR reactor parameters (1 - ¢.), Gn' and

(1 + u)i specifying fi are listed in Table II.14; they appear

to be determined by the fuel cycle employed in the FBR region n.

In the case of the radial blanket being region n, fi is governed

by the fuel cycle in the radial blanket of the FBR and the finite
fuel cycle of the HTR.

IV.2.b. The Fissile Fuel Requirements of the FBR

The requirements of a closed fissile fuel balance within the
steady-state FBR/HTR system presuppose fissile fuel self-supply
of the FBR. This was indirectly assumed for the derivations of
Equations (IV-3) to (IV-6) since gg, the FBR global breeding gain,
was derived on this condition. However, the condition of FBR
fissile fuel self-supply must be reascertained if not gg but
only the breeding gain of one particular region n is transferred

to the HTR. Assume this region to be the radial blanket; then
v

c,ax
the sum of the breeding gains of the core and the axial

+g¥, where gz is

we know from Ecuation (I-23) that gz = g ax
14

blanket, and gz the gain of the radial blanket. For the con-

dition of FBR self-supply to be satisfied, gz ax > 0, implying
that gz < gz. This in turn places certain requirements on
BRc ax which are to be addressed briefly.

If the U238/Pu239 cycle is selected as fuel cycle of the
core and axial blanket regions and the Th232/U233 cycle for the
radial blanket (see Table IV.1), the FBR fissile fuel self-
supply is assured if enough Pu239 is bred in the core and the
axial blanket. This requires that the following relationship is

satisfied:
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Table IV.1. Fuel cycles in the FBR reactor zones.

For FBR self-supply For fuel transfer to HTR

Reactor
region Core, axial blanket Radial blanket
Fuel cycle U238/Pu Th232/U233

KRPu _ (Pu produced) c,ax -
(Pu consumed) c,ax

1.0 . (IV-10)

Here KRPu is defined as the plutonium conversion ratio, i.e.
the ratio of the plutonium produced in the core and the axial
blanket to that consumed in the two regions. 1In terms of

reaction rates, this can be written as

P cg + Cix cs ax
KR © = KR_ __ = < === =10 . (IV=-11)
-4 A~ + A A
c ax c,ax
The FBR region conversion ratio KRn has been defined by
Equation (I-11). Using the definition of the region breeding
ratio BRn’ Equation (I-9), one can easily show that the
relationship between KR and BR is given by
c,ax c,ax
Ai Pu
KRc,ax = BRc,ax 1 + i = KR , (IV-12)
c,ax

Ar and Ag ax being the respective reaction rates of fissile
’

absorption in the radial blanket region and the sum of the

core and axial blanket regions. Since KRC ax = KRPu then
4
KRC ax = 1.0. This latter condition, reflecting Pu self-supply,
’ .
can be assured even if BRC ax is less than 1.0, provided the ratio
4

of the absorption rates in Equation (IV-12)is larger than zero.
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Table IV.2. Ratio of fissile absorption rates in the radial

blanket AE and in the core and axial blanket Ai ax’
14

as a function of the radial blanket residence time.

I, 1 Radial blanket residence time (days)
A~ /A * '

r’ ¢, ax 0 292 511 876 1186
UO, blanket 0.006 0.029 0.048 0.075 0.098
ThO, blanket 0 0.026 0.049 0.085 0.113
Th™ blanket o 0.020 0.040 0.069 0.094

*See Table III.A.1.

This is usually the case since Ai > 0, except for fresh blankets,

having accumulated no fissile fuel.

. . 2
Table IV.2 lists the ratio of the fissile absorption rates

cIax for the FBR assessed in Chapter II, for the UOZ’ ThOz,
14

AL/A
and Th™ blankets, as a function of the blanket residence time.
Varying between 0.05 and 0.07 in equilibrium burnup condition,
the ratio of 0.06 is taken as representative and substituted

into Equation (IV=-12). Plutonium self-supply, i.e., KRPu =

= 1.0 = KR is thus assured if BR = 0.94,

c,ax’ c,ax

The above considerations neglect the fissile fuel losses
incurred in the FBR external fuel cycle. If VF + O} the fissile
fuel inventory and the residence time of the fuel in the core and
the axial blanket take on importance. Compensation of these
losses recguires an increase in BR . The relevant equation

c,ax
for BRc ax’ derived in Appendix IV.A, is given as

’

VF Cc,ax InVF c,ax T
+ (1 - )6_(1 + o)
(1 - VF)Wg n T n n-n n
BRc ax T )
! (1 = e) (1 + a)y
(IV-13)
zAi/AE ax depends on the H/D ratio of the FBR core design. The
14

absorption rate ratio is smaller for flat cores with small H/D
than for cores with high H/D (e.g. gas-cooled breeders).
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Figure IV.1. BRc ax 2S5 @ function of fissile plutonium losses
in éhe excore cycle (reprocessing and fabrication),
sustaining KRPu = 1.0 in the absence of fissile
fuel from the FBR radial blanket. See Equation
(IV-13).

The sensitivity of the loss rate VF to BRc ax becomes evident

’

(Figure IV.1) if one substitutes into the equation IC and TC
values typical of a current oxide-fueled LMFBR (Schroder and
Wagner 1975). For V' = O, BR, . = 0.92. However, if

VF = 5%, BRc ax must be increased to 1.0 in order to assure

’

fissile self-supply of the FBR. Self-sufficiency of the FBRs
in an FBR/HTR system can therefore be assured with FBRs whose
BRc,ax is less than 1.0, provided the losses in the external
fuel cycle are correspondingly small.
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IV.3. DETERMINATION OF THE FUEL CYCLE LOGISTICS OF A SYMBIOTIC
FBR/HTR REACTOR SYSTEM
The relations developed in the previous section are parti-
cularly suitable for determining the optimal fuel cycle logistics
of a symbiotic FBR/HTR system,

A self-sufficient FBR/HTR system must generate or breed its
own fissile fuel, This requirement limits the system, if imple-
mented on a large scale, to the two fissile isotopes U233 and
Pu239, since they are the only ones for which sufficient fertile
fuel--Th232 and U238--is available3.

Table IV.3 lists the four possible combinations of U233 and
Pu239 fissile fuel utilization in the two reactor types. In
two cases the HTR is supplied with Pu239 and in two with U233,
employing either fissile fuel cycles F or A, as discussed in
Chapter III. It is assumed for all four cases that the
fissile fuel for the HTR is bred as surplus in the radial
blanket region of the FBR, whose core and axial blanket regions

are self-sufficient.

In the FBR/HTR system using the fuel cycle designated uranti-
um cyele /U/ in Table IV.3, both FBR and HTR utilize exclusively
U238/Pu239 as fuel. The HTR obtains its fissile fuel in the form
of Pu239 from the FBR, where all regions are fueled with fertile
isotope U238. U238 is also the fertile fuel of the HTR.

Thorium cycle /Th/ relies exclusively on Th232/U233 as
fuel. The FBR transfers U233 to the HTR, and the fertile fuel
of either reactor is Th232.

In the case of the mixed cyecle /U-Th/, both Th232/U233 and
U238/Pu239 are utilized. There are two possible combinations of
fuel transfer, mixed cycles A and B (Table IV.3). 1In A, U238/
Pu239 is utilized in the core and axial blanket regions of the
FBR, breeding U233 as surplus in the radial blanket, which in
turn is transferred to the HTR. The fertile fuel in the FBR

3
U235 cannot be considered as a fissile isotope for the closed

system since the fertile fuel U234 needed is not available in
nature in abundant guantities.
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radial blanket and in the HTR is Th232. 1In the case of mixed

cycle B, Th232/0233 is the fuel employed in the core and axial
blanket regions of the FBR. The radial blanket breeds excess

Pu239 that is transferred to the HTR. The fertile fuel in the
FBR radial. blanket and in the HTR is U238.

Two of the four possible combinations can be eliminated
for the reasons put forward in Chapter II against Th232 utili-
zation in the FBR core region. This leaves uranium cycle /U/
and /Th-U/ mixed cycle A as the only viable fuel cycle options
for the symbiotic FBR/HTR system. (Mixed cycle A will from now
on simply be referred to as mixed cycle /U-Th/.)

Which of the two cycles, /U/ or /U-Th/, is then to be pre-
ferred as fuel cycle of the FBR/HTR system?

The fuel cycle with the most favorable fissile fuel utili-
zation for the FBR/HTR system can be determined with Equations
(IV-5) or (IV-8), describing the HTR-to-~-FBR thermal power ratio.
A large ratio implies that a relatively small number of FBRs
can supply many HTRs with fissile fuel; in the case of a smaller
ratio more FBRs are needed. A large power ratio is therefore

indicative of good fuel utilization.

Equation (IV-5) assumes no excore fuel cycle losses, i.e.
VF = Q0 = VH, as well as transfer of the entire FBR breeding gain.
IN to the HTR. 1If, for the time being, one assumes that the
global breeding gain can be ascribed to the FBR radial blanket
region, i.e. Iy =Sg , then the HTR-FBR pgwer ratio achievable
is determlned by f CRz’ and BRN’ with fN being the ratio of
fg to f

fS is solely determined by the fuel cyles employed in the
g, and fg for the two
viable fuel cycles of the FBR/HTR system are listed in Table
IV.4. The evaluation of fg and fz is based on the assessments

twe types of reactors. The values of fg, b

in Chapters II and IIIu. As can be observed, fg of the FBR differs
4
For the FBR investigated in Chapter II, condition g_ = g
is not met (Table II.1l4). Thus the fEF values given for ©
the thorium blanket cases do not exactly correspond to the f
values needed for Equation (IV-5). Since the f§ values N

differ only insignificantly between the UO, blanket case
and the thorium blanket cases, the error introduced is
negligible, however. '
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only negligibly between the two thorium blanket cases (/U-Th/
system cycle) and the UO2 blanket case (/U/ system cycle): it
is larger by 0.17% for the ThO2 blanket, and smaller by 1.05%
for the Th™ blanket, than in the /U/ cycle. On the other hand,
f? of the HTR decreases from 1.646 for the /U/ cycle to 1.190
for the /U-Th/ cycle, or by 27.7%. The primary impact on fg
(0.649 for the /U/ cycle and 0.899 or 0.888 for the /U-Th/ cycle)
can therefore be ascribed to the large change in fg from the
uranium to the thorium cycle in the HTR. This is reflected by
the large difference in the (1 + a)z values of U233 and Pu239

in the thermal neutron spectrum of the HTR.

The other two parameters to be determined are BRN and CRZ.
The conversion ratio CRz of the HTR has been shown (Chapter III)
to be determined by essentially two parameters, the tissile fuel
cycle and the fuel burnup. The conversion ratios of the relevant
fissile fuel cycles A and F (Table III.1l) have been shown con-

clusively to range between 0.55 and 0.93, depending on the
burnup of discharged fuel.

The range of BRN of the FBR and the determining parameters
are more difficult to quantify. The fuel cycle in the FBR core
must be U238/Pu239, as was rationalized in Section II.9.b; the

discussion also indicated that the fuel burnup does not have
any significant influence on BRN’ compared with its effect on
CRZ in the HTR. The parameters largely affecting BRN are re-
actor design (e.g. homogeneous or heterogeneous FBR), type of
fuel material employed (e.g. oxide or carbide fuel), type of
coolant (i.e. Na or He), and the behavior of the fuel under
burnup condition (i.e. large structural steel volume fraction
and/or low linear rod power). The range of BR and its parametric
dependence on these various parameters cannot be stated as com-
prehensively and conclusively as for CR of the HTR. Table IV.5
therefore lists BRN and BRr of several current 1-GW(e) FBRs.
The global breeding ratio varies between 1.20-1.40, and the
radial breeding ratio between 0.20-0.32. These values can be

assumed to represent BRN and BRr ranges of typical FBR designs.

The HTR-FBR power ratio for the /U/ and /U-Th/ cycles can now
be estimated by substituting the appropriate f; values in Table
IV.4 into Equation (IV-5), vielding the following set of equations:
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Table IV.5. Conversion ratios and feasible breeding ratios of
HTRs and FBRs in the FBR/HTR system.

HTR

Fissile CR Burnup r ange

fuel (GWd/ t)°

cycle*

A 0.71 - 0.93 110 - 20

F 0.55 - 0.75 110 - 20
FBR
* %

LMFBR BRN BRr
Oxide, homogeneous 1.20 0.25
Oxide, heterogeneous 1.35 0.25
Carbide, homogeneous 1.35 0.25

GCFBR**

Oxide, homogeneous 1.40 0.32

*See Table III.1 for nomenclature.
**1000 MW(e) class, U238/Pu239 fuel cycle in the core region.

For the uranium cycle /U/:

O
p
(BRy - 1) = 1.55 —I; (1 = CRy) (IV-14)

Pr

for 0.55 < CRF < 0.75.

For the mixed cyecle /U-Th/:
(BRN - 1) = 1.118 — (1 - CRA) ’

for 0.75 < CRy < 0.95 and gy = Ip-

Figures IV.2 and IV.3 are graphical representations of these
equation, the abscissa being given in terms of the conversion
ratio CR and the corresponding fuel burnup of the HTR. Com-
parison of the two figures allows one to conclude that
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Figure IV.4. Power ratio of HTRs supplied with U233 as fissile
fuel to HTRs supplied with Pu239 in a symbiotic
FBR/HTR system,

-- Considerably higher HTR-to-FBR power ratios can be
attained if the FBR/HTR system uses mixed cycle /U-Th/
instead of the /U/ cycle, i.e., fewer FBRs are

necessary to maintain a certain HTR power base.

-— The HTR burnup is the most viable means of controlling
the power ratio, or the fuel utilization in the
FBR/HTR system.

The question of the relative advantage of the mixed cycle
over the uranium cycle is resolved conclusively in Figure IV.4.
- It compares the HTR-FBR power ratio in the /U-Th/ cycle to
that of the /U/ cycle as a function of HTR fuel burnup. At
high HTR burnups of 100 GWd/t, about 2.2 times more HTRs can
be supplied with fissile fuel if the /U~Th/ system fuel cycle
is used instead of the /U/ cycle; the factor increases to 4 as
the HTR burnup decreases to about 30,000 MWd/t. This large
differential in the HTR-FBR power ratios attainable clearly
demonstrates the superiority of the mixed /U-Th/ cycle over
the /U/ cycle for an FBR/HTR reactor system.
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For a given ratio of HTRs to FBRs in the asymptotic phase,
determined, for example, by specified process heat and electricity
demands, any set of (BRN, CR) values along the fixed parametric
lines of Pg/Pg (Figure IV.2) assures a closed fissile fuel bal-
ance between the two types of reactors. In the case of an HTR-
FBR power ratio of 1.0 and an FBR with a BRN of 1.15, a closed
fissile fuel balance is obtained if the HTR fuel burnup is about
L0 GWwd/t, corresponding to a canversion ratio CRA of 0.89. For
a more recent FBR design with BRN = 1.33, HTRs with CRA = 0.79
would be adequate. The criteria for an appropriate set of
(BRN, CR) in the asymptotic phase most likely depend on the fast
breeder reactor types available at the time and on the prevailing
economic conditions. The maximum HTR-FBR power ratio attainable
is estimated to lie between 4 and 5, given an FBR with BRN = 1.40
and an HTR burnup of less than 30 GWd/t. This, of course, assumes
utilization of the /U-Th/ cycle. The corresponding maximum HTR-~
FBR ratio of the /U/ cycle would be 0.9.

