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ABSTRACT

Advanced converter reactors (ACRs) of primary U.S. interest are those which can be commercialized
within about 20 years, and are: Advanced Light-Water Reactors, Spectral-Shift-Control Reactors, Heavy-
Water Reactors (CANDU type), and High-Temperature Gas-Cooled Raactors. These reactors can operate on
uranium, thorium, or uranium-thorium fuel cycles, but have the greatest fuel utilization on thorium
type cycles. The water reactors tend to operate more economically on uranium cycles, while the HTGR
is more economical on thorium cycles. Thus, the HTGR had the greatest practical potential for im-
proving fuel utilization. !f the U.S. has i.h-k million tons U3O3 at reasonable costs, ACRs can make
important contributions to maintaining a high nuclear power level for many decades; further, they work
well with fast breeder reactors in the long term under symbiotic fueling conditions. Primary nuclear
data needs of ACRs are integral measurements of reactivity coefficients and resonance absorption
integrals.

[Advanced converters, thorium reactors, fuel cycles, denatured uranium-thorium fuel cycles, thorium reactor
introduction, nuclear data needs.]

1. Introduction

The term, "advanced converter reactors," is a
generic term which is utilized to indicate a reactor
system which has improved fuel utilization characteris-
tics relative to that of present Light-Water Reactors
(LWRs). Through the years, many advanced converter
systems have been proposed and worked on, including
aqueous homogeneous (D2O) reactors, molten-salt fueled
graphite-moderated reactors, organic-cooled heavy-water
reactors, organic-cooled and moderated reactors, sodium-
cooled graphite-moderated reactors, and sodium-cooled
hydride-moderated reactors. However, only a relatively
few advanced converter types can be applied commerci-
ally within the next approximately 20 years from a
practical viewpoint; these include Advanced LWRs (ALWRs)
such as LWRs using thorium as the fertile material
(including Light-Water Breeder Reactors [LWBRs]),
Spectral-Shift-Control Reactors (SSCRs), Heavy-Water
Reactors (HWRs), Advanced Gas Reactors cooled with CO2
(AGRs), and High-Temperature Gas-Cooled Reactors (HTGRs).
Further, although applied in the United Kingdom, AGRs
are not considered practical in the U.S. because of
their high capital cost. Thus, only ALWRs, SSCRs, HWRs,
and HTGRs are given serious consideration as advanced
converters in the U.S., and these are discussed below.
However, not all of these have the same likelihood of
being applied in the U.S.

The general order of this presentation will be:
(I) a brief description of the reactor systems; (2) a
brief description of reactor fuel cycles which can be
utilized; (3) the nuclear and economic performance of
various fuel cycles in the ACRs as measured against
reference LWRs; (*0 general comments on nuclear cross
section needs for the ACRs; and (5) overall conclusions.

2. Brief discussion of the Advanced
Converters Considered Here

2.1 Advanced Light-Water Reactors (ALWRs)

ALWRs are variants of present-day LWRs and thus a
brief review of the latter is given first. LWRs refer
to either Pressurized Water Reactors (PWRs) or Boiling
Water Reactors (BWRs), both of which are operating
commercially in the U.S. LWRs basically consist of
reactor cores contained in steel pressure vessels, and
utilize low-enriched U0 2 pellet fuels contained in
Zircaloy tubular cladding. High-pressure water and
steam is used as the coolant. Reactivity control is by
movable neutron-absorbing mechanically-drivenjcontrol
elements; further, burnable poisons (plus soluble
poisons in the case of PWRs) are utilized to extend
reactivity control and obtain better fuel utilization.

LWRs are highly developed and there is a wide resource
of test and operating experience on these systems.

ALWRs include a number of variants from standard
LWRs. A simple variant is that associated with increas-
ed fuel exposure (i.e., increasing the average fuel ex-
posure from approximately 30 MWD(th)/kg heavy metal
to about 50 MWD(th)/kg heavy metal). In this case,
the ALWR system is essentially the same as the LWR,
with modification to accommodate the higher fuel
exposure. Another ALWR is one uniformly utilizing
thorium as the fertile material; again, the ALWR
system is essentially the same as the LWR, with
modifications to accommodate thorium-uranium fueling
instead of uranium fueling.

A more complex ALWR is the LWBR. This is a PWR-
type system which has a novel seed-blanket fuel design
utilizing the thorium fuel cycle. The fuel basically
consists of a seed fissile region surrounded by a
blanket thorium region in a modular type arrangement.
Further, the seed region is movable, permitting changes
in neutron leakage to the blanket region when the seed
assembly is moved, thus providing reactivity control
through changes in neutron absorption by thorium.
Otherwise, the LWBR basically uses PWR technology, ex-
cept that the core operates with a relatively high
power density in the seed regions and with a relatively
low power density in the blanket regions. However, the
LWBR has more complicated reactivity control mechanisms.
The LWBR concept is presently being demonstrated in the
Shippingport Reactor in Pennsylvania.

2.2 Spectral-Shift-Control Reactors (SSCRs)

SSCRs consist basically of a PWR with the conven-
tional soluble boron reactivity control system replaced
with a system which controls the amount of DjO in H 20
(spectral shift control). The latter system controls
reactivity by changing the neutron spectrum through the
addition of heavy water to LWR coolant in a manner
analogous to the use of soluble boron in the conven-
tional PWR. Since light water is a better moderator
of neutrons than heavy water, the introduction of
heavy water shifts the neutron spectrum in the reactor
to higher energies and results in the preferential
absorption of neutrons in fertile materials. In con-
trast to the conventional PWR, where absorptions in
control absorbers is unproductive, the absorption of
excess neutrons in fertile material breeds additional
fissile material, increasing the conversion ratio of
the system and decreasing the annual makeup requirements.
Over the cycle, the spectrum is thermalized by de-
creasing the 0 20 to H 20 ratio in the coolant. i\ (j
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2.3 Heavy-Water Reactors (HMRs)

The HWRs considered here are of the CANDU type
which have been commercialized in Canada. The CANDU
reactors utilize fuel bundles within pressure tubes
which separate the heavy-water coolant from the heavy-
water moderator. The pressure within the coolant
system is comparable to that of LWR pressures, where-
as the pressure within the calandria vessel is rela-
tively low. The fuel elements are quite short,
roughly two feet in length, and the system employs
continuous on-line refueling rather than periodic re-
fueling as in LWRs. The on-line refueling scheme
reduces excess reactivity requirements. However,
there is a large inventory of heavy-water moderator
which adds to the costs and the thermal efficiency is
relatively low because of the low temperature at which
Che moderator operates. The reactor operates effec-
tively with natural uranium fuel and also slightly
enriched uranium fuel.

2.I4 High-Temperature Gas-Cooled Reactors (HTGRs)

HTGRs use unique fuels involving coated fuel
particles bonded together by a graphite matrix into a
fuel rod; the coatings on the individual fuel particles
provide fission product containment. The fuel rods are
loaded into holes in hexagonal graphite fuel blocks,
with these blocks also containing hexagonal arrays of

> channels for coolant flow. HTGRs operate at high
coolant temperatures, leading to high thermal effi-
ciencies - about bOX relative to about 35% in LWRs and
30% in HWRs. HTGRs have a relatively low core power
density, a large heat capacity associated with the '
graphite moderator, and a large core volume contained .
within a prestressed concrete reactor vessel (PCRV). :

Helium is used as the coolant. The above fuel des- ;
cription is for U.S. fuel designs; however, HTGft
designs based on use of pebble-bed type fuel are being
developed in the Federal Republic of Germany (FRG). j

3. Brief Description of Reactor Fuel Cycles '

All of the advanced converter reactors (ACRs) can
operate on various fuel cycles. In general, the
uranium fuel cycle is the reference cycle in water ;
reactors; however, thorium fuel cycles and mixed :

thorium-uranium fuel cycles can be employed. In
general, the term "fuel cycle" implies all operations,
processes, and reactor exposures associated with the
fuel from the time of its initial purchase to the time
of its sale or recycle. "Fuel cycle" includes the .
conversion of natural uranium to a fuel form or to UF6
for feed to an enrichment plant. After the desired
enrichment, the fuel is chemically converted to the
desired form, followed by fabrication; after exposure
in the reactor, the fuel is stored/cooled until the :

high activity fission products decay to a satisfactory
level for shipping, and sent to a reprocessing plant
for fuel recovery (alternatively, the fuel can be :
stored without reprocessing); after reprocessing, the
fuel is either sold, recycled, stored, partially
discarded, or a combination of the above. If thorium
is utilized, it is introduced in the fuel preparation
step and then follows the recycle stages indicated i
above.

The term "uranium fuel cycle" implies the above
steps, and also that 2 3 8U is employed as the fertile
material; the term "thorium fuel cycle11 is analogous
to the above, but with 2 3 2Th used as the fertile
material. Mixed uranium-thorium fuel cycles! imply the
use of 2 3 8U and 2 3 2Th as fertile material with various
fissile fuels, or the use of 2 3 3U with 238U,I or of Pu
with 2 3 2Th. A H reactors can utilize the above fuel

cycles, but not all cycles have the same performance
in a given reactor, nor does a given fuel cycle have
the same performance in various reactor types.