The above considerations assume that the global breeding gain
InN is transferred to the HTR and that Equation (IV-5) is applicable,
based on the assumption that 9y = 9y for the /U-Th/ cycle. Let us
now assume transfer of only the radial breeding gain 9. and an FBR
with gr< In® In this case gc,ax > 0, and an excess of Pu239 is
bred in the core and the axial blanket (as in the FBR in Chapter II).
Then Equation (IV-8) applies. Representative fi values from
Chapter II are reproduced in Table IV.6. Comparing them one can
deduce that fz is largely determined by a given FBR desiqgn, i.e.
the relative importance of the radial blanket, and only marginally

by the fuel cycle used in the radial blanket.

Substituting these fi and the fg values (Table IV.4) for
the thorium blanket cases into Equation (IV-8), one obtains
for the FBR analysed in Chapter II HTR-FBR power ratios of
0.924 for the ThO2 and 1.030 for the Th™ blanket, assuming
CR, = 0.85.° The transfer of radial-blanket Pu239 leads to
a ratio of 0.222 for the uo, blanket, given CRF = 0.65. Thus
the Th™ blanket supports a 11% larger HTR power base than the
002 blanket, while the HTR power base in the case of the UO2
blanket is only about 20-25% of that provided by FBRs with

thorium blankets.
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The radial blanket fuel cycle factor fi of the FBR.

Symbiotic Radial .
FBR system blanket FBR
fuel cycle fuel F I

material fr U—er) H+a)r Sr Wg BRr
Uranium U02 0.072 C.755 1.370 0.0647 1.071 0.231
/u/
Mixed cycle ThOz 0.079 0.937 1.132 0.0697 1.070 0.242

-

/0-Th/ h"™ 0.064 0.917 1.107 0.0593 1.070 0.246

*See Table II.14

This again shows that the mized /U-Th/ cycle as specified
in Table IV.3 is the optimal fuel cycle for the symbiotic
FBR/HTR system.

Small amounts of fertile fuel are fequired to sustain the
system. The amounts of U238 and Th232 needed are about equiv-
alent to the amounts converted to fissile fuel in the reactors.
This is approximately one ton each of U238 and Th232 per GW(e)yr,
e.g. ~ 100 t/yr of each for either reactor type in an FBR/HTR
system consisting of a 100-GW(e) FBR and a 250-GW(th) HTR.

5For a UO2 blanket and CRF ~ 0.65:
PR 0.231 7
“H _ o. _ 0.072 _
-6 ~ T-0.65 ©0:649 - 7555 = 0.222
F
For ThO2 blanket and CRA = 0.85:
PO
“H _ 0.242 0.079 _
0 ~ T-0.85 ©-89% -~ 15 g5 = 0.924
P
For Th™ blanket and CRA * 0.85:
Py 246 0.064
36 T T-0.85 ©-888 - 75Tz = 1.030
P
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Figure IV.5. Fissile and fertile isotope flows between FBRs

and HTRs of a symbiotic FBR/HTR system.

Assuming Th232 and U238 resources to be on the order of ten
million tons each, this particular FBR/HTR system would have

sufficient fuel for 10 x 106 tons/100 tons per year, or for
105 years.

The fissile and fertile fuel flows within such a self-

sustaining reactor system of FBRs and HTRs are schematized in
Figure IV.S5.

Inclusion of excore fissile fuel losses, neglected above,
will not significantly alter the above conclusions.

IV.4. THE EXPANDING FBR/HTR REACTOR SYSTEM

The relations developed in Section IV.3 apply to a nonex-
panding FBR/HTR system in the steady state. This restriction
is now relaxed in that the total power of the system Ps(t) is
allowed to increase while the distribution between FBR and HTR
remains unchanged, that is, the power ratio of HTR to FBR,

remains constant. The system is assumed to utilize the mixed
cycle /U-Th/ described above.
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In an expanding FBR/HTR system, the FBR must, in addition
to the continuous fissile fuel demand dX of the HTR, supply the
first core inventories of newly added FBRs and HTRs. Since the
fissile inventory of the FBR in the /U-Th/ cycle is Pu239 and
that of the HTR U233, the FBR breeding gain g¥ must in this case
provide both fissile isotopes. g¥ is therefore separated into a
Pu and U233 breeding gain components, such that

v Pu U3 (IV-15)

Of interest here is the rate of expansion or growth rate 0g

of the FBR/HTR system. oag is derived in Appendix IV.C.

PO

v F \

9y * Lp 20 = dy - Ly

ag = H , (IV-16)

PO
8y F E
7 20
H

where Ig and Ig represent the respective HTR and FBR fissile fuel
cycle inventories, LH and LF the corresponding load factors, and
P?/Pg the constant FBR-to-HTR power fraction. Iy and dA are
given by Equations (I-33) and (I-37). The distribution between

g and g can be determined by the relation

OLIF
gl = 32 . (IV-17)
F
If the losses VH = VF = 0, and the appropriate parameters for INn

and dA from Chapters II and III (Tables II.14 and III.8) are
substituted into Equation (IV-16), the growth rate g of the
FBR/HTR system can be written as
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o]
PF
o = 4 H . (IV-18)
S Po
o+t £
Z VA p°
H

Og is plotted in Figures IV.6 and IV.7 as a function of (BRN -~ 1);

o

the parameters are the P /Pg ratio and the FBR fuel cycle in-

F
ventory IF, or the P?/Pﬁ ratio and the HTR conversion ratio CRA.

The doubling time of the FBR/HTR system was assumed to be re-
presented by Tg = ln2/as.

Figure IV.6 illustrates the influence of the FBR fuel cycle

inventory Ig on ag of TS. The HTR parameters Ig and CRA are

fixed at 3.0 t of U233 per GW(e) and 0.85. The power ratios

P?/PE of interest were chosen to be 1.0 and 2.0, and the ranges

of FBR inventory as 5.0 t, 3.75 t, and 2.5 t of Puflss per GW(e).

If (BRN - 1) is assumed to be predetermined, the influence

of Ig on a, for a fixed power ratio is clearly noticeable.

S
Large IF imply small growth rates or long system doubling

Z
. - - o o = .
times. For (BRN 1) 0.30 and PF/PH 1.0, ag increases frgm

1.75%/yr to 2.5%/yr for a transition from a large inventory I, =
5.0 to 2.5 t/GW(e) Pu’'®S, an increase of 43% in ag. Doubling

time TS decreases correspondingly, from 39.6 years to 27.7 years.

For the larger P%/Pg ratio of 2.0, a. increases from 3.5%/yr to

S
5.7%/yr for the corresponding Ig values.

The respective influence of BRN and Ig on o, can be illus-

S

trated if 0g is held constant. Thus, if ag is assumed 3%/yr
O /p0 _ : _ F _

and PF/PH = 1.0, an FBR with BRN = 1.40 and IZ = 5.0 has the

same rate of expansion as an FBR with BRN = 1.33 and Ig = 2.5.

The significant influence of the HTR conversion ratio CR,
or of the HTR fuel burnup is demonstrated by Figure IV.7. 1If, e.g.,
the FBR and HTR inventories are fixed at 3.75 t/GW(e) Pufiss
3.0 t/GW(e) U233, respectively, given an FBR breeding ratio BRN

of 1.30, doubling time T

and

S of the system can be shortened from
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RN and fissile

conversion ratio CR on growth rate ag and

fuel inventory Ig on growth rate Og and doubling
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doubling time TS of the FBR/HTR system for
various FBR-HTR power ratios and V = O

(mixed fuel cycle /U-Th/.

= 0 (mixed fuel cycle

HTR power ratios and V

/U-Th/).
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140 to 24 years if CR, is increased from 0.76 to 0.92 by re-
duction of the burnup from 100 to about 20 GWd/t. The influence

of CRA slightly decreases with a larger FBR-HTR power ratio.

These results illustrate that an FBR of éppropriate design
can, in conjunction with the more flexible operational mode of the
HTR, assure a sustained expansion of the FBR/HTR system. For
the currently designed oxide LMFBRs with BRy = 1.18 and Ig =
3.75 t/GW(e) Pufiss, a'doubling time Tg of less than 30 years
can only be achieved if the FBR-HTR power ratio is no less than
2.0 and the HTR conversion ratio CRA at least 0.85.

IV.5. SUMMARY OF CHAPTER IV

It has been shown in this chapter that the fissile fuel
cycle most favorable to a symbiotic FBR/HTR reactor system is a
combination utilizing both the uranium and the thorium fuel
cycles. A mizxed FBR/HTR system fuel cycle /U-Th/ has been
shown to have a significantly superior fissile fuel utilization
(by a factor 2 to 4, determined by the HTR fuel burnup) than the
uranium cycle /U/.

In the uranium cycle /U/, FBR and HTR would exclusively rely
on the U238/Pu239 fertile/fissile fuel cycle. 1In the mixed cycle
/U-Th/, on the other hand, the U238/Pu239 cycle is used in the
core and axial blanket regions of the FBR, and the Th232/0233 cycle
in the HTR and in the FBR radial blanket. Exclusive reliance on
the Th232/U233 cycle in both the FBR and the HTR is not a
viable option since the FBR must utilize the U238/Pu239 cycle
in the core region in order to maintain a breeding ratio BRN

above 1.0 (see discussion in Chapter II).

" In a symbiotic FBR/HTR system with no growth, i.e. in
steady-state condition, the fissile inventories of FBRband HTR
have no particular impact. On the basis of either a high FBR
breeding ratio or a relatively low HTR burnup, one FBR can supply
up to three HTRs of equal thermal power with sufficient fissile
fuel (U233).

In an expanding FBR/HTR system, growth rates of up to 5%/yr

are achievable if both reactor types are designed appropriately,
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i.e. for a relatively low fissile inventory and a relatively

low medium breeding ratio of the FBR, and/or for a low HTR burnup.
The size of the fissile inventories is of considerable importance

in an expanding system. Reactor strategically speaking, however,

FBRs with low inventories and medium breeding ratios are pre-

ferable over FBRs with high breeding ratios and high inventories.

The Th232 and U238 fertile isotopes necessary to fuel the
symbiotic FBR/HTR system are available in abundant quantities,
in order to sustain such a reactor system for many centuries.
For example, a system consisting of one hundred GW(e) FBRs and
two hundred and fifty GW(th) HTRs could be sustained for about
100,000 years, or a system ten times as large for about 10,000
years, under the assumption that Th232 and U238 resources in
the order of ten million tons each are available.

What values or set of values will ultimately be selected

H
for the parameter set (BRN, BRr’ CR, IZ’

of all, on the technological evolution of FBRs and HTRs and,

and Ig) depends, first

secondly, on the optimization criteria relevant at the time
when the asymtotic phase is reached and FBRs and HTRs begin
to function as a symbiotic, self-sustaining, reactor system.
The constraints imposed on the set of values will most likely
be a combination of technological limitations as well as
economic and political considerations impossible to foresee

today.

All the above considerations intrinsically assume the
availability of both thorium and uranium fuel reprocessing
and fabrication facilities. Without these facilities, the

proposed FBR/HTR system could not be self-sustaining.
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CHAPTER V. THE U3O8 DEMAND OF VARIOUS REACTOR

STRATEGY SCENARIOS

V.1. Introductiomn

Chapters II to IV have shown that the use of thorium in the
FBR is motivated primarily by fuel logistic considerations,
relevant to a symbiotic FBR/HTR reactor system, rather than by
breeder-specific reasons. It was demonstrated in Chapter IV that,
for this particular reactor system, breeding U233 as surplus
fissile fuel in the FBR radial blanket is clearly advantageous
over the breeding of Pu239.

The assessment in that chapter concentrated on the fuel
logistics of an asymptotic, basically nonexpanding, reactor system.
This chapter deals with the fuel logistics of the transition
period, a time phase of 40-560 years in which nuclear power replaces
fossil fuels, serving as a major energy source. This transition
period is assumed to be characterized by the deployment of three
reactor types, namely LWRs, HTRs, and FBRs. The focus is on the
question of optimal fuel logistics of this reactor system, with
minimum uranium resource (U308) demands as optimization criterion.
Of primary interest is an assessment of the most important
parameters governing this uranium ore demand. One such parameter
is the point in time at which it will become advantageous to
employ thorium in the FBR radial blanket breeding excess U233
instead of plutonium.

Relevant statements in this context can only be made on the
basis of hypothetical scenarios extending over a time horizon that
covers the introduction as well as the market penetration of both
FBRs and HTRs. Such an assessment requires a reactor strategy
model reflecting the most likely developmént of reactor technology
in the coming decades, and the expansion and establishment of

nuclear energy over a period of approximately 40-60 years.
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Before the model is discussed, some qualitative remarks regarding
such analyses are in order.

Any assessment extending over several decades into the
future is necessarily based on a number of underlying assumptions
that inherently influence the results of the analysis.

On the one hand, there are assumptions reflecting fairly
accurately the present state of the art; then there are
conjectures, which are considered reasonable, about the most
likely technological evolution of certain advanced reactor types
and their time of large-scale commercial introduction.

On the other hand, there are assumptions that extend so far
into the future and that, by their very nature, are so uncertain
that their influence must be reassessed periodically. One such
assunmption, for example, is the future energy demand.

The results of such analyses are, therefore, determined by
the plausibility of the model chosen and the underlying
assumptions. This makes it seem prudent to discuss the results
more in qualitative rather than guantitative terms. Placing the
proper emphasis is sometimes difficult, however, especially if
the results of such an assessment must serve as the basis of
recommendations for long-term policies.

Since, like in this case, no other methodology is available
for assessing the long-term influence of certain reactor types
and the interrelationship between relevant parameters determining
the future uranium demand, the judgments and recommendations that
are based on such results should be carefully balanced in the
light of both qualitative and quantitative arguments, especially
as regards the continued development of advanced FBR and HTR
reactor types.

The following considerations are based on the reactor
strategy model initially proposed by H4fele and Schikorr (1973).
Its underlying reactor strategy is the LWR/FBR//HTR scenario
discussed in more detail later in this chapter. An extended

version of this model has been used as a basis for reactor

strategy calculations, performed in particular to assess the

impact of the time of introduction and large-scale deployment
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of various fast breeder reactor designs on future uranium demand
in the F.R.G. and the DeBeNeLux countries (Schr8der and Wagner
1975; Schikorr 1974, 1975a, 1975bh).

In the present investigation alternative reactor strategy
scenarios are also considered, providing a basis of comparison
for the reference LWR/FBR//HTR scenario. Two different
scenarios are of particular interest: in one the future
development of nuclear power relies primarily on today's LWR
technology; the other assumes heavy reliance on a future large-
scale deployment of HTRs. FBR deployment is assumed for neither
scenario. The parameter of interest in this comparison is the
total uranium ore requirement or commitment associated with a
given scenario, since the world's economically viable uranium
resources seem to be finite, limited to amounts below the

anticipated needs, and confined to a few geographic regions.

The first few sections of this chapter concentrate on the
fissile fuel logistics and the main parameters of the LWR/FBR//HTR
scenario in the transition phase. A comparison of U308 demands

for the various strategy scenarios follows in Section V.6.

In general, a number of parameters are of significance for
reactor strategy analyses\of this kind. Accordingly, it is not
the aim of this assessment to examine each parameter in detail
but to concentrate on the most important variables. The guestion
of breeding U233 or Pu in the FBR is assessed within this context.
Numerical sample calculations in Section V.5 illustrate these
breeding alternatives for a given nuclear energy demand forecast
for the DeBeNeLux countries.

For the purposes of this investigation, an extensive reactor
strategy computer code has been developed (Jansen, Schikorr, and
Seele 1976) taking detailed account of the fissile fuel flows,

1 . .