The nuclide chains associated with bred fuel and
higher isotope productions for the thorium cycle and
the uranium cycle are completely analogous. However,
there are important differences in neutron cross
sections, nuclear constants, and decay rates associated
with the corresponding nuclides. Further, since the
thorium cycle requires 2 3 5U to initiate the cycle, both
uranium and thorium fuel cycles are basically dependent
upon the mining of natural uranium for the initial
fissile fuel used to charge a reactor.

In thermal reactors such as LWRs, the uranium
cycle is normally utilized, with use of slightly-
enriched uranium as the initial fuel material. How-
ever, the thorium cycle could also be employed, with
2 3 5U (as highly enriched uranium) plus thorium as the
initial fuel. For either fuel cycle, the bred fuel
can be stored, sold to another user, or recycled.
Since Pu is a valuable fuel for fast reactors, the
uranium fuel cycle in LWRs often considers bred Pu
to be stored for future use. Under such circumstances,
the uranium cycle operates on what is termed the first
cycle or the open cycle. For thorium fuel cycles, the
bred 2 3 3U has a relatively high value in thermal
reactors, and is often considered to be recycled.

In addition to the features of fuel cycles
discussed above, there are variations which might be
introduced because of weapons proliferation concerns.
Thus, while the standard recycle process in LWRs treats
the separation of Pu from other fuel and fission
products and the recycle of Pu with 2 3 8U or natural
uranium, proliferation concerns may lead to restric-
tions on reprocessing such that separation of Pu from
fission products (or radioactivity) is not permitted;
alternatively, reprocessing may not be permitted. An-
other variant would be to coprocess Pu with uranium
while retaining reactivity within the fuel materials.
Similar types of fuel cycle variations can be
associated with the thorium cycle, with 2 3 3U being
diluted with 2 3 8U to give denatured uranium, or with
retention of reactivity with 233y a^ a]j times, or a
combination of the above. The influence of the above
variations in the fuel cycles, which are basically
variations in the reprocessing and refabrication end of
the fuel cycle, do not have a significant effect on the
nuclear performance of the reactor per se, since the ;
neutron poisoning added by the radioactive components
would not be significant from a nuclear performance
viewpoint. However, the above variants could influence
the cost of fuel refabrication significantly, making
it more difficult for fuel recycle to compete with the
'.'stowaway" cycle. This is not considered below, but is
pointed out here as a factor to consider, with the
specific economic penalty a function of the reactor
fuel and the conditions which have to be met. In
general, the addition of radioactivity to fissile fuel
would affect the uranium cycle more than thorium cycle
since 2 3 3U already has significant activity because of
daughter products resulting from 2 3 2U present in the
2 3 3U.

! The relative desirability of thorium, uranium, or
mixed fuel cycles in a given reactor type is dependent
on a number of factors such as the nuclear constants
associated with the pertinent materials compositions,
the unit cost of fissile fuel used to inventory the
reactor Initially, the unit cost of makeup fuel, the
unit cost of fuel recycle, the physical and chemical
properties of the fuel material, the economic bases «nd



ground rules which apply, and proliferation resistance
perceptions. These factors are included in the evalu-
ations given below.

4, Nuclear and Economic Performance of

Various Fuel Cycles

k.1 General Performance of Advanced Converters

As indicated above, the nuclear and economic pet—
formance of reactor systems as a function of fuel cycle
are related; i.e., power cost is influenced by fuel
conversion ratio, with costs increasing as the conver-
sion ratio increases beyond a certain point. At the
same time, increasing the conversion ratio improves
fuel utilization. Thus, improving fuel utilization
does not always correspond to improving economics.
This is illustrated in Fig. 1 which shows the fuel cycle
costs for HWR thorium systems (CANDU type) initially
fueled with uranium containing 93$ 2 3 5U mixed with
thorium; results are given for two sets of fuel re-
cycle costs and for two specific power levels in the
fuel for various U3O3 ore costs, tl] As shown, the
results for the HWR-Th system examined indicate that
the economic conversion ratio would be about 0.8.
In the following, the fuel conversion ratios of the
reactor systems studied correspond to the values near
the minimum fuel cycle costs for the economic param-
eters considered.
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i Fig. 1. Fuel Cycle Cost for CANDU-Thorium Concept
Having 93% 2 3 5U Topping. !

: In order to compare the fuel utilization and
economic perfornance of various advanced converters, a
number of economic and power growth ground rules have
to be considered, and these are discussed below. Also,
as indicated previously, the results will compare the
standard thorium fuel cycle with the standard uranium
cycle. [1]

First, let us consider the nuclear power growth
scenario given in Fig. 2. It assumes a nuclear power
growth of 15 GW(e)/yr during-the period 1970^2000.
After the nuclear power capacity reaches *»50]jGW, it is
maintained at that level until reduction is necessary
because of limitations in U3O3 resources, consistent '

200

Fig. 2. Thermal Reactor Power Growth Scenario
[initial growth of 15 GW(e)/yr; LWR2, LWR(Th), HWR,
or HTGR introduced in 2000]. The t is illustrative
only and varies with different reactor types introduced.

with a 30-year lifetime for all reactors that are

built. The available U^OB resource is considered to

be either 2.3 or 3.2 Tg (2.5 or 3-5 million short tons)

u3oa.
In these studies, reference LWRs operating on the

uranium fuel cycle are used initially; these are
termed LWRjs, as given in Fig. 2. Reactors built
after the year 2000 are either additional LWRs operat-

j ing on the uranium cycle (termed LWR2S for ease of
I identification), LWRs operating on the thorium cycle
I [LWR(Th)s], SSCRs, HWRs, or SC-HTGRs. The latter
1 three reactors use the thorium fuel cycle in these
: studies. (These reactors can be operated on either

• the thorium or uranium fuel cycle; however, the best
, fuel utilization will be obtained with the thorium
j cycle? the economic performance tends to be better on
the thorium cycle for HTGRs, aid tends to be better

' on the uranium cycle for HWRs and SSCRs). After the
, year 2000, LWRiS are withdrawn from use as their 30-
1 year lifetime (21 full-power years) is attained and

• replaced with a second type reactor chosen from the

I available types considered above. The power capacity
' is maintained at 450 GW(e) for a period of tiine, t ,
no new reactors arc built, and those in use operate
until the end of their 30-year lifetime. (Figure 2

! serves as an illustration of what t signifies, and
1 the time given should not be taken ^literally.)
I

; The power growth scenario of Fig. 2, along with
1 the estimated lifetime UsOg requirements of the
, various reactors, is used to calculate the energy
that can be generated for each type of new reactor

; used. This calculation assumes that a given reactor
i operates 21 full-power years over its lifetime, the
uranium tails from enrichment plants are 0.2% 2 3 5U,
and 1.1 Gg (1200 tons) of fissile plutonium generated
by LWR]S is stored for future use in FBRs. That
amount of plutonium permits a significant breeder

: economy to develop eventually.

In measuring the improved fuel utilization of a
, new reactor, it is important to factor in the time of

introduction of the new reactor and the amount of

': U 30 8 resource available to it. This is done here by

measuring the energy generation of combined reactor

systems against the energy that could be generated if
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no new reactors >;ere introduced. Thus, the energy
generated by LWFt. s plus LWR2s is the reference energy
generation, based on the use of LWRs with uranium and
plutonium recycle in which the entire ore resource is
utilized (except for the plutonium stored for FBRs).
The corresponding energy generation when new reactors
are introduced after the year 2000 is also calculated
and compared with the reference energy generation.
The resulting comparisons are termed the relative
energy generation (REG), and are given in Table 1 for
the various reactor combinations and U3O3 resource
levels. [2] Table 1 results are based on thorium fuel
cycle use in the second reactor, on reference designs,
and on fuel conversion ratios that correspond to eco-
nomic operation based on estimated unit fuel recycle
costs for che above reactors. The fuel utilization
results also consider the reactor thermal efficiencies
as given in Table 1 .

In the power growth scenario of Fig. 2 and up to
time t^, new reactors are always being built at
15 GW(e)/year (including replacement reactors); thus,
the higher the value of t , the longer the time avail-
able for FBR development without a closeout of the
nuclear power industry.