Qosts are not_dlsgussed-ln this assessment; they were considered
1n the investigations by Hifele and Manne (1974) and Schikorr
and Rogner (1975).
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mass balances, delay times, etc., of the in- and excore fuel

cycles of all the reactor types considered.

V.2. The Reactor Strategy Model for
an LWR/FBR//HTR Scenario
The reactor strategy model proposed by Schikorr and Hdfele
attempts to account for the current state of technological de-
velopment and the probable future evolution of nuclear energy on
the basis of the growing scarcity of petroleum and natural gas
and the restricted geographic availability of limited uranium

ore (U308) resources.

V.2.a. Assumptions Underlying the LWR/FBR//HTR Scenario

The reactor strategy model for an LWR/FBR//HTR scenario is

based on the following set of assumptions:

-- Nuclear power undergoes a phase of reasonable growth in
the next few decades, i.e. transition phase.

-- Within the next U40-60 years, this transition phase merges
into a saturation or asymptotic phase, in which the
further growth of nuclear power is restrained.

-~ The reactor types employed initially in the transition
phase are LWRs, being gradually replaced by FBRs and
HTRs.

-— Commercial FBRs and HTRs are introduced approximately
20-30 years after commercialization of LWRs.

-- FBRs and HTRs are both introduced at about the same time.

It appears reasonable to partition the future nuclear energy
requirement into sectors of nuclear electricity demand and
process heat demand. The reactor types considered are assumed
to be utilized in a given sector, depending on their best po-

tential and most suitable application:

-~ LWRs and FBRs meet future nuclear electricity demands,

and HTRs process heat requirements2

2 . D . -
HTRs can, in principle, also be used in the electricity sector;
this would not alter the results described in this chapter.
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-- Deployment of LWR/FBRs and HTRs is governed by specified
forecasts of nuclear electricity and nuclear process

heat demands.

These concepts are schematically illustrated in Figure V.1.

The introduction dates of FBRs and HTRs are designated t_ and tH'

Pne(t) and Pnp(t) are specified nuclear electricity and zrocess
heat demand forecast curves; PL(t) and PF(t) are the respective
installed capacities of LWRs and FBRs. Process heat demand is

met by two types of HTRs, designated H5-HTRs and H3-HTRs, uti-

lizing either U235 or FBR-supplied U233 as fissile fuel makeup.
The installed HTR capacities are given as PHS(t) and PH3(t),

respectively, such that

P (t)

V-1
np PL(t) + PF(t) , ( )

P (t) (t) . (V-2)

np

PH3(t) + PHS

V.2.b. Uranium Ore as Optimization Criterion

Given a minimum demand for U308 as optimization criterion,
the LWR/FBR//HTR system of the transition phase converges into
an FBR/HTR reactor system, since the FBR/HTR system has been
shown to require no U308’ as discussed in Chapter IV. The total
uranium ore demand in this reactor scenario is thus limited to
the transition phase. In analogy to the critical mass of a
reactor, this finite 0308 demand of the transition phase can be
referred to as the critical U308 requirement associated with
the establishment of the asymptotic FBR/HTR reactor system.

This requirement is determined by a number of parameters, among
which is the point in time when FBRs begin to breed U233 fissile

fuel surplus in the radial blanket.

In Figure V.1a, the transition phase is divided into three
distinct time phases for the nuclear electrical energy sector.
Phase I is described solely by an increase in LWR capacity from

time O (1970) to tF' the introduction of the FBR. Phase II is

considered the time interval between t_ and tm, the point in

F
time of maximum LWR capacity. Phase III is characterized by a
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decreasing LWR capacity. Among them, Phase II, the breeder intro-
duction phase, is of particular significance since the demand
for uranium over the entire transition phase is, to a large extent,

predetermined during Phase II.

The uranium demand is determined by the LWRs and the H5-

HTRs both requiring U235 (and thus U308) as fissile fuel makeup.

The total U3O8 requirements for the transition phase are finite,

since LWRs are replaced by FBRs for electricity production and
H5-HTRs by U233-consuming H3-HTRs for process heat. The total

uranium ore requirement Eq is therefore given by

[o )

ET = EL + EHS =9, PL(t)dt + eHSf PHS(t)dt ,  (V=3)
1970 tH

where e. and e requirements of LWRs and

L H5 8

are the annual U30
H5-HTRs, respectively3. Being relatively fixed by the reactor

design, eL and eH5

true especially for H5-HTRs in the case of the nonrecycle

can be influenced only marginally (this holds

thorium cycle--fissile fuel cycle C, Table III.l1--see discussion
in Chapter III). Therefore, the total uranium demand ET can
only be influenced effectively by the two power integrals in
Equation (V-3), i.e. the LWR capacity P, (t) after FBR intro-
duction, governed by PF(t), and HTR capacity PHS(t)' governed
by PH3(t). Both PF(t) and PH3
fuel logistics between LWR and FBR and between FBR and HTR.

(t) in turn depend on the fissile

Since, in general, e > eH5 (eL/eH5 ~ 2 - 3 for the HTR

thorium cycle, fissile fuel cycle B), the LWR power integral

assumes considerably greater importance than the P 5 integral.

H

3Since integration is over the entire time span of LWR and H5
capacity, the first-core inventory requirements of LWR and HTR
can be neglected here. The LWRs and HS5s newly constructed in

the growth phase have such ore requirements. The LWRs and

H5s being phased out in Phase III, however, release a large
portion of their first-core requirements (approximately 60% in
the case of the LWR, 50-80% in the case of the HS5, depending on
burnup). 1In addition, the first-core requirement is only approx-
imately 10-20% of the total requirement calculated over the life-
time of an LWR.
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(This changes as the ratio eL/eHs approaches unity). The priority
is thus clearly to optimize first the LWR/FBR fuel logistic and

thereafter the FBR/HTR fuel logistic.

V.3. The Fissile Fuel Logistics Between LWRs,
FBRs, and HTRs During the Transition
Phase of the LWR/FBR//HTR Scenario
As indicated earlier, the total uranium demand of the LWR/
FBR//HTR scenario is largely determined by the fissile fuel
logistics between LWR, FBR, and HTR.

Regarding the LWR and FBR fuel cycles, the following assump-

tions are made:

-- The LWR utilizes the low enriched U235/U238 fuel cycle,
i.e. it requires U235 as fissile makeup and thus U308'

-- The FBR employs the U238/Pu239 fuel cycle in the core
and axial blanket regions to assure breeding ratios
above 1.0. The fertile fuel in the radial blanket is
either U238 or Th232, depending on the particular fis-
sile fuel requirements of the LWR/FBR and FBR/HTR
fissile fuel logistics.

-- The Pu generated in the LWRs is transferred to the FBRs
to be utilized as first core inventory. This assumes
reprocessing of the spent LWR fuel.

-- The HTR utilizes the higly enriched thorium cycle (see
Chapter III). As long as no U233 is supplied by the
FBRs, the HTR employs either fissile fuel cycle C (no
U233 reprocessing) or fissile fuel cycle B (U233 re-
processing), as discussed in Chapter III. Each of the
two cycles has a demand for U235 makeup. When excess
U233 from the FBRs becomes available, fissile fuel
cycle A is used in the HTRs. In this case the HTRs

need no more U235, or U308‘

Utilization of the uranium cycle in the HTR is not con-
sidered for these assessments since it was shown in Chapter IV
that, in the case of fissile fuel transfer from the FBR to the
HTR, the HTR should utilize the thorium cycle. 1In addition,

there is no incentive to employ the uranium cycle in the HTR
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since the uranium ore requirement of this cycle--comparable to
that of LWRs--is considerably higher than for thorium fissile
fuel cycle B.

V.3.a. The Fissile Fuel Logistics Between LWRs and FBRs

It is assumed here that the increase in FBR capacity after
commercial introduction of the FBR at tp is determined by two

constraints:
-- availability of plutonium,
and/or

-- a maximum attainable FBR construction rate that is de-

termined by an industrial capacity constraint.

With the increase in FBR capacity after tos which is in

the following assumed to be limited only by the availability

of Puu, the rate of introduction of additional FBRs after tF is

determined by the fissile plutonium balance between LWRs and

FBRs, given by

dp_(t)
F F - Pu _
IZ 3t = aLPL(t) + 9y PF(t) ' (Vv-4)
for t 2 tF’ with
pF(t) + PL(t) = Pne(t) ;

Ig is the FBR fissile fuel cycle inventory, and ar the annual
LWR fissile plutonium production. The analytical solution for
PL(t) is given.in Appendix V.A. The parameters of importance
are Ig and ggu as well as the LWR capacity after FF' In the

phase of FBR introduction, Phase II, the predominant parameters

uConside:::ing the present delay in the development of LWR re-
processing, it can easily be argued that Pu availability will
most likely be the determining constraint. This will be so,
in particular, if LWR capacities are relatively low at the
time of FBR introduction, i.e. when the forecasts of nuclear
electricity demand are low.
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are Ig and the LWR capacity at and after t The breeding gain

takes on importance with increasing FBR cagacity. Under the
assumption of Pu transfer from the existing LWRs to FBRs, the
most important design parameter for the FBR during Phase II
clearly is the fissile fuel inventory (and not the doubling

time), as will become evident in Section V.6.

V.3.b. The Fissile Fuel Logistics Between FBRs and HTRs

As long as the FBR breeds Pu239 as fissile fuel surplus
there is no link between FBR and HTR fuel cycles. FBRs can begin
to supply U233 to HTRs as soon as Pu is no'longer needed in the
LWR/FBR sector, which is expected to happen sometime after
t = tg (see below). The construction of U233-fueled H3-HTRs is
then governed by the fissile fuel balance between FBRs and H3-HTRs

as given by

dp_ ., (t)
H3 H3 _ u3 _
I, 3 * dAPH3(t) = 9. PF(t) ' (V=-5)
where PF(t) is obtained from Equation (V-4), 123 is the fissile

fuel cycle inventory of H3-HTRs utilizing fissile fuel cycle A,

d, is the HTR fuel burnup-dependent annual U233 demand given in

A U3

Table III.8, and 9. is the radial breeding gain of the FBR

supplying U233 (see Table II.14 for the FBR investigated in

Chapter II). By solving Equation (V-5) for PH3(t) one can de-
termine PHS(t) since
PHS(t) = Pnp(t) - PH3(t)

With PL(t) and PHS(t) being known, one can use Equation (V-3)
to evaluate the total uranium demand ET‘ This system of differ-
ential equations is solved numerically in the reactor strategy

computer code referred to below.
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V.3.c. U233 Surplus Breeding in the FBR

As discussed in Appendix V.A, FBRs should breed Pu239 as
surplus fissile fuel up to the point in time when no more new
LWRs have to be introduced since enough plutonium is available in
the LWR/FBR sector (Equation V-4). According to Figure V.1, this
will be the case at the earliest when maximum LWR capacity has
been attained at t = t?. Thus FBRs should breed Pu239 during
Phase II. After tm, some FBRs can be converted to breed U233
as surplus since the then existing FBRs and LWRs will produce
sufficient plutonium ensuring a continued expansion of FBR

capacity.

Reactor-strategically speaking, TH232 should therefore be
used as fertile blanket fuel in the FBR no sooner than t?.

In Appendix V.A, the duration of Phase I1II, i.e. the time inter-

val between t_ and t™, is derived for a linear approximation of

F L'
Pne(t) = wt such that
F
m _ |:Iz.w - aL.PL(tF)] -
£® - e = (V-6)
L F Pu
g - ar
ap.-w + 7 aL.PL(tF)
1z

for t > t, and t? - tp < 20 years. The start of thorium use

in the FBR, therefore, depends on a number of parameters, most
of which cannot be specified with certainty as of today._ PL(tF)
is the LWR capacity at the time of FBR introduction, and w is
the expansion rate (construction rate) of nuclear power in the
electricity sector. Under the assumption of PL(tF) ~ 45 GW(e)
and w = 4 GW(e)/yr, Figure V.2 shows the interrelationship be-
m

tween the duration of Phase I1I, tL - tF,

inventory Ig ana breeding gain gg of the FBR. This leads one

and fissile fuel cycle

to observe the following:

-- The most important parameter in Phase II, the FBR intro-
duction phase, is the FBR fissile fuel cycle inventory

P
I, given a reasonably large value for P (tF)'
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Figure V.2. Influence of FBR breeding gain gz and IF on the

Z

time interval (tg - tF); £ corresponds to maximum

L

LWR capacity and tF to time of FBR introduction.

In Phase II, breeding gain gg has comparatively little
influence compared to that of the fuel cycle inventory,
provided g¥.> 0.15.

For large cycle inventories IF the LWR capacity reaches

ZI
its maximum 10-20 years after tF.
For small I§ the LWR capacity reaches its maximum in

less than 10 years after te-

Regarding the use of thorium in the FBR radial blanket one

can thus deduce the following:

Small Ig values generally permit an early substitution
of Th232 for U238 as radial blanket material.

The exact time of substitution depends upon a number
of parameters, see Equation (V-6), most of which

cannot be precisely specified as of today. The exact
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Table V.1. Relevant FBR parameters and their time dependent
significance after FBR introduction time tp.

Time interval Most important FBR fissile
after FBR parameter in fuel surplus
introduction LWR/FBR//HTR in the form
to * scenario of:
m F
* %

tF < t < tL + IZ Pu

m F v
t >t IZ'gN'++ Pu/U233

m \Y
t >ty IN U233

*See Figure V. 1.

**Ig = FBR fuel cycle inventory (incore and excore).

+ ti = time of maximum LWR capacity.

++ g¥ = FBR breeding gain, Equation (I-33).

U233 Procgss Heat
HTR
U235-U238
Inventory U235 Th232
Inventory Inventory Inventory
U238 | |Th232
irventory | |inventory
una Separation
Facility U235 L4
93% rr
Th 232 <lh232
U238

Udepleted

Figure V.3. Fertile and fissile fuel cycle logistics of the LWR/
FBR//HTR reactor system in the transition phase

m
after tL.
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point in time will have to be determined around time

m
LI

These observations are summarized in Table V.1. Figure V.3
shows the fertile and fissile fuel flows between LWRs, FBRs, and

g L 5
t when the then prevailing conditions are known™.

HTRs after the time of maximum LWR capacity tg.

V.4. Long-Range Reactor Strategy Calculations

For assessing the viability of the LWR/FBR//HTR strategy
scenario described, the uranium resource requirement of this
scenario should be compared to the requirements of other possible
reactor strategy scenarios. One scenario should rely predomi-
nantly on present LWR technology, and another be based on large-
scale HTR deployment. Neither of these two scenarios assume
3O demand of these

three scenarios will thus allow an effective comparison of the

any FBR deployment. A comparison of the U

long-range potential of the three reactor types: LWR, HTR,
and FBR.

The uranium requirements of the three reactor strategy
scenarios are evaluated for three different nuclear energy
forecasts for the DeBeNeLux countries, covering a broad spectrum

of possible future nuclear energy developments.

V.4.a. The Reactor Strategy Scenarios Considered: LWR/FBR//HTR,
LWR/LWR//HTR, and LWR/HTR//HTR
The following reactor strategy scenarios describe possible
nuclear power developments over the next decades. For each
scenario, process heat requirements are assumed to be supplied

exclusively by HTRs.

5 .

These arguments apply if plutonium availability rather than
construction rate capacity is the limiting constraint. In the
latter case, U233 breeding by FBRs could start already earlier,

possibly even at the time of FBR introduction tp-
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S1: LWR/FBR//HTR. This scenario corresponds to that dis-

cussed in detail in the previous section. LWRs and FBRs supply
nuclear electricity, and HTRs provide process heat. The reactor

type emphasized in this scenario is the FBR.