Table 2. Discounted Benefits of Various Thorium-Fueled
Reactors Relative to LWR (U-Pu Recycle) Systems
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The results in Table 2 illustrate that use of the
thorium fuel cycle rather than the uranium cycle per- •
mits a significant increase in energy generation, ;
even though thorium reactors are not introduced until !
the year 2000. At the same time, there is a difference
in the relative energy generation associated with the
different reactor types, and also with the l^Og re- I
source base. The higher the U 30 e base, the more ore is
available for fueling advanced converters and the <
greater the relative energy contribution of advanced
converters. ;

Table 2 gives the economic benefits associated j
with the various combinations of reactors for the j
assumed power growth scenario, the economic and cost i
bases given in ref. 1, a 7.5%/year discount factor on '
benefits, a U3O3 price of $220/kg ($100/1b), and a j
uranium enrichment (separative work) price of $150/SWU.,
The economic benefits were calculated relative to the '
power cost of the LWR (U-Pu recycle) system for designs
with economic fuel conversion ratios. Fuel recycle !
was assumed after the year 2000. The specific unit ;

reactor and fuel recycle costs considered are given in
ref. 1, the capital costs of HTGRs were considered to
be the same as those of LWRs based on estimates by
UEtvC. ;i

: For the specific designs and economic bases con- ,
sidered, the SC-HTGR gave the best fuel utilization :'

Reactor System

Discounted Benefits, $109

for each U3O8 Resource in Tg (tons)

2.3 (2.5 x 106) 3.2 (3.5 x 10^)

LWR! + LWR(Th)

LWRj + SSCR(Th)

LWRj + HWR(Th)

LWRX + SC-HTGR(Th)

reference value - 0

negative benefit

"M).5 M . O

1.1 1.5

6.4 8.7

and economic performance of the thorium-fueled re-
actors. Use of different bases, however, could change
the results.

While the above results summarize economic per-
formance of advanced converters based on use of the
thorium fuel cycle, comparative results have also been
obtained for the uranium cycle, [l] These more de-
tailed results confirm the results cited previously,
namely, that in water reactors the uranium cycle tends

. to be more economic than the thorium cycle; only the
1 thorium cycle is considered in HTGRs since, based on
earlier studies, that cycle is economically preferred
to the uranium cycle.

^.2 Light-Water Breeder Reactors (LWBRs)

By going to Advanced Light-Water Reactors (ALWRs)
such as the seed-blanket LWBR (having major changes

I in core design relative to present LWRs), more signi-
; fleant improvements in fuel utilization <-an be
j achieved than considered previously. The major core
design change to improve performance corresponds to

i effective removal of neutron poisons from the core
. region during the fuel exposure cycle. This can be
done by seed-blanket type control, in which relative
neutron absorptions in fertile material are varied
during the cycle. However, use of seed-blanket core

, designs leads to lower average core power densities,
larger reactor vessels for a given power capacity,

j and thus higher capital costs. Further, the seed-,
1 blanket fuel elements would have higher unit fuei
j fabrication costs because they require more complex :

! fuel loading, and the cost of recovering the 2 3 3U
in the blanket rods does not justify that recovery :

at the recovery rates needed in an LWBR. As a result,
! it is not assured that the envisioned improved fuel
< utilization performance associated with control-poison
• removal corresponds to practical core designs; based
i on the power growth scenario given in Fig. 2 and !
•use of prebreeders to fuel LWBRs, the penalty j
associated with use of such reactors at U 30 e costs i
, of $100/1b is estimated to be well over $100 billion.

' ̂ -i Denatured-Uranium-Thorium (DUTH) Fuel Cycles '

i The above considered the standard thorium cycle,
which recycles bred 2 3 3U. The present U.S. emphasis
on maintaining high proliferation resistance in.
nuclear fuel cycles indicates that the 2 3 5U in thorium
cycles would be replaced by denatured uranium( that is,
uranium having an enrichment low enough that effective
weapons could not be made directly from such material)
.Under such circumstances, DUTH fuels would be employed
rather than highly enriched uranium-thorium (HEUTH) :
'fuels, with the enrichment of the denatured uranium !



being about 20% 2 3 5 U . The 2 3 3U bred in such systems
could be denatured in situ by the appropriate pre-
sence of 2 3 8U along with the thorium. However, high
levels of radioactivity will be associated with the
decay products of 2 3 2 U , which will be generated along
with the 2 3 3 U , and this activity may be sufficient to
permit recycle of 2 3 3U (along with attendant 2 3 2U)
under certain circumstances without denaturing. If
all uranium has to be denatured, use of the DUTH fuel
cycle rather than the HEUTH cycle will degrade the
fuel utilization of the reactor. However, the de-
crease in performance is inherently small in water
reactors, and it can be made relatively small in
HTGRs with proper reactor physics design. [2] Thus,
the results for the DUTH fuel'cycles are reasonably
close to the fuel utilization performances associated
with the previous results, so long as plutonium pro-
duced in the DUTH cycles is also recycled. However,
the continued use of DUTH fuel cycles in thermal
reactors does have implications relative to the ratio
of thermal to fast reactors in the long term. The
discussion below assumes that highly concentrated
fissile fuel can be recycled so long as high activity
is inherently associated with it. Thus, the thorium
fuel cycles would utilize DUTH fuel for the initial
and makeup fuel, but recycle fuel would primarily be
2 3 3U and thorium. Since only small quantities of
Plutonium would be discarded from such HTGRs, the fuel
utilization performance would be close to that for the
HEUTH cycle (mined U3O.8 requirements would be less
than 10% more than the requirements for the HEUTH
cycle), based on core designs that give fuel conver-
sion ratios of about 0.8. The appropriate require-
ments are considered below. •