S2: LWR/LWR//HTR. This scenario involves no FBRs. Nuclear

electricity demand is met exclusively by LWRs, and HTRs supply
process heat. The focus is on the LWR.

S3: LWR/HTR//HTR. FBRs are not deployed. Nuclear electri-
city demand is met initially by LWRs, and these are gradually

replaced by HTRs introduced commercially in the 1990s. Supply
of process heat is by HTRs. The reactor type clearly central

to this scenario is the HTR.

V.4.b. The Reactor Strategy Computer Code

The computer code developed takes detailed account of the
fissile and fertile fuel logistics between the various reactor types

considered within a given scenario.

The code allows introduction of different designs of a given
reactor type at any specified point in time. Thus one can either
gradually replace all of the older types by newer ones, or simply
assume a mix of different types. The delay times in the excore
and incore fuel cycles as well as the corresponding mass flow
data are reproduced in detail. This code is extensively des-

cribed in Jansen, Schikorr, and Seele (1976).

V.4.c. Nuclear Energy Demand Forecasts for the DeBeNeLux
Countries

The most uncertain parameter in assessments of this kind
is the long-range nuclear energy demand forecast. For this
reason three widely differing forecasts of nuclear electricity
demand have been considered here, together with two forecasts
of nuclear process heat (see Table V.2). The three nuclear
electricity demands Pne(t) are designated /H/, /M/, and /L/.
/H/ represents a very optimistic, /M/ a more realistic, and
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Table V.2. Nuclear energy demand projections for LWRs/FBRs
(electricity demand) and HTRs (process heat demand).
for the DeBeNelux countries.

Pne(t) for LWR/FBR (GW(e))

Year
Forecast 1970 1980 1990 2000 2010 2020 2030 2040

/H/ 0 28 118 240 4oé6 560 684 755
/M/ 0 28 91 174 227 227 309 337
/L/ 0 28 60 80 91 98 103 107

Pnp(t) for HTR (GW(th))

Year
Forecast 1970 1980 1990 2000 2010 2020 2030 2040

/P1/ 0 0 10 47 92 142 165 182
/P2/ 0 0 13 75 145 215 260 290

/L/ a low demand. The HTR process heat forecasts Pnp(t) given
as /P1/ and /P2/ represent estimates of future high-temperature

process heat requirements (Schrdder and Wagner 1975).

V.4.d. Reactor Data for LWR, FBR, and HTR

Since it is not yet possible to specify all the design
characteristics of the reactor types under consideration, espe-
cially those of FBRs and HTRs, some of the relevant data are

parameterized over a wide range of possible reactor designs.

FBR Data. The designs of present oxide-fueled LMFBRs are
rather conservative, with breeding ratios of about BRN ~ 1.2,
or breeding gains of g% >~ 0.15, and fissile fuel cycle inventories
F
of I

Z
to change, however, as more practical experience in LMFBR operation

= 4-5 tons of Pu per GW(e). Both parameters are expected

and design becomes available. Both gx and Ig are therefore

varied over a broad range of values encompassing also those of
other possible FBR types, such as the GCFBR. Figure V.4 shows the




18 (tiowie)

6
5
® Sets of Values Used in Strategy
Calculations
Assumptions:
Load Factor : 07
4 Fuel Excore Time : 1.2yr
Expected Range of Values for:
GCFBR : Gas-Cooled FBR
OBR : Oxide-Fueled LMFBR
CBR : Caorbid-Fueled LMFBR
3
2 L +
50 100 150 200 250 300
In (kg/GW(elyr)
Figure V.4. Considered parameter range of fissile fuel cycle
inventory Ig and Puflss breeding gain gg of the FBR.

parameter range of present FBR designs. OBR represents current
oxide-fueled LMFBR designs, CBR LMFBRs with carbide fuel, and

GBR GCFBRs with oxide fuel. Also shown is the doubling time for
each comblnatlon of gN and I The dots indicate the parameter sets
of gN and I conSIdered in thls assessment. The designations of
these gg and I parameter sets are summarized in Table V.3. G
represents a hlgh inventory I of 5.0, M a medium IF of 3.75,

A
and K a low IFZ‘ of 2.5 tons Pu/GW(e) . Breeding gain g;; in this
case represents the Pu surplus after losses in the excore fuel
cycle, with the respective fissile surpluses of gN = 50, 100,

150, 200, and 250 given in kg Puflss per GW(e) vyr.

LWR Data. The LWR data in Table V.4 are mean values of
current PWR and BWR light-water reactors (Schneider and Wagner
1975) .
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Table V.3. FBR designations used in scenario S1 (LWR/FBR//HTR)
of FBR designs investigated, as a function of fissile

fuel inventory IF and breeding gain gg

Z

Fuel cycle in- Desig- Breeding gain gX

ventory Ig nation kg/GW(e)yr

pufiSS¢ /qw (e) : 50 100 150 200 250
2.50 K K50 K100 K150 K200 K250
3.75 M M50 M100 M150
5.0 G G100 G150 G200 G250

Table V.4. LWR data.

First core No Pu recycle Pu recycle

Annual demand*

Tail assay U30g 212%% 172%%*
(%) 0.25 (t/GW(e)yr)
Enrichment Enrichment 2.98 2.98
(%) 2.25 (%)
U30g Separative 136 108
(t/GW(e)) 485** work (SW)

(t/GW(e))
Uranium Tail assay** 0.25 0.25

(t/GW(e)) 94.5 (%)

Annual discharge

Fissile 0.214 0.25
Plutonium
(t/GW(e)yr

*1 year = 8760 hours.

**Value of e

L in Equation (V-1).
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Table V.6. Designations used in scenario S3 (LWR/HTR//HTR)
of HTR designs investigated, as a function ot tissile
fuel cycle and fuel burnup.

Burnup HTR fissile fuel cycle*

(GWd/t) A B C
100 HA10 HB10 HC10
30 HAO3 HBO3 HCO3

*See Tables III.1 and V.5.

HTR Data. The data in Table V.5 for the thorium cycle are
taken from the literature (Teuchert et al. 1974, 1972, 1974, and
Schulten et al. 1977), especially the first core inventories,
and from Table III.9. 1In Table V.6 showing HTR designations,
HA10 signifies fissile fuel cycle A from Table III.1 with a
burnup of 100 GWd/t, and HBO3 fissile fuel cycle B with a burnup
of 30 GWwd/t. Only these two burnup states are considered here
since they are assumed to represent the span of economically
feasible burnups of HTRs.

V.4.e. Introduction Dates of the Reactor Types Considered

It is assumed in the following that LWRs are deployed
starting 1970; they meet the nuclear electricity demand forecasts
given in Table V.2. Commercial introduction of both oxide-fueled
LMFBRs and HTRs is assumed for around 1990. 1In all LWR/FBR//HTR
cases considered, the LMFBRs deployed until 1995 are of the
conservative design M100, to be replaced thereafter by one of
the FBR types listed in Table V.3.

V.4.f. Construction Rate Constraints

Another important parameter is the constraint on the rate
of both FBR and HTR expansion during Phase II. This con-
straint is determined by a number of arguments (for details see

Schrdder and Wagner 1975). Here it suffices to say that the
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HTR construction rate in scenario S3, where HTRs supply both
nuclear electricity and process heat, is assumed to correspond

to the most optimistic FBR expansion rate in scenario S16.

V.5. Sample Calculations of the LWR/FBR//HTR Scenario

Some typical results of LWR/FBR//HTR scenario S1 are now
discussed, demonstrating the influence of some of the important
parameters on U,0, demand. These calculations underlie the

378
combination /M,P1/ of nuclear energy demand forecasts. (Table V.2)

V.5.a. Influence of Parameters Ig and gg of the FBR and of CR
of the HTR

Figure V.5 shows the power distributions of LWRs and FBRs
in the nuclear electricity sector and of U235-fueled H5-HTRs and
U233-fueled H3-HTRs in the process heat sector for two different
FBR designs (M150 and K250, see Table V.3). H3-HTRs that are
assumed to utilize fissile fuel cycle A with a burnup of
100,000 MWd/t are designated HA10; H5-HTRs utilizing fissile
fuel cycle B with a burnup of 100,000 MWd/t are designated HB1O
(see Table V.6).

The influence of Ig and gg is evident from the different
distributions of LWR and FBR power capacity in Figure V.5a;
there the K250-FBR permits a larger addition of FBR capacity
with a correspondingly lower LWR capacity demand, compared to
the FBR of type M150. Since the LWR power demand is smaller for
K250 than for M150, uranium demand E

lower accordingly.

L in Equation (V-3) will be

The influence of breeding gain gg on the H3-HTR and H5-HTR
power distribution can be inferred from Figure V.S5b. An FBR with
a higher breeding gain permits a faster H3-HTR buildup than an
FBR with a lower gain. With a faster H3-HTR buildup fewer U235-
consuming H5-HTRs are needed, as is seen from the different power
capacity curves H5(K250) and H5(M150). This in turn leads to

a lower uranium demand EH5 in Egquation (V=3).

6This implies that the LWR capacity demand in S3 corresponds

to the LWR capacity demand in S1 for the most optimistic FBR
capacity expansion.
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Figure V.6 demonstrates the influence of HTR burnup on the
annual and cumulative uranium demands for the two different FBR
types. ET is the sum of the uranium demands EL of LWRs and EH5
of H5-HTRs, Equation (V-3). The dotted lines describe an HTR

fuel burnup of 30 GWd/t, and the solid lines of 100 GWd/t.

Foremost, the annual demand for U308 becomes zero much
sooner with FBRs of type K250 than with M150--the difference is
about 20 years--so that the LWR/FBR//HTR scenario reaches in-
dependence from U308 supply faster with K250 than with M150
(Figure V.6a). The total uranium requirement Ej for the K250

design is correspondingly smaller by about 30%.

The influence of reduced HTR burnup is less striking for
K250 than for M150 (Figure V.6b). This is in accordance with
the results obtained in Chapter IV, where a reduction in HTR
burnup was shown to be less significant for FBRs with very good
breeding properties. For this energy forecast, the breeding
gain gz of K250 is large enough for a very rapid H3-HTR buildup,
irrespective of the HTR fuel burnup. Lowering the HTR fuel
burnup will in this case not allow much U3O8 saving. With
the lower g; for M150, however, the difference in H3-HTR buildup
between the high and low burnups is considerably larger, leading

to larger U504 savings if the HTR fuel burnup is decreased.

V.5.b. Influence of FBR Surplus Breeding of U233 or Pu239

In the LWR/FBR//HTR scenario a surplus of Pu is expected
for the LWR/FBR strategy at some time after tg (Figure V.1).
After accumulation of a specified quantity of excess Pu (e.g.
5 tons), the FBR breeding gain is changed from Pu to U233, i.e.
thorium is used in the radial blankets of the FBRs. 1In the
event that an excess of U233 is produced, FBRs again switch
to the breeding of Pu, which is subsequently recycled into the
disappearing LWRs, reducing their U3O8 demand. In this manner
optimal utilization of the bred fissile fuel is assured.

Figure V.7 shows the difference in annual U3O8 require-
ments when the FBRs breed only Pu (V.7a) and when they instead
produce U233 after t = t? (V.7b). The spectrum of curves il-
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lustrates the influence of different FBR designs deployed after
the year 2000 in the LWR/FBR//HTR scenario. The annual U3O8
demand for LWR/LWR//HTR scenario S2 (called LWR in the figure),
where nuclear electricity is only supplied by LWRs, is shown for
reference purposes. /M,P2/ is the combination of nuclear

electricity and nuclear process heat demand assumed.

In Figure V.7b, FBRs breed U233 some time after t = tm, and
the annual U3O8
middle of the 21st century, the exact time depending on the

type of FBR deployed. In the case where FBRs do not breed U233

demand obviously approaches zero around the

but continue to breed Pu as surplus (Figure V.7a), the annual
U308 demand approaches a constant value due to the continuous
demand of H5-HTRs. Thus the annual demand will not approach
zero, and there will always be a continuous U3O8 demand there-
after7. The HTR burnup assumed for these calculations was

100 GWd/t, and the fuel cycles employed correspond to HA10 and

HB10 (see Table V.6).

V.6. Annual and Cumulative U3O8 Demands of the Three

Reactor Strategy Scenarios
This is a discussion of the numerical results pertaining
to the three reactor strategy scenarios discussed 1in Section

V.4.a., which are based on the nuclear energy demand forecasts
in Section V.4.c.

Figures V.8 to V.10 show the annual U requirements of

0]
these scenarios for nuclear energy demand goiecasts /H,P2/,
/M,P1/, and /N,P1/; the corresponding cumulative U3O8 demands ET
are depicted in Figures V.11 to V.13. The uranium ore demands
of scenarios Ss1, SZ, and S3 are evaluated for each forecast: the
curve designated LWR represents the result of one strategy
considered in scenario S2 (LWR/LWR//HTR); curves HB10 and HBO3
are the results of the two strategies considered in scenario S3

(LWR/HTR//HTR) for the two different HTR fuel burnups, 100 GWd/t

Tn s . . . .
This is the case if the PH/PF ratio is larger than 0.5, see
Figure 1IV.3.
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and 30 GWd/t, and fissile fuel cycle B (U233 recycled); and the
set of curves M50 to K250 are the results of the eight strategies
in scenario S1 (LWR/FBR//HTR), reflecting different FBR designs
deployed after the year 1995.

In scenario S2 (LWR scenario for short), LWRs recycle self-
generated Pu, and HTRs utilize fissile fuel cycle C (without

U233 recycling).

In scenario S3 (abbreviated HTR scenario), the use of HTRs
with high conversion ratios (CR =~ 0.85) is depicted by curve
HBO3, where the HTRs utilize thorium fissile fuel cycle B re-
cycling self-bred U233. This fuel logistic closely corresponds
to the optimal fissile fuel utilization HTRs can achieve without
external U233 supply. HTR strategy HBO3 therefore shows the least
U308 requirements to expect if reliance should be only on HTRs in
the coming decades. HB10 corresponds to a more realistic HTR
case, also assuming recycling of self-generated U233 but with an

economically more viable burnup of 100 GWd/t.

The family of curves for the LWR/FBR//HTR scenario (called
FBR scenario) demonstrates the influence of different breeding
gains gx and fissile fuel inventories Ig of FBRs on the U3O8
requirements. IF is seen to be the most important FBR parameter
in the initial 1%-20 years of FBR introduction characterized by
the increase in annual U3O8 demand. The influence of gx is

reflected by the gradients of decreasing annual U3O8 demand.

Among the three scenarios, LWR scenario S2 has by far the
largest annual U50g requirement, followed by the HTR scenario
S3. This pattern is observed for all cases irrespective of
the energy demand forecast considered. For the HBO3 strategy,
the annual U3O8 requirements after the year 2010 are considerably
less than those for the LWR and HB10 scenarios. All three stra-
tegies: LWR, HB10, and HBO3 eventually approach a constant an-
nual U;0g demand in the 21st century, which reflects a continu-
ous reliance on U3O8 even after the year 2050. The total U3O8

demand ET will thus be uniimited for both LWR and HTR scenarios.
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The only reactor scenario approaching zero annual U308 de-
mand some time about 2050 is LWR/FBR//HTR, scenario S1, or FBR
scenario. With FBR designs of excellent reactor strategic char-
acteristics, zero annual U3O8 demand can be reached approximately
25-35 years after FBR introduction, i.e. in about 2025-2050,
depending on Ig and gg. The K250-FBR strategy is the fastest to
approach this point in all three nuclear demand forecasts (2020-
2030). Then follow KB150, G250, M150, etc. The FBRs with the
lowest fissile fuel inventories, designated by K, clearly have
the best strategic properties, since the increase in annual U3O8
demand after their introduction in 1995 is considerably lower
than that of any other FBRs with high (M and G) inventories,
even if the breeding gain of the latter should be higher. This
becomes evident from a comparison of the annual U308 demand
curves K150 and G250. Breeding gain gz becomes more important
after the annual U3O8 demand has reached its maximum, as is
illustrated by the rate of decrease in the annual U O8 demand.
Here the G250-FBR surpasses the M150-FBR although IZ of M150 is
lower. Total U308 demand ET is finite for all FBR strategies,
in contrast to the LWR or HTR scenarios.

As has been shown, the annual U3O demand of strategy HBO3

in HTR scenario S2 is lower for a few gecades still in the 21st
century than for several of the FBR strategies. Reactor-stra-
tegically unfavorable FBRs, such as M50 and M100, show lower
annual demands than the HBO3 strategy no sooner than in 2040, for
forecasts /H,P2/ and /M,P1/. K250, K150, and M150 are the only
FBR strategies with lower annual U308 demands over the entire
period. For an interval of 20-40 years, a higher annual U308
demand must be therefore anticipated for all other FBR designs
than for the most favorable HTR strategy HBO3. The salient
difference between this HTR strategy and the FBR scenario, how-
ever, lies in the fact that all FBR strategies will eventually
reach zero annual U308 demand, but the HBO3 strategy never

will. For the HBO3 strategy, there will always remain an annual
U308 demand as long as exclusive reliance is on HTRs. The total
U308 demand will thus steadily increase for this HTR strategy,

requiring more and more U,0

378.
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Total or cumulative U3O8 demands, the integral of annual
U3O8 demand curves, are depicted in Figures V.11 to V.13 for the
LWR, HTR, and FBR scenarios for the three nuclear energy demand
forecasts. Reactor strategies not having reached zero annual
U3O8 demand level by 2050 will exhibit a positive total U3O8
demand gradient. This is particularly evident for the LWR
scenario, the HB10 and HBO3 strategies of the HTR scenario, and
some FBR strategies, such as M50. While the total U3O8 demand
curves of all FBR strategies will eventually level off, indicating
a finite total demand, the curves for the LWR and HTR scenarios
will never reach a plateau, indicating an unlimited U308 demand.
The difference in total demand between the LWR and HTR scenarios
and the FBR scenarios increases progressively as integration
extends over longer periods of time.

The total U3O8 demand for establishing and sustaining a
reactor system over a wide time horizon (several centuries) can
be regarded as the total U308 commitment associated with that
system. This commitment is infinite for the LWR scenario and
the HTR scenarios in the long run. For the FBR scenario, however,

this commitment is finite. It was referred to as the critical
)

U308 demand of the FBR/HTR reactor system (see Section V.2.b.)
The total U3O8 demands in metric tons of the various scena-
rios up to the year 2050 are given in Table V.7. It is clearly
lowest for the K250-FBR strategy, which is 0.68 million tons of
U30g for the /H,P1/ forecast, and 0.57 and 0.26 million tons for
the /M,P2/ and /N,P1/ demands, respectively. The difference in
total demand of the different FBR designs indicates possible
U3O8 savings due to favorable FBR designs. It is inseresting to
observe that an FBR with both a high breeding gain Iy and a high

8Comparatively small quantities of U238 and Th232 are necessary

for sustaining the FBR/HTR system in the asymptotic phase. The
U238 accumulated in the transition phase (approximately 80% of
the cumulative U308 requirement is retained as unused U238) will

last for several centuries. If the K250-FBR is taken.as a basis,
U238 will be available for the /H,P2/ forecast for at least 700
years, for the /M,P1/ forecast for at least 1300 years, and for
/N,P1/ for at least 2000 years. This period is relatively long-
er for FBR types with larger U3O8 requirements. The remaining

Th232 reqirement is limited to approximately 115 t/yr for /H,P2/,
and to approximately 50 t/yr for /M,P1/ and /N,P1/.
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inventory Ig,
than an FBR with medium gain and inventory, such as M150.

such as G250, has a slightly higher U3O8 commitment

Comparing (Table V.7) HTR strategy HBO3 with the various
FBR strategies in terms of overall U308 demand up to the year
2050 shows no significant difference with respect to FBR designs
M50, G150, M100, and K50. Thus the U3O8 demands until 2050 of
the HTR scenario utilizing HTRs of advanced design (HBD3) and of
the FBR scenario with fairly conservative FBR design, e.g., M150,

are quite similar.

However, comparing the advanced HBO3 strategy with a com-
parably advanced FBR strategy such as the K250 design, yields
very signigicant differences in U308 demand, favoring the FBR
scenario by a factor of 2 to 3 as the nuclear energy demand in-

creases (see Table V.7).

Qualitatively speaking, all reactor strategies exhibit very
similar annual and total U308 demand characteristics irrespec-
tive of the nuclear energy forecast. They primarily differ in
gquantitative terms. This is manifested by the total U304 demand
differences between scenarios S1, S2, and 83, and between the
various FBR designs in FBR scenario S1. These differences in-
crease decisively as the forecasts increase. This is of partic-
ular significance since any reactor strategy adopted must take

into consideration the rather limited world uranium ore resources.

Current estimates of assured U3O8 reserves in the OECD
countries run from one to four million tons, with estimated
additional reserves up to 30 million tons. If the U3O8 avail-
able is indeed limited to quantities in this range, the employ-
ment of FBRs seems practically mandatory if nuclear energy is
to serve as a long-term energy supply system--even more so since
these reserves appear to be confined to a few geographic regions.
Countries with practically no U308 reserves are thus required to
deploy FBRs should they not wish to replace their current commit-
ment to fossil fuels, i.e. their dependence on o0il, by a long-
term dependence on uranium ore beyond the transition phase. The
U3O8 reserves available must, therefore, be treated as a one-

time endowment that is to be used expediently by investing it
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establishment of a reactor system that can offer U308 indepen-
dence at some time. Any other strategy could prematurely fore-
close nuclear power as a long-range energy option. The future
availability of uranium must even then be seriously questioned
3O8 needs fall short of the

proven reserves. Simply compare the absolute minimum U.O. de-

378
mands anticipated for the small DeBeNelLux region (™~ 0.5 million

since the expected worldwide U

tons) with the currently proven world resources (< 4 million
tons). The severe situation is compounded by the fact that there

are no uranium resources indigenous to this region.

V.7. Summary of Chapter V

In this chapter the demand of U308 has been analyzed for
three, basically very different, reactor strategy scenarios.
Scenario S1 relies primarily on the large-scale deployment of
FBRs in conjunction with HTRs; scenario S2 assumes reliance on
LWRs with some HTRs; and the third scenario S3 focuses on large-
scale HTR deployment. No FBR deployment is assumed for S2 and
S3. The future U3O8 demands of these scenarios have been evalu-
ated for three different nuclear energy demand forecasts for the
DeBeNeLux countfies, representing a wide range of possible de-

velopments.

The calculations have first of all shown that only through
the deployment of FBRs can the long-term U308 demand be kept
within the limits of estimates of present world U,O, resources.
LWR scenario S2 clearly requires the largest U3O8 demand, with
no prospect of ever becoming independent of U3O8 requirements.
The same conclusion applies to HTR scenario S3, except that its
demand is somewhat lower if the HTRs utilize the thorium cycle
and have conversion ratios of approximately 0.72. Increasing
the HTR conversion ratio to about 0.85 by reducing the fuel burn-
up to 30 GWd/t will result in significant U308 savings, but long-
term reliance on continuous U308 supply remains. There will be
similar U3O8 demands for FBR scenario S1 in the first few decades
of the 21st century, if the most favorable HTR strategy HBO3 is
compared to reactor strategically unfavorable FBR designs. A
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comparison of this optimistic HTR strategy to an equally opti-
mistic FBR strategy, however, shows a clear advantage of the FBR
scenario over the HTR scenario, by a factor of 2 to 3, depending

on the nuclear energy demand forecast.

FBRs of different designs have quite dissimilar U3O8 demands,
differing by up to a factor of 3. It has further been shown that
the FBR fissile fuel inventory is by far the most important param-
eter during the introductory phase of FBRs~--and not the doubling
time--with the breeding gain becoming more important 10 to 20
years after FBR introduction. The design parameter for optimi-
zation of the first FBR generation should therefore be the fissile
fuel inventory rather than the doubling time. An FBR with an
average breeding gain and an average inventory, such as M150, has
a U3O8 demand comparable to that of FBRs with very high gains but
high inventories (G250). As the transition phase merges into
the asymptotic phase, the importance of the breeding ratio and

the fissile fuel cycle inventory is reversed.

It has also been shown that the differences in U3O8 demand
between the various scenarios and the reactor designs within a
given scenario increase with rising nuclear energy demand. The
differences between the scenarios can be within a range of one to
three million tons of U3O8 (in the year 2050) for high nuclear
energy demand forecasts, and in the range of 100,000 to 500,000

tons cof U3O8 for relatively low forecasts.

Of primary importance in this assessment is the observation
that the LWR/FBR//HTR scenario does converge into a symbiotic and
fissile fuel self-sufficient FBR/HTR reactor system in the asymp-
totic phase. It is easy to show that the amounts of fertile iso-
topes U238 and Th232 needed to sustain the symbiotic FBR/HTR
system will be available worldwide in sufficient quantities,
lasting for several centuries. These U238 requirements will
have already been accumulated in the transition phase, in the

form of depleted uranium.

The critical U308 demand of the FBR/HTR system is basically.
characterized by the design and type of FBRs deployed in the
transition phase (i.e. GCFBRs and LMFBRs with oxide or carbide
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fuels) and by the fissile fuel cycle in HTRs (thorium or uranium

cycles, recycling or nonrecycling of the self-generated fissile

fuel).

Designs of both HTRs and FBRs that are reactor strategically
favorable can save considerable quantities of uranium ore. 1In
any event, deployment of FBRs and HTRs assures optimum utiliza-
tion of the uranium and thorium reserves available if both re-
actor types are combined in a symbiotic reactor system, as was

suggested in Chapter IV.

Furthermore, it has been shown on the premise. of limited
U3O8 reserves that nuclear energy can only serve as a long-range
energy supply system if the reactor system of the transition
phase merges into a U308—independent reactor system in the asymp-
totic phase. This under all circumstances requires the deploy-

ment of the FBR,

The use of thorium as breeding material in the radial blanket
of the FBR has been shown to be practical after the plutonium
requirements of FBR first-core inventories have been satisfied.
This can be as early as at the time of commercial introduction
of fast breeder reactors, or 10-20 years thereafter, depending
primarily on the LWR capacity existing at the time of FBR intro-

duction and on the FBR fissile fuel cycle inventory.
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APPENDIX I.A. DERIVATION OF THE BREEDING RATIOS OF A
MULTIREGION REACTOR WITH FAST FISSION
(e.g. FBR)

I.A.1. Derivation of the Breeding Ratio of a Multiregion
Reactor with Fast Fission

Equation (I-15) has to be derived. The starting point is
the neutron balance of a critical multiregion reactor (FBR) with

I J _ LI J - _
(VF) g + (VF)g = Ag + Ag + Py = 1.0 . (I.Aa-1)
. : J _ J J :
If the absorption rate is expanded by AN = CN + FN’ and if both

sides are divided by Aé and the following relations are used:

¢ (VF)§ Cg
n = ’ BRN = — ’ (I.A-2)
N I I

Ay Ay

(I.A-1) can be rewritten as

I (VF)g Fg PN
BRN = (UN + Aé ) = ;E - ;g -1 (L.A-3)
N P
The terms — and — can each be expanded by

I I

Ay Ay
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[(VF) + (VF);]
so that
J J J
F P (VF) (VF)
'% - _% = F; (ny + IN) - Py (gt IN) '
Ay My AN AN
and (I.A-3) can be written as
J
(VF)
BR = [né + IN] (1—pN—F;) -1 . (I.A-4)
AN

This can be rewritten as

I (VF); J
(”N + ) [1 - (g + R -1, (I.A-5)

PRy
or
BR_ = n [1 - (P, + FJ)}— 1 (I.A-6)
Ry B N '
where Ng represents the sum of neutron productions in the fissile

and fertile fuels.

I.A.2. Derivation of the Breeding Ratio of Individual Regions

of a Multiregion Reactor with Fast Fission

Equation (I.A-5) can be rewritten as follows:

I
N (VF)
1 I I n J
B =!— I A (n- + ) (1-P_-F )—1] g . (I.A-7)
RN 3A§ n n { n AI n n
n
On the basis of Equation (I-12)
N Ai
BRy = ﬁ Zg KRnf , (I.A-9%)

SO that



- Jd _ _
KR, = <”n + I ) [1 - (Prl + Fn)] 1. (I.A-9)

The form of this equation is identical with that of (I.A-5),
except that (I.A-9) contains the values averaged over region n,

and (I.A-5) those averaged over the entire reactor.
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DERIVATION OF THE BREEDING GAINS GN, Gm,

AND Gn OF A MULTIREGION REACTOR (e.g. FBR)

I.B.1.