The above considered only thermal reactors. In
fast breeder reactors, use of the DUTH fuel cycle ;

leads to significantly lower nuclear performance than
the U-Pu cycle. However, incorporating thorium only ,

{in the blanket of a fast reactor does not lead to |
^significant changes in nuclear performance, and the I
2 3 3U that is produced is the most efficient fissile
material for thermal reactors, thus leading to good
fueling interactions between fast and thermal reactors.
Further, the 2 3 3U produced could be denatured if de- :
sired, which permits fast breeder reactors to provide !
a long-term source of low-enriched uranium for a I
;limited number of reactors.

Another way of showing the impact of advanced ;
converters on permissible nuclear power level is that ;

given by Till, et al. [3] In Till's study, an ore re-'
source of 3-7 million tons U30g was assumed, and power
growth scenarios calculated which yield about the '
maximum amount of energy from that ore resource for •
the reactor systems considered. Figure 3 shows (1) j
the nuclear power capacity which is permissible with
3.7 million tons U3O8 when LWRs are employed on once-
through uranium fuel cycles; (2) the nuclear power
growth potential for LWR uranium systems with uranium
!recycle plus the additional growth possible from plu-
tonium recycle; (3) the nuclear power capacity under
similar circumstances when LWR once-through reactors
are used along with advanced converter reactors
operating on the DUTH cycle with 2 3 5U makeup and re-
cycle of the bred 2 3'U; and (It) the nuclear power
capability if oxide-fueled LMFBRs were also used.
Overall, the results illustrate that there is some
flexibility in nuclear power growth afforded by the
better fuel utilization of advanced converters.
While advanced converters do not provide the fuel
utilization flexibility of fast breeder reactors, they
may be an important means in maintaining a nigh
nuclear power level if LMFBRs cannot compete
economically for many decades.
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Fig. 3. Comparison of Nuclear Power Growth Po-
tential for Converter Reactor Scenarios and LMFBR
Scenario (Resource Base = 3.7 million ST )

k.h Practical Introduction of Thorium Fuel Cycles

The above results indicate that early introduc-
tion of economic thorium fuel cycles is best accom-
plished by commercial introduction of HTGRs, and a
practical scenario for such introduction is given by
Kasten. [2] The scenario con- iders LWRs, HTGRs, HWRs,
and FBRs, with HTGRs or HWRs introduced in the year
2000, and FBRs in 2020. The nuclear power level is
considered to be 300 GW(e) in 2000, and remains at
800 GW(e) after 2050. Overall, use of HTGRs rather
than LWRs after the year 2000 led to a 20 to 30% re-
duction in mined U3O9 requirements (>l million tons
of U3O8), and the economic impact of HTGR use could
be significant, since the U30g saved would be the
highest cost resource. Finally, the ratio of thermal
to fast reactors could be significantly higher if
HTGRs were used rather than LWRs in the long term.

. Use of HWRs on uranium fueling would provide
only slightly less fuel utilization than the HTGR
(using thorium) up to the year 20*10, if the HWR re-
placed the HTGR. However, in converting the HWR
to 233U/Th fueling after the year 2040, the HWR is
estimated to require an additional 0.5 million tons

' U3O8 in mined uranium. Thus, the potential advantages
I of the HTGR over the HWR are its better economic per-
; formance (due to capital cost and fuel utilization
factors), its smaller amount of U 30 8 needed to con-

j vert to 2 3 3U fueling in symbiotic systems, its higher
thermal efficiency, and the versatile application of

1 HTGR component technology.

5. Comments on Nuclear Cross Section
Needs for Advanced Converters

Improvements in the accuracy of nuclear cross
\ sections is generally desirable, and that holds true
1 for those nuclear values applicable to the various
fuel cycles in advanced conveter reactors. However,
needed accuracy improvements in certain nuclear cross

! sections is more important than in others, and is
j dependent upon the practicality of the reactor system
1 being considered. In this section, some general
remarks on reactor physics quantities will be first
sumnjar ized, followed by comments on cross section