The Global Breeding Gain GN

In Section I.2, the global breeding gain GN of an N zone
I1J

reactor, normalized to the overall fission rate FN

tor, is given as

of the reac-

J I
G, = . (I.B-1)
N FIJ ! )
N
where
N I . N J .
pld - pl v pd =5 3 FY 45z op) (I.B-2)
N N N n . n
n i n j
g
Using BRy = } , Equation (I.B-1) can be written as
Ay
GN = 7 (BRN—T) . (I.B-3)
F
N
Since
Ay a i
—_— = — = (1+a) ’ (I’B_u)
rl £l
n n
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1 NI 4, NI i
=L LA =1I71F (1+a) . (I.B~-5)
Ay ni o npi B n
By substitution of (I.B-5), (I.B-3) can then be written as
N I Fi i
GN = (BRN—1) z ; (_TF) (1+a)n . (I.B-6)
n i FN

The somewhat more customary form of GN (Equation (I.20)) is ob-

tained by rewriting (I.B-6) as

NI FT

N I F ,
G.. = (BR.-1) [z (=2 .z (B (1+a)l] . (I.B-7)
N o n i F;J n i Fé n

If €N is defined as the fast fission fraction of the overall

fission fraction (Fé + Fg) of all N zones with

Fg N J Fi
N J N
it can be shown that
Fé N IF*
(t-e) = 5 =11 —%— . (I.B-9)
F nikPF
N N
In addition, we define
; NI Ft i
(14a)s = £ L (-2) (1+a) , (I.B-10)
N . I n
ni F
N
which also leads to
I
Ay I
—T = (+a)o - (I.B-11)
F
N
Thus (I.B-7) can be transformed to the general and customary form
- _ _ I -
Gy = (BRg=1) (1 eN) (1+a)N . (I.B-12)
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I.B.2. The Breeding Gain Gm of Several Regions m
The breeding gain of one region n or several regions m is

of interest where m < N. For the general case with m zones,

the following relations can be derived:

o~ P
Gm = TJ,— ’ (I.B"13a)
N
and m
cd 1Y
-~ _a " (I.B-13b)
BRm = % - Aé .
Thus Equation (I.B-13a) can be rewritten as
A A
Gm - BRm ;‘I—J - FT ’ (I.B—14)
N N
Ay
where —T3 can be substituted by means of Equation (I.B-3)
FN
together with (I.B-7) or (I.B-12). On the other hand,
Arﬁ m I A mIF N
—= =L == =1 I —— (1+a) . (I.B-15)
FIJ n i FI n 1 FIJ n
N N N

Thus Equation (I.B-14) can be changed to

I F) i

Z (TJ) (1+ot)n . (I.B-16)
1 FN

In the more useful global form, (I.B-16) can be written as

(1+a)I -

X (1+0) (I.B-17)

G_ = BR_(1-¢ n - -

n - N) (1-€_) 8

= BN
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To this end (I.B-15) has been expanded to

A; m Fi I F;
B idich o
N N n
(I.B-18)
m FiJ I F; 1 F; i
=i\ o) | (Hea] -
n\F i F i F
N n n

If € represents the fast fission fraction of the overall fission

in region n (and not N, as in Equation (I.B-8)),

Y J Fg
€n = __I:E_J = ¥ =57 ' (I-B"19)
F j F
n n
then
Fi I F;
(1-€ ) = —= = § —= , (I.B-20)
n FIJ i FIJ
n n
since
pld - I, pJ
n n

If Gn is defined as the fissile fraction of region n per fission

in all regions N (or power fraction of region n)

FiJ N
Gn = 37 with GN =z Gn =1 , (I.B-21)
F n
N
and
1 Fl . Al
n h I n
z (_T) (1+a)n = (1+a)n = 7 (I.B-22)
i Fn Fn

then Equation (I.B-17) can be written.
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I.B.3. The Breeding Gain Gn of One Region

The breeding gain per fission Gn of one region n can be
derived from (I.B-16) and (I.B-17) for m = 1 as follows:

N I Frl1 ;1 }?rl1 N
G, = BR L I (53) (M+a)_ - I (=7 (+a) . (I.B-23)
ni F i F
N N
or as
G. = BR_ (1-e.) (1+a)% = (1-e_) 6 _(1+a) 1 (I.B-24)
n n N N n n n :

These two equations are often used in Chapters III and V. 1In

additon, it can be shown that

N
GN = % Gn ' (I.B-25)
n
such that
J I J I
e il
N n FIJ FIJ
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APPENDIX I.C. DERIVATION OF THE CONVERSION RATIO
AND FISSILE FUEL REQUIREMENT OF A
SINGLE-REGION REACTOR WITHOUT FAST
FISSION (e.g. HTR)

I.C.1. Derivation of the Conversion Ratio of a Single-Region
Reactor without Fast Fission

For a single-region reactor, i.e. N = 1, with a minor fast
fission fraction, i.e., vFJ ~ 0, (this would correspond to an

HTR or LWR), Equation (I.A-1) can be rewritten as follows:

N =1

= 0

(vF)I=AI+CJ+P= 1.0 for{ (I.C-1)

If both sides are divided by al and the following relations used,

1 _ (vi)l
n = T

A

(I.c-2)

J
cr = &

A

then Equation (I.C-1) yields
P,
AI

since (\)F)I = 1, == can be rewritten as
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P _p we) T Ip
al ol al
Thus
CR = nT(1-p) - 1 . (I.C-3)

This form corresponds to Equations (I.A-5) and (I.A-6), differing
only by the etas. The eta referred to in Eguation (I.C-3) is that
of the fissile isotopes. The eta referred to in Equation (I.A-6)

is modified to include the contribution of fast fission.

(vF)i
, (I.C-4)

=3
1
H
|
P M H - ™ H
|
He M H|H- ™ H
M H[ B H

sOo that

n = -, (I.C-5)

where I ,
Fl

Z(_T

i F

(14a) T ) (140) 1 . (I.C=6)

I.C.2. Derivation of the Fissile Fuel Requirement of a Single-
Region Reactor without Fast Fission and CR < 1.0

The conversion ratio is defined as

J
CR = ET ) (I.C-7)
A

Reference is only made to a breeding gain if CJ > AI. In the HTR

I . . . . .
in general, i.e. the conversion ratio CR is

or LWR, CJ < A
smaller than 1.0. This means that these reactor types exhibit a

negative breeding gain or positive demand D of fissile fuel.
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Equation (I.C-1) can be written as follows:

I J
A ;C = (1-CR) . (I.C-8)
A

If AI > CJ, then (1-CR) is positive, and thus synonymous with a

positive demand D.

The requirements of fissile fuel per fission is to be found

by
I J
D = A IC , (79 = 0) . (I.C-9)
F
Equation (I.C-9) can be rewritten as:
I
D = (1—CR) pt_:[ ]
F
but
I I .1 I _1i
F
A= éf = (35 (1+a) ' = (1+a) T (I.C-10)
F iF iF
so that
- I
D = (1-CR) (1+a)
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APPENDIX II.A. REGION-DEPENDENT NORMALIZED REACTION
RATES OF AN FBR WITH VARIOUS
RADIAL BLANKETS (TABLE)



212

[1L00- 6L1L- 1SZl° 6LLLO" S0900° ¥Z€Z0-  SLLSO" LSOLE" 86VEZ" 26550 6062  LBEL
€VL00" 1ZZL® G6ZL® LEQLO" VP9IOO" GLPZO®  95650° €1Z€* OZZbe" €8LSO° TOOOE"™ €08
89L00° 99Z1° 8ZPEL® LS6LO° 68900° 9¥9ZO" 190" 8ZEE" 896VC° ¥8650° ZG60E" 61T
8L900° 8FZl® 9LEL* POGOO° 9ZEOO" OEZLO®  GLH9O° SOOSE" 559Z° SLP90" 808ZE" O
AT 0
GOLOO® 9LLL® Z9¥Zl® LOLLO" £0900° FOEZO®  LOLSO" 90LE" 282€Z° 66550° 8887°  LBEL
GELOO 0ZZL" LEGZL® OZBLO® SP9Y0O" 9SPZO'  L68SO’ €ZZ€° 10VZ" €08SO° L986Z° €08
69L00° €LZL" 66VEL" 896L0° L6900 $99Z0°  SZ190° GSEE' PPEVZ® SE090° 6L60E” 61T
28900° 09ZL° LLZEL® OL6OO" ZEEOO® THZLO®  LLP9YO* IVSE® 959Z° PZEYO' 68ZET O
FoyueTq ‘OuL
OLLOO" 68LL* LO9ZL® 8TLLO® ZE900° 09€£ZO°  L69SO° 9ELE" LTEZ" STISO" 8688C°  LBEL
GELOO® 8ZZL° ZOEL® 8EQLO" $S900° Z6VZO' L850" 9€ZE° 96£Z° 08S0° 9L67° €08
GSLOO® LLZL® LPEL" 096L0° ¥6900° ¥S9ZO° 9090° SPEE® 69FZ° 66G0° 890€° 617
8L900° 65ZL° L9ZEL® TL60O® LEEOO" €VZLO® €90° BLESE" SZ92° 69290° ZSZET O
I9ueTq ‘on
R
IoMUETq TETRV 5105 etatas

*SWT] SOUSPTISSI 3IdjueTq T[eIpea ayl JO uoTjduny
v se ‘gjysjueTq TeTIpeI JUSIIIITP Y3ITM ¥Ydd ue JO 'sadojosT (L) 9113193
pue (I) OSIISSTJI I9A0 pobersar ‘s3jel UOT]IORSI pPIZTTeWIOU juspuadsp-uoTbHay

"LTVY°ITI STqed



213

ZG0ZO' | €E1G61° 6EGCB° CCSE° veL90° 0G8¢° vS8ZS° GOGE" ZEZOO® 9060° ¢6Z60° 98ZEO° 6VEOO™ GEOEO"
L6ELO"L €66L° LIPLB" EOSE" LLBIO" 918Z° 8HLES" 6SHE" ZLLOO® T6¥80° $9980° LO6LO' §OZOO® SLIZO®
LLOO* L LGEOZ® €SEO8° OBVE" ZTZOLO® QELZ" LOIVS® SOLPE" VLLOO® L8LLO® LO6LO" 9SHOO° TSOOO™ LOSOO"
Z6L10°L 9V60Z° 9¥808° 8SIVE" VOZLO® PSVLZ" 8LVIS™ LEOVE" LLLOO® 20Z80° TLEBO" O 0 0
9ZZ0°l 9816l° VLOEB" SOVSE' 8Z990° 9LL8Z° ¥LZS® SIPSE" 91Z00° 86680° ¥1Z60° €6LEO" 88VOO° LBZHO"
S9610°L 9961° 90618° P6VE" S8L90° 187" SLLES® T6VE" ¥SLOO® 9G5¥80° 60980° €8ZZO° ZOEOO® G8SZO°
89L00° L ZZOZ® 8VSO8° OFVE" S8690° SLVLZ" O8VS" ¥8ZVE" 16000° 299L0° €SLLO™ €9S00° 8LOOO" L¥900°
Z6L10°L 880Z° 60608° GIVE" 8LLO® LPLZ' SEBIS" GELPE" L8OOO" 8VO8O° SELBO" O 0 0
8€0ZO° L 8S0Z° GSVL8® 1L8VE" OLLO" LLLZ® 6OES" PD6BE" LOLOO" LZVBO° 8ZL60" SLLZO® 89600° €£89€0°
ZSPLO'L OLOZ™ GLO8" G9VE" 9LLO° 6VLZ" €6ES° LSbE" SGG00° L86LO° T¥SB0" L69L0° SZ900° 9LEZO"
LOLO" L 6LOLZ" 666L° WPWVE" 6LL0° GZLZ® GSLVS® WDLPE" Z8€00" LVVLO" €28LO° 86500° LOZOO® SOS00°
0810°L SVLZ® 6VEO8" SOLVE® BELO" VZELZ™ 699S° B6EE” €£9€00° SPLLO® 80L80" 900" SS000° LLZOO®
T T
303089y JajueTq tefpey







- 215 -

APPENDIX III.A. DETERMINATION OF THE FISSILE
FISSION FRACTION DISTRIBUTION
(F1L/FI) IN THE HTR

In order to determine the conversion ratio, Equation (III-5),
and the U235 feed demand dgs, Equation (III-2), of the HTR, the
fissile fission fraction distribution (Fi/FI)z for the equilib-
rium burnup conditions must be known1. In the following, ana-
lytical equations are derived to show how this distribution was
determined, which is normally calculated by means of detailed

‘burnup calculations.

Each of the three fissile fuel cycles of the uranium and
thorium cycles has characteristics of its own with regard to Ehe
buildup and loss of each fissile isotope, to be accounted for
by the analytical equations. 1In order to derive them, one must
therefore consider each fissile fuel cycle separately, since the
correlations between the corresponding recycling or nonrecycling

fissile fuel cycles among the uranium and thorium cycles are
only limited in extent.

1 , , . , . .
In the HTR, the fertile fission (fast fission) in the thorium

cycle plays an insignificant role. 1In the following, fission
fraction (distribution) is being used interchangeably with
fissile fission fraction (distribution).
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ITI.A.1. THE THORIUM CYCLE

In this fuel cycle U233 is bred from Th232. 1In all three
fissile fuel cycles C, B, and A, the major portion of the fis-
sions (98.5%) is due to fissile isotopes U233 and U235; treat-
ment of the small remaining fissile fission fractions ascribed
to Pu239 and other isotopes (1.5%) can be neglected within the

scope of these investigations.

In the thorium cycle, part of the U235 in the core is not
U235 feed but self-bred, obtained by successive neutron capture
in U233 and U234. This is especially the case in fissile fuel
cycles B and C. The following fission fraction distribution

therefore applies to all three fissile fuel cycles.

us po° us pY>  pYS
 + t _F _, b m _ 1.0 (
F oL oL I N III.A-1)

FI is the total fission usually normalized to unity. FES re-
presents the sum of FES and FﬁS; Fis represents the fissions in
Us

the U235 makeup or feed designated by subscript m, and Fb

the fissions in the self-bred U235, designated by subscript b.

The U233 fission fraction (FU3/FI) in the equilibrium burnup

condition can be given as follows:

-1

QU3 LU3 02 N>
— = =3 o= = {1+ __3_5;. ; (II1.A-2)
F F + Ft Og NU3

Of i1s the HTR spectrum- and flux-weighted one-group fission cross

sections and N the particle densities. When determining the par-

S/NU3

ticle densitiy ratio NE , @ distinction must be made between

the differing fissile feeds of fissile fuel cycles B, C, and A.
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IIT.A.1.a. Fissile Fuel Cycles B and C

For the burnup equilibrium condition, the particle density
U5
t
with the help of the definition of the conversion ratio for U233

ratio N /NU3 of fissile fuel cycles B and C can be determined

and the equation governing the buildup of U233, such that

Th2
. oTh2 ) o
CR = = U5 ’ (IITI.A-3)
ERR e ) 23 + ) a

c is the capture rates, and a represents thes absorption rates;

and Zi = o; - N'. The U233 buildup can be given by
] Ih? U3 (
ITIT.A-4)
N3(t) = 83 1 - exp(-Oa ot) .
Ca

¢ is the one-group neutron flux, and t the fuel residence time.

If Y, is defined by (1 - exp(-og3¢t) and Equation (III.A-4) solved
for thz, then the particle ratio NgS/NU3
means of Equation (III.A-3). 1If the ratio is introduced in Equa-
tion (III.A-2), the U233 fission fraction can be written as
follows:

can be determined by

U3

o

U3 : -1
1+ U+ ) L (III.A-5)

F (1 + )92 YZCRU3 )

a = Oc/Gf- With (FU3/FI) known, (FES/FI) can be determined by
Equation (III.A-1).

The self-bred U235 fission fraction (FES/FI) can be deter-
mined as follows: if the concentrations of U233 and U235 are in

e U3 U5
equilibrium, Ec = (Za )b’ or Ng/N3 = cg/oz. Then

-1

FU3 i, aU3
U3 . 05 = —s : (III.A-6
S (1 + oY :
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so that
us
Fy ) U3 FU3
FI (1 + a)US FI ! (ITI.A-7)
u3 ,.I, . . .
where (F°/F7) is given by Equation (III.A-5). By means of
Equation (III.A-1), one can then determine the fission fraction

of the U235 feed (FgS/FI).

Determination of the fission fractions (Fi/FI) requires
knowledge of CRUB, Y, and (1 + a)i. For fissile fuel cycle
C, in which the isotopic concentration of U233 and self-bred
U235 are not in equilibrium, y. depends on the fuel burnup, on
account of factor ¢t in Equation (III.A-4). (This also applies

to fissile fuel cycle D.)

For all recycling fissile fuel cycles A, B, E, and F, vy, =
1.0, since it can be assumed that t - «. For the nonrecycle
fissile fuel cycles C and D, Y, # 1.0 since t is finite. The

burnup dependence of Y, and Yp is shown in Figure ITII.A.1. (The

c
burnup calculations from Teuchert et al. (1974, 1972) and Schulten
et al. (1977) have been used to determine these curves.) (1 +a)®

are given in Table III.4 for the corresponding fissile fuel cycles.

The relations between CRU3 and CR can be given by

CR.” =k, * CR, | (III.A-8)

where the term kz < 1.0. kz depends on the neutron captures in
U234 or Pu240 in the uranium cycle. Table III.A.1 lists re-
presentative kz values for the various fissile fuel cycles and
burnup conditions. Some of these values could be determined from

the burnup calculations available.
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Table III.A.1. k, = CR;/CR, (i = U233, Pu239) for various HTR

fissile fuel cycles as a function of fuel burnup.

Fissile Fuel burnup (GWd/t)

fuel

cycle (z) 100 50 30

A 0.90 0.90 0.90

B 0.85 0.85 0.85

C 0.92 0.95 0.97

D 0.86 0.89 0.93

E 0.85 0.85 0.85

F 0.92 0.92 0.92
10 T T T T T T T T T T T T T T T
Yt
08
0.6

Thorium Fissile Fuel Cycle C
0.4 -
0.2 4
| 1 | | | 1 | | |

0 20 40 60 80 100 120 140 160

Fuel Burnup ( GWd/t)

i
Figure III.A.1. Factor Y, = (1 - e Oa(bt) as a function of fuel

burnup for HTR fissile fuel cycles C (i = Pu239)
and D (i = U233).
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IIT.A.1.b. The Iterative Method

3

By coupling CRU with CR, the fission fractions given by the

above equations and thus also CR, Equation (III-5), can be deter-

mined for fissile fuel cycles B and C by the following iterative

method.

1.

The initial values selected are burnup- and reactor-
size-specific value P from Table III.3 and an ni=o
value of the number of neutrons released per fissile

absorption from Table III.4. The estimated ni=o should

be selected, for example, to lie between nUS and nU3

for fissile fuel cycles B and C, i.e. at approximately

nizo =2.0. P is fixed throughout the entire iteration.
Fissile fuel cycle-specific (1 + o)t and isotope-specific

vl values are taken from Table III.4.

One then evaluates an initial CR (1 is the iteration

1=0
step) by using Equation (III-5).
CRgiO is determined on the basis of the appropriate kz

value in Table III.A.] and Equation (III.A-8).
is taken from Figure
ITTI.A.1; for fissile fuel cycle B, y, = 1.0.

. U3 I B us,. I
The fission fractions (F ~/F )l=o and (Ft /F )l=O
determined by Equations (III.A-5) and (III.A-1).

With these fission fractions available, one can evaluate
I

_ _ I 1=0
mine an iterated N1=1 by way of Equation (III-6).

With n§=] available, an iterated CR

For fissile fuel cycle C, Yo

can be

I
a Vi_o value and a (1 + a) value, in order to deter-

can be determined,
U3
1=1"

1=1
Equation (III-5), in order to evaluate an iterated CR

Steps (4) to (8) are iterated to convergence of CRl . It can be
=n

shown to be reached very rapidly, i.e. after three or four steps.

9.

With CR,_, converged, the U235 feed fission fraction
(FES/FI)lzn can be calculated with the help of Equa-
tions (III.A-7) and (III.A-1). On this basis one can
determine U235 demand dgs, Equation (III-2), net fissile
fuel demand dz, Equatiqn (III-1), and the self-bred fisg-
sile fuel discharged a;, Equation (III-4).

The following example illustrates how to use this method.
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III.A.1.c. Example of How to Determine CRB and dgs

A numerical example for fissile fuel cycle B serves to
exemplify application of the iterative method. In cycle B,
the self-bred U233 is recycled several times, i.e. og3¢t +~ ® in
Equation (III.A-4) and Yg = 1.0. k_, is given as 0.85 in Table

B
ITI.A.1 for burnup A = 100 GWd/t.

For this fissile fuel cycle, the (1 + a)i values for U233
and U235 are taken from Table III.4. The initial values chosen

are n{=0 = 2.0 and P = 0.24 (burnup = 100, reactor size = 1 GW(th)).
Thus
CRi_g = 2.0(1 - 0.24) - 1 = 0.52 ,
and
U3 _ - =
CRy_4 0.85 CRy_o = 0.44

Fission fraction (FU3/FI) then is

F - 1.7104 (1 - O0.44) { -1 _
;i T+ 7738 0. 44 5 = 0.470
and
7S
—5 = 1 - 0.470 = 0.530
F
Thus one obtains
I
Vl=o = (2.50) (0.470) + (2.43)(0.530) = 2.463
and
I
(1 + “)1=o = (1.107) (0.470) + (1.248) (0.530) = 1.182 ,
; I
which leads to N]—q = 2.084. By further iteration
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. i
Table III.A.2. Comparison of conversion ratiés CR, (1 + a)7,
and fission fractions Fl/FI obtained with the
iterative method, with results from exact
burnup caclulations (B-1, Table III.2, and
case b3, Table III.B.2).

Iteration I U3 U3 ,.I U5 eI I 140 T
step 1 n CR;  CRy” E7/Fy EF/F); vy (e
b3 © 2.0 0.52 0.44 0.470 0.530 2.463 1.182
- 2.084 0.584 0.496 0.526 0.474 2,467 1.174
2 2.102 0.597 0.508 0.537 0.462 2.465 1.171
3 2.105 ©0.599 0.510 0.539 0.461 2.468 1.172
4 2.106 0.600 0.510 0.540 0.460 2.468 1.172
5 2.106 0.600 0.510 0©0.540 0.460 2.468 1.172
B-1 2.109 0.598 0.515 0.546 0.443 2.468 1.171
CRy_; = 2.084(1-0.24) - 1.0 = 0.584,

and
= 0.496

Table III.A.2 gives the values obtained by further iteration and
compares the converged values with the results of detailed burn-

up calculations.

Very good agreement is shown by comparison between the
iteratively determined values for 1 = 4, and the exact results
from burnup calculations, case B-1, Table III.2, and case b3,
Table III.B.22. If the small fission fractions (1.5%) of iso-
topes not included by the analytical method are assumed to be
0.015 on an average, for all cycles considered, and deducted from
the U235 fission fraction determined by iteration, one obtains
FES/FI = 0.445, which agrees very well with the exact value of

0.443. If ng/FI = 0.046, Equation (III.A-7), 1s deducted from

€.g. cases A-1, A-2, etc. represent burnup calculations for fis-
sile fuel cycles, e.g. cases al, a2, etc. in these tables refer
to the numerical calculations performed here.
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0.445, FgS/FI is 0.399. The U235 makeup in kg/GW(th)d can then
be determined by Equation (III-2), such that

dgs = 1.248 x 0.399 x 1.053 = 0.524

This agrees quite well with the value for U235 of 504 g/GW(th)d

obtained from the burnup calculations (B-~1). In this fissile
fuel cycle, the self-bred fissile fuel unloaded is recycled
into the reactor; t@us ag3 = 0.

III.A.1.d. Fissile Fuel Cycle A

Only U233 is supplied as makeup in fissile fuel cycle A.
The U235 fissile fraction therefore only consists of self-

bred U235. It is given as

i i i o ( 9)
= =1 -1 + III.A-
FI FU3 + FES (1 + a)US ’
on the basis of Equation (III.A-6). 1In cycle A, the distribution

of the U233 and U235 fissile fission fractions for different burn-
up conditions remains.constant with FES/FI = 0.088 and FU3/FI =
0.912 for the (1 + a)' values in Table III.4. Due to the structure
of the determining equation system, no iteration is necessary for

this cycle. The U233 makeup is determined by Equation (III-1),
such that

‘ _ I u3
d = (1 + - III.a-1
( a) 5 (1 CRA)WH ( 0)

’

o

with (1 + )] = (1 + o) 73 given.
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III.A.2. THE URANIUM CYCLE
In a discussion of the fissile fuel cycles of the uranium
cycle, the self-bred fissile isotope Pu241 must be considered
explicitely.
ITII.A.2.a. Fissile Fuel Cycles D and E

Similarly as for fissile fuel cycles B and C, the following

relations can be derived for D and E:

Pu?9 Pu9 -1
e s = |1t hy oy (TI1.A-11)
u
F + Fy (1 + a) YZCRz
and
Pul 1 putt1) "
F (1 + a) }
q= = {1 + , (IIT.A-12)
FPu9 + FPulH { aPug

where Equation (III.A-12) assumes Pu24] equilibrium concentration
that only applies to the recycle fissile fuel cycles E and F.
For cycle D, Pu241 is not in equilibrium for burnups below

120 GWd/t, and Figure III.A.2 plots g as a function of fuel
burnup.

Given the above equations, the following fissile fission

fractions can be written:

Pud
gPu _ {( €, , 1}—1 (II1.A-13)

(II1.A-14)
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0.20
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0.12

0.04 .

| | 1

000 ] 1 1 1 ] 1
100 120

0 20 40 60 80
Fuel Burnup (GWd/t)

Pud1
. F .
Figure III.A.2. g = as a function of fuel burnup
FPu9 + FPuLH
for HTR fissile fuel cycle D (data from Teuchert

1972) .

and, in the case of the uranium cycle,

FES FE5 pPU9  _Pul1
B L Sty i ] (III.A-15)
F F F F

In order to determine the fissile fission fractions, it is
necessary to apply the iterative method with the corresponding
values of kz (Table III.A.1) and Y, (Figure III.A.1), as was done
for fissile fuel cycles B and C in the thorium cycle. For fis-

sile fuel cycle E, = 1.0; for fissile fuel cycle D, Yp is

YE
given in Figure III.A.1.
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III.A.2.b. Fissile Fuel Cycle F

In this cycle, only Pu239 and Pu2i41 are available as fissile
isotopes. Their respective concentrations are in equilibrium,
and the Pu241 fissile fraction is given by Equation (III.A-12).

This yields F 2%/l = 0.295 and ¥*99/F = 0.705 for the

(1 + )' values in Table III.4. Like in cycle A, this distribution
remains constant for all burnup conditions. (The iterative

method need not be applied.) Pu makeup is given by Equation
(I11-1).
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APPENDIX III.B. ANALYSIS OF FISSILE FUEL
UTILIZATION IN FISSILE
FUEL CYCLES A TO F

The results of the calculations on HTR fissile fuel utili-
zation are described here for each fissile fuel cycle listed in
Table III.1. The calculations are based on an HTR design of
3 GW(th), with the burnup-dependent loss fractions P given in

Table III.3. The vl and fissile fuel cycle-specific (1 + a)?t

values are given in Table III.4.

In order to verify the methodology of the iterative method
described in Appendix III.2, the author reconstructed the exact
results of the burnup calculations with the help of the iterative
method, taking the exact P values from the burnup calculations
(Table III.2) and the (1 + a) values from Table III.4. These

comparisons are given in Tables III.B.1 to III.B.4.

As was discussed in Section III.3, the conversion ratio CR,
can be described by two parameters that are largely independent
of one another: the loss fraction P and the fissile isotope
composition~dependent ng. While P is almost completely inde-
pendent of ng, the latter is not completely independent of P.

The dependence of P on ng is briefly discussed here.

In the case of low burnups, P is almost equally reduced for
all fissile fuel cycles. On the other hand, n% is primarily de-

termined by the fissile fuel cycle-dependent fissile isotopic
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composition, as is reflected by the fissile fission fraction
distribution. However, since this distribution depends on CRZ,
Equations (III.A-5) and (III.A-11), which in turn depends on P

by Equation (III-5), the fissile fraction distribution exhibits

a moderate P dependence. Thus, ng slightly changes with P. This
is true for fissile fuel cycles B, C, D, and F. Fissile fuel

cycles A and F are not influenced in this way.

This effect is observed to he largest in the nonrecycle
fissile fuel cycles C and D, where the isotopic composition of
the self-bred fissile isotopes U233/U235 and. Pu239/Pu24]1 is not
in equilibrium for burnups below 120 GWd/t. The effect is smaller
in the recycle fissile fuel cycles B and E, where the bred fissile
isotopes are in equilibrium concentration. Accordingly, the burn-
up dependence of CR is reflected to a large extent by P and to a

lesser extent by nI, the former having most and the latter much
less influence.
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ITI.B.1. THE THORIUM CYCLE

A significant difference in n; must be expected between the
recycling fissile fuel cycles A and B and the nonrecycling cycle
C, since the U3
than the nUS

of the self-bred fissile isotope is much larger

of the fissile isotope supplied.

III.B.1.a. Fissile Fuel Cycle A

In this recycling thorium cycle

== the self-bred U233 is recycled, and
~-- the fissile fuel supplied is U233.

In fissile fuel cycle A, the HTR fissile inventory consists
of U233 and a small fraction of self-bred U235. The isotopic com-
position of these isotopes is in equilibrium, so that the equilib-
rium fission fraction distribution is given by Equation (III.A-9).
With the (1 + a)i values from Table III.4, this 'yields FUB/FI =

0.912, i.e. approximately 9% of the fissions are due to the self-
bred U235.

The iterative method need not be applied with this fissile
fuel cycle. Accordingly, ni is independent of P, and the burnup
dependence of CRA is solely due to P. As is the case in fissile
fuel cycles B and C, the P values are taken from Table III.3 for
the results of cases al, a2, a3, and a5 listed in Table III.B.1,
and the (1 + a)i values are taken from Table III.4.

In the cases of (a4, a5), (a6, a7) and (a8, a9), the results
of the exact burnup calculations, referred to in Table III.B.1
in the nomenclature adopted in Table III.2, are compared to the
results of the iterative method. As has been noted, good agree-
ment is found for all the parameters. Reference cases A-1 and
A-2 are listed separately because they do not correspond to re-

alistic fuel cycles. 1In cases A-1 and A-2, the U233 fission

fraction is 99%, constituting an almost pure U233 inventory. This

does not correspond to the equilibrium concentration of fissile
isotopes U233 and U235.
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Figure III.B.1 illustrates the burnup dependence of CR,,
I
HA,

CR, is only due to the reduction in P. Fissile fuel cycle a

attains the highest conversion ratios among all fissile fuel cycles,

due to the high ”23 = 2,22 and the very high U233 fission fraction.

CRA lies between 0.75 for high burnups (A = 100 GWd/t) and 0.97

for very low burnups (A = 20). At this point, therefore, it

and the fission fractions. 1In this cycle, the increasing

should again be stressed that the HTR can attain high conversion
ratios under the following conditions only:

-— Th232 is used as fertile material,

-- the self-bred U233 is recycled, which implies the need
for thorium reprocessing facilities,

-- the makeup consists of U233 coming from an external
source, e.g. FBR,

-- the burnup is very low, so that FP and R and thus P
are kept small (A = 20-30 Gwd/t).

-- HTR units are large, so that L and thus P are kept
small (~3 GW(th)).

For a high CR to be attained, the loss fraction P must not be~
come much larger than 0.10-0.11. This calls for an extremely
careful neutron utilization.

Figure III.B.2 shows the U233 makeup dg3

fuel burnup. To be mentioned here is the very low U233 require-

as a function of

ment at low burnups in comparison to the fissile fuel demand of

all the remaining fissile fuel cycles.
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III.B.1.b. Fissile Fuel Cycle B

In this reecyeling thorium cycle

-~ the self-bred U233 is recycled, and
-- the fissile fuel supplied is U235.

The U233 concentration is in equilibrium for all fuel
burnup conditions due to constant recycling. Factor Yg =
{1 - exp(—cg3¢t)} = 1.0 since t -+ =, Equation (III.A-4).

As in fissile fuel cycle C, the iterative method is applied.
The results are listed in Table III.B.2. Cases bl, b5, and b6
are evaluated by means of the P values in Table III.5 for a

3-GW(th) unit and the (1 + a)l and vi values listed in Table III.4.

Cases b2 and b3 are used for checking the iterative method.
As in cycles A and C, good agreement is found between the ana-
lytical and the exact results for all the essential parameters.
The P values assumed were those of the burnup calculations, and

(1 + a)* and v are given in Table III.4.