1 needs.
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Of the reactor physics features of thorium and
uranium fuel cycles in advanced converters, the most
important are the fuel conversion ratio, the critical
mass requirements of the reactor, and the reactivity
coefficients of the reactor. These quantities are di-
rectly related to the absorption and fission cross
sections of the heavy metal nuclides and to the n
values (n " neutrons produced per neutron absorbed) of
the fissile materials. In particular, the potential
fuel conversion ratio associated with a given fissile
fuel is given by (n - I), while the minimum reactor
critical mass is roughly inversely proportional to
(n - l)o , where a is the microscopic neutron absorp-
tion cross section of the fuel. The value of n as a
function of neutron energy for the various fissile fuels
shows that in advanced converter reactors the thorium
fuel cycle has a higher potential f conversion
ratio than the uranium cycle. At the same time, the
critical mass of a reactor system is dependent upon
the fissile composition of the fuel, and breeding of
plutonium in uranium fuels tends to decrease the
critical mass of thermal reactors. Alternatively,
breeding 2 3 3U into a system fueled initially with 2 3 5U
does not change the critical mass of thermal reactors.
Finally, the temperature coefficient of reactivity is
different for the various fissile fuels.

The nuclear behavior of fertile material also in-
fluences the nuclear performance of converter reactors
and that behavior is different for 2 3 8U and 2 3 2Th in
both resonance-capture cross section and in fast-
fission effects. The thorium thermal cross section is
significantly higher than that of 2 3 8U, which changes
the amount of fertile material which is needed in a
thorium system. Alternatively, the 2 3 8U has a higher
resonance integral than does thorium, which influences
the resonance absorptions in fertile material as a
function of fuel cycle. Further, the fast effect in
thorium systems is significantly less than the fast i
effect in uranium systems. Also, the effective cross 1
sections for thorium and uranium and their dependence !

on temperature have an important influence on the
temperature coefficient of reactivity.

Another important reactor physics effect on i
practical use of fuel cycles is the effect of hetero- .
geneity on criticality conditions and on reactivity co-
efficients. As the fuel becomes more heterogeneous (in
a nuclear sense and relative to fertile material), the
fuel enrichment required for criticality tends to ;
decrease. Thus, when the fertile fuel is very !
"heterogeneous" as in the light water or heavy water
reactors having relatively high fertile material con- '
centrations, the fuel enrichment tends to be relatively
low, This leads to use of uranium for which the unit
costs of fissile fuel are relatively low compared with
the high unit cost of fissile fuel when thorium fuel |
cycles are employed. Conversely, in systems which are
relatively homogeneous in a nuclear sense, such as in •
high-temperature gas-cooled reactors, the fuel en- j
richment utilized in the uranium cycle is relatively !
high, which m";ans that the unit costs of fissile fuel \
for both the jranium and thorium fuel cycles are more )
nearly the same. From an economic viewpoint, this
tends to make the thorium cycle the preferred cyle in !
the more "homogeneous" systems and the uranium cycle :

the preferred system in the more "heterogeneous"
systems. ,

Additional factors which influence the economic 1
use of fuel cycles are the unit costs of fuel fabri-
cation and of fuel recycle; the higher those unit costs,
the higher the desired fuel burnup before discharge. 1
Increasing the fuel burnup increases the desirability
of having a system with an inherently higher flliel con- !
version ratio, which influences the choice of ;:uel

cycle. Both the relatively high fuel recycle unit
costs and the relatively high nuclear homogeneity of
of the fuel in HTGRs cause the thorium cycle to be
preferred in that reactor system. However, in water
reactors, the uranium fuel cycle appears to be pre-
ferred economically. Thus, the need for specific
nuclear cross sections is influenced by the practical
application of both reactor type and of fuel cycle.

While it is advantageous to have improved nuclear
cross sections for reactors, both basic cross section
data and calculational methods are applied in practical
use. Further, the physics calculation costs often
limit core analyses to those methods which are less
rigorous than might be desired. As a result, present
cross section values for thermal reactors generally
appear reasonably adequate when used with production
type calculational models. For example, Quan, et a ] . ,
[!)] looked at the sensitivity of present nuclear data
relative to fuel cycle costs of extended-burnup fuel
cycles in LWRs. In general, sensitivities are com-
parable to or smaller than those for reference fuel
cycles. Also, Hardy, et al., [5] have performed
integral testing of Th- 2 3 3U and Th-235U data for
thermal reactors and found that existing experiments
provide a reasonable, consistent picture with regard
to calculated reactivities based on present nuclear
cross sections. However, specific integral parameter
measurements in simple geometries are limited in
number, and do not provide an adequately consistent
basis for refining the nuclear data needs of thorium
systems. In general, the basic need is for well-
defined, integral-type experiments which measure aver-
age values of cross sections useful in practical ;
reactor calculations, particularly integral measure-
ments of reactivity coefficients. Further, it appears
useful to improve the accuracy of the prompt fission ;
neutron spectra for 2 3 3U (primary) and for 2 3 5U