Figure III.B.3 plots the burnup dependence of CRB and fis-
sion fractions for a 3-GW(th) unit. In contrast to the non-
recycling cycle C, the U233 fission fraction rises with decreasing

burnups. Since nU3 > nUS é'

In fissile fuel cycle B, the increase in the conversion ra-

, this leads to higher values of n

tio in the case of low burnups is due to the increase in né

and the reduction in P. The conversion ratio for cycle B is be-
tween 0.71 for high burnups (A = 100 GWd/t), and up to 0.9 for
very low burnups (A < 20).

us
B *
the exact burnup calculations for B-1 and B-2 are larger than the
analytical results, since B-1 and B-2 were calculated for a

1-GW(th) and not for a 3-GW(th) unit.

Figure III.B.4 shows the U235 makeup d The results of
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III.B.1.c. Fissile Fuel Cycle C

In the nonrecycling thorium cycle

~- the self-bred U233 is not recycled, and
-- the fissile fuel supplied is U235.

Of all the fissile fuel cycles, cycle C (as well as uranium
cycle D) is the most difficult to simulate by analytical methods.
In this cycle, the U233 concentration and thus also the U233

fission fraction is not in equilibrium for burnups of less than

150 GWd/t, i.e. Yo = (1 = e_og ¢t) < 1.0 in Equation (III.A-4).
023¢t, a function of fuel burnup, can only be determined indirect-
ly because of the asymmetrical neutron flux distribution ¢ in the
HTR. By using the burnup calculations available, it was

possible to determine a correlation between og3¢t and fuel burnup.

The corresponding YC is reproduced in Figure III.A.1.

Cases c1, c6, c7, and c10 in Table III.B.3 were determined
by using the P values given in Table III.3 for a 3-GW(th) HTR
unit and the (1 + a) and v! values suggested in Table III.A4.

Cases (c2, c3), (c4, c5), (c8, c9) were used for checking
the iterative method. A comparison of these results and the re-
sults from the exact burnup calculations (Table III.2, P values
from burnup calculations, (1 + a)i and vi from Table III.4) shows

very good agreement for all parameters.

Figure III.B.5 illustrates the burnup dependence of né, the
fission fractions, and conversion ratio CRC for a 3-GW(th) unit.
In the case of fissile fuel cycle C, the decrease in né for low
burnups is due to the decrease in the U233 fission fraction. The
increase in CR thus only depends on the reduction of P. The con-
version ratio lies between 0.66 for high burnups (A = 100 GWd/t)
and 0.80 for low burnups (A = 30 GWd/t).

Figure III.B.6 shows the fissile fuel flow of the U235 de-
mand ng and the discharged U233 ag3 as functions of burnup for
a 3-GW(th) unit. A rising U235 demand is to be expected, due to

the increase in the U235 fission fraction in the case of low

burnups. On the other hand, more U233 is produced. However, the
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net fissile fuel demand dC’ Equation (III-1), is lower in the case

of low burnups.

Figure III.B.6 also shows results from the exact burnup
calculations. C-2 and C-3 are results for 1-GW(th) units and
thus not directly comparable with the analytically determined re-
sults for 3 GW(th). The U235 requirement is therefore distinct-
ly higher for those units; note, however, the agreement of their
U233 outputs with the analytical results for the 3-GW(th) unit.
This appears to indicate that the U233 cutput is independent of
reactor size; the difference between 1- and 3-GW(th) units ap-
pears to be expressed by the U235 makeup dgs.

Fissile fuel cycle C is of interest only in the absence of
thorium reprocessing facilities. Unloaded fuel elements with
U233 content are stored. Because of the larger U235 require-
ment for low burnups (despite the better net fissile fuel demand

dc), it is less desirable to reduce the burnup in this cycle.
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III.B.2. THE URANIUM CYCLE

The conversion ratio in the uranium cycle is primarily de-
termined by the (1 + a)i values of fissile isotopes Pu239 and
Pu241. These values are not known with the same reliability as
the corresponding values in the thorium cycle. The following
results should therefore be seen only as indicative of the fuel

utilization in the uranium cycle.

III.B.2.a. PFissile Fuel Cycle D

In the nonrecycling uranium cycle

-- the self-bred Pu239/Pu241 is not recycled, and
-- the fissile fuel supplied is U235.

Since the self-bred fissile isotopes Pu239 and Pu241 are
not recycled, their isotopic compositions are not in equilibrium
in the case of low burnups, i.e. Yp < 1.0. The dependence of
Yp on the burnup is plotted in Figure III.A.1. The difference

between Ye (thorium cycle) and Yp (uranium cycle) can be explained

by the larger Pu239 thermal absorption cross section O§u9 =
1200 barns in contrast to U233, where 023 = 270 barns. This im-

plies that Pu239 attains equilibrium concentration faster than U233.

Table III.B.4 lists comparative calculations with respect
to the exact burnup calculations available for cases d1 and d3.
Good agreement was obtained between the analytical and the exact
results if the (1 + a)é values were taken directly from the burn-
up calculations for D-1 and D=2 rather than from Table III.4.
As mentioned initially, the values in the burnup calculations
appear too low. Comparing d1 and 45 shows the impact of a
change to the higher (1 + a)i values suggested in Table III.4.
Here the conversion ratio is reduced from 0.557 to 0.483, cor-
gS. The pufiss gjg4-
charged is reduced by 35.2%. These differences illustrate the
great influence of the (1 + a)i values.

responding to a 14.3% higher U235 demand d
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The results of cases d6 to d9 are shown as functions of fuel
burnup in Figures III.B.7 and III.B.8. The curves of né, CRD,
and Fi/FI are subject to arguments similar to those for fissile fuel
cycle C. Despite the decreasing ng yvalues with decreasing burnup,
CRD increases due to the smaller parasitic losses P. The isotopic
equilibrium concentration of Pu239 and Pu24]1 is attained at much
lower burnups than with the corresponding U233 equilibrium con-

Centration in fissile fuel cycle C (compare Figures III.B.7 and
ITI.B.5).

The U235 requirement in Figure III.B.8 increases only very
slightly with reduced fuel burnup, compared to cycle C. Due to

the somewhat higher output of fissile plutonium, a smaller net

fissile fuel demand dD is obtained with decreasing fuel burnup.
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III.B.2.b. Fissile Fuel Cycle E

In the recycling uranium cycle

-- the self-bred Pu239/Pu2d41 is recycled, and
-—- the fissile fuel supplied is U235.

In cycle E, the Pu fissile isotopes are in equilibrium con-
centration, and thus Ygp = 1.0. No exact burnup calculations
are available for this fissile fuel cycle, and the results in-
dicated in Table III.B.5 have been obtained by'using the (1 + a)
values suggested in Table III.4.

i

The results of the analytical calculations are illustrated
in Figures III.B.9 and III.B.10. 1In contrast to fissile fuel
né in fissile fuel cycle E increases with decreasing fuel
burnup. This is partly due to the increasing Pu241 fission

cycle D,

fraction, which increases up to 0.20 on account of the high value
of nPU241 = 2.106. Apart from that, the curves of CRE’ né, and
the fissile fission fractions are governed by arguments similar

to those that apply to fissile fuel cycle B.

As is the case in all the other fissile fuel cycles, con-
version ratio CRE increases with reduced fuel burnup. This is

expressed by a lower U235 demand dgs (see Figure III.B.10).
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I11.B.2.c. Fissile Fuel Cycle F

In this recycling uranium cycle

-- the self-bred Pu239/Pu241 is recycled, and
-- the fissile fuel supplied is Pu239, coming from an

external source, e.g. FBR.

In this fissile fuel cycle, the fissile inventory consists
only of Pu239 and Pu241. This isotopic composition is in equi-
librium, so that the equilibrium fission fraction distribution
Oof Pu239 and Pu24l is given by Equations (III.A-13) and (III.A-14),
Tespectively. The distribution is 0.705 for Pu239 and 0.295 for
Pu241 (Table III.B.6), assuming the (1 + a)i values listed in
Table III.4. This compares to 0.912 for U233 and 0.088 for U235

in the corresponding fissile fuel cycle A.

Since the fission fraction distribution remains constant as
a function of the burnup in fissile fuel cycle F, n; also remains
constant (see Figure III.B.11). The increasing conversion ratio

CRF is consequently only due to the reduced parasitic»losses P.

The corresponding fissile Pu demand dguflss is plotted in Figure
III.B.12 for a 3-GW(th) HTR unit. This PutlSS demand is seen to
be significantly larger than the U233 demand d§3 in fissile

fuel cycle A (Figure III.B.2).
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APPENDIX IV.A. SELF-SUPPLY OF FBRs IN THE STEADY-
STATE FBR/HTR SYSTEM

The condition

Puflss

P

P

fiss
u consumed

for the core and the axial blanket is synonymous with the state-

ment that the breeding gain of the two regions after losses

g =g = ' (IV.A=-2)

where 9o ax refers to the breeding gain of the core and axial

14

blanket regions after losses. In accordance with Equation (I-35),
therefore,
B F F c,ax InVF
Ic,ax gc,ax(1 - VIW - ) T— =0 . (IV.A-3)
n n
BRc ax’ the breeding ratio of the core and axial blanket regions,
’

which is necessary to meet condition (IV.A-1), is obtained by



substitution of Equation (I.B-17)
by solving the latter for BR,
’
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C,ax

ax”’

into Equation (IV.A-3), and

InVF C,ax I
T+ Y (1-€)<Sn(1+a)n
n n

- T

(1 - gy (1 +.°‘)N

(IV.A-4)
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APPENDIX IV.B. GROWTH RATE OF THE EXPANDING FBR/HTR
SYSTEM

The thermal power Ps(t) of an FBR/HTR svstem is given as

Ps(t) = PF(t) + P (t) . (IV.B-1)

H

The growth rate as of the system is determined such that

Pg(t) = P et (IV.B-2)
P (t) .
If the ratio ) is assumed to remain constant, 1l.e.
F
o
PH(t) Py
I constant = — (IV.2=3)

then it can be shown that

L S - F_ 1 _H (IV.B-1)
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If the breeding gain Iy is divided into

3 p
gy =9 + g, (IV.B-5)
the following set of differential equations apply:
dap
F °°F _ Pu _
FBR: I, 7 = ¢ g Lp 7 (IV.B~6)
dap
. -H H _ .u3 _
HTR: IZ 3t + dA PH LH =g PF LF . (IV.B-7)
LF and LH are load factors, and Ig and Ig the fuel cycle fissile
inventories. Using (IV.B-4), Equations (IV.B-6) and (IV.B-7)
can be rewritten as
1 9Pp g"" Lp
F I
Z
and
U3
dLH g LF PF(t)
Z Z
Pu %s Ig
According to (IV.B-8), g = -5 . If this term is introduced
F
3
in Equation (IV.B-5), solved for gU , and used as a substitute

in (IV.B-9), one obtains for

the FBR/HTR system growth rate
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|
’U|'ﬂ
& Ol o
1
(o)
P <
[

o = ’ (IV-B-10) ;

+
4

g g

:L‘Ol"‘ﬂo

where g¥ and dX, which include the losses in the excore fuel
cycle, are given by Equations (I-33) and (I-37). The separation
of Iy into gU ang gPu can be determined from Equations (IV.B-6)

and (IV.B-7).
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APPENDIX V.A. THE LWR/FBR FISSILE FUEL BALANCE
IN THE TRANSITION PHASE

A specified nuclear electricity demand forecast Pne(t) is
assumed initially (cf. Figure V.1). From the time of FBR intro-

duction, t the following relation must be satisfied:

FI
Pne(t) = PL(t) + PF(t) . (V.a-1)

The distribution between PL(t) and PF(t) is here assumed to

be determined by the availability of plutonium, i.e. LWR Pu pro-

L
tories for additional FBRs to be constructed, such that

duction a, and FBR breeding gain ggu supply the first core inven-

dp
P P
7 a8 - aLPL(t) + g

Pu

I
N

PF(t) . (V.A-2)

PL(t) is to be determined for this inhomogeneous differen-
tial equation system. By differentiation of Equation (V.A-1)
with respect to t and substitution in Equation (V.A-2), this

equation can be written as
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Pu
dPL . aL g b (1) = dPne ) gPu > () V.Am3)
dt F L dt F "ne ‘ °
Iz IZ

By using the method of variable coefficients, one obtains

the solution

a-g (&=
I )tdt + soe (“Tg)t (V.A-UY

-(2-9
P (t) = P__(t) - % e~ (53 {jfpne(t) e!

for t after FBR introduction, i.e. t > tp- If the specified

forecast Pne(t) can be approximated by a linear function, such
that

P__(t) = wt , (V.A-5)
ne

then the solution of Equation (V.A-4) can be found to be

ne g-a g-a/\g-a ne

-a
PL(t) = Po + (—(1—> wt - (_q_><w_£ + po )I:eg_‘[— t _ 1] (VQA-_G)

where Pge is the LWR power capacity at the time of FBR introduc-
tion, i.e. PL(tF). Equation (V.A-~6) thus describes the LWR power

capacity as a function of the time after FBR introduction.

The time tT at which PL(t) attains its maximum, PL(tg), can

L
be obtained by differentiation of Equation (V.A-6). As a first
approximation for tg - tF < 20 years it can be shown that
F }
F
I"w - a_. P_(t_)
m _ -2 L "L'F _
tL T tp Ba (V.A=7)
a N
L F ar, Pp,(tg)
Iz
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Here it has been assumed firstly that the plutonium generated in
the LWRs is recycled in the LWRs themselves during Phase I (Fig-
ure V.1), and thus is not available for FBRs;1 secondly, that
the time-dependent decrease in LWR power in Phase III is given
only by the Pu fissile fuel balance between FBRs and LWRs. (LWR
plant life is not taken into consideration in this analytical

description.)
tp
The power integral erL(t)dt in Equation (V-1)
o
is determined by the given demand curve Pne(t) up to the point

m
tL

in time to of FBR introduction. The LWR power integral JrPL(t)dt
tF‘

of Phase II can, however, be considerably influenced by PL(t)'

which in itself depends on the FBR deployment described by Equa-

tion (V.A-2). For example, the total integral has its minimum

(exhibiting the minimum ore requirement) when, after t no more

’
LWRs are added, and from then on PL(t) is determined sglely by

the LWR plant life. This ideal case is marked as Pi(t) in Figure
V.1. A further addition of LWRs after tp, must be expected, how-
ever, which depends, among other things, on the FBR construction
rate. If this is the case, PL(t) in Phase II is directly linked

to the FBR construction rate.

The following can be said about the time~dependent LWR power
curve during the FBR introduction phase: every LWR newly con-
structed in Phase II (be it because of Pu shortage or due to an
FBR construction capacity constraint) will, for economic reasons,
have to be operated throughout one plant life of approximately
25-30 years. That is to say, the time-dependent decrease in LWR

1This assumption is realistic for two reasons: firstly, for rea-
sons of proper plutonium technology management, the technologic-
al know~how must be collected prior to the use of breeders.

This implies Pu-recycling in the LWR. Secondly, it is easy to
show numerically that the plutonium accumulated in Phase I could
cover the breeder addition for at most two or three years after

tF (~20 years), and therefore does not contribute significantly

to the overall plutonium aggregation.
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power capacity is influenced not only by the fissile fuel balance
between FBRs and LWRs as in Equation (V.A-3), but also by the

LWR plant life. If the LWR capacity decline in Phase III is due
to the LWR plant life, then an excess of Pu can be expected.
Accordingly, with regard to a low LWR power integral, the further
addition of LWRs after tF

to prevent such an LWR generated Pu surplus at a later time.
m
L
gral, which again has direct effects on the uranium ore require-

should be as small as possible in order

High values for t; - tF generally imply a higher LWR power inte-

ments of the LWRs. For this reason, tg - tF should be kept as

small as possible as was discussed in more detail in Section
V.3.c.