• (secondary) [6], particularly for those systems which
have high neutron leakage effects such as the seed- i

•blanket LWBR. Also, for thorium systems, improved
cross sections appear needed for 2 3 3Pa in the reson-
ance energy region. From the viewpoint of useful
shielding source data, information on the (n,-y) re-

iaction on thorium would be useful for those reactor
systems using thorium blankets.

; For HTGRs, there are two fuel heterogeneity

: levels; the fuel rods are in hexagonal lattices with
each fuel rod containing separated, coated fissile
and fertile particles within a graphite matrix, the
double heterogeneity increases the complexity of the
core calculations and the difficulty in getting
correlation between experimental and calculated
measurements. More experimental integral measure-
ments are needed in carefully controlled experiments
in order to determine the adequacy of calculated
effective cross sections; this is particularly true
for reactivity coefficients (e.g., Doppler coeffi-
cients), and for effective neutron capture cross
•sections for fertile material in the resonance energy :

,region. !

j

I Overall, the basic cross section data appear
better known than the ability to translate the values
to effective cross sections useful in practical core
calculations involving complex fuel geometries and

'materials. This is particularly true for thorium
systems, and for reactor types such as HTGRs and
LWBRs. Integral measurements of effective reactivity '
coefficients and of effective resonance absorption
and fission integrals (including neutron absorption in
complex control assemblies) are most needed.



6. Conclusions References

Advanced converters provide a means of improving
fuel utilization in thermal reactors using either
uranium or thorium fuel cycles. Thorium cycles give
the highest potential fuel utilization, but not all
reactor types operate economically on that cycle. Use
of a mixed uranium-thorium (DUTH)fuel cycle permits
the bred 2 3 3U to be "denatured" in situ, which may
give that cycle significant proliferation resistance
even with recycle of bred 2 3 3U.

Important factors relative to the use of various.
advanced converters and fuel cycles are the u^Og
resource levels available at reasonable costs, the
nuclear power growth, and applicable economic factors
and ground rules. Based on once-through fueling, the
thorium cycle is the most economic cycle in HTGRs and
the uranium cycle is most economic in water reactors
(ALWRs, HWRs, SSCRs). With recycle, thorium cycles
gain relative to uranium cycles, and at high enough
U3O3 costs will compete economically with uranium
cycles. Based on the economic cost factors employed
here, the HTGR operated on the thorium cycle had the
lowest power cost of the advanced converters studied.

In general, advanced converters can be a signifi-
cant advantage in maintaining a viable nuclear option
with limited 1)303 resources, and that advantage is
greatest when the thorium cycle is employed. However,
the thorium cycle is the economically preferred cycle
primarily in the HTGR. Further, it is important to
commercialize the thorium cycle at an early date to
realize the potential fuel utilization advantages.
Thu:,, the HTGR appears to be the preferred advanced
converter for improved fuel utilization prior to or
working with fast breeder reactors. At the same time,
the capital cost of the HTGR cannot be more than about
)0fc higher than that of LWRs in order to maintain the
above features.

All the advanced converters can operate as break-
even breeders, but such operation is too expensive
to justify that mode of operation.

If 1)30.2 resources at reasonable costs are
3.5—^ X 1Q6 tons, advanced converters can make impor-
tant contributions to maintaining a high nuclear power
level for many decades; however, they do not replace
the lontj-term need for fast breeder reactors. At the
same tinie, if symbiotic fueling between fast and
thermal reactors is desired because of economic and
proliferation resistance factors, it is important to
have advanced converters prior to as well as working
with FBRs. Based on present information, the HTGR is
the preferred advanced converter.

The basic nuclear data needs of advanced converters
are noc clearly identified at this time. However, there
are some specific nuclear values which appear to need
improvement, such as the fission spectrum of 2 3 3U and
the 2 3 3Pa resonance absorption cross section. A
greater need is for integral type cross section measure-
ments useful in determining the calculational models
needed to translate basic nuclear data to reactor
characteristics. In this latter area, important HTGR
measurements are integral values of reactivity
coefficients and of resonance absorption characteristics
of fertile material .
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