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THE EFFECT OF REDUCED ENRICHMENT
ON THE FUEL CYCLE FOR RESEARCH REACTORS

Dr. Armando Travelli
RERTR Program Manager

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

The new fuels developed by the RERTR Program and by other
international programs for application in research reactors
with reduced uranium enrichment (<20% Eli) are discussed. It
is shown that these fuels, combined with proper fuel-element
design and fuel-management strategies, can provide at least the
same core residence time as high-enrichment fuels in current
use, and can frequently significantly extend it. The effect
of enrichment reduction on other components of the research
reactor fuel cycle, such as uranium and enrichment requirements,
fuel fabrication, fuel shipment, and reprocessing are also
briefly discussed with their economic implications. From a
systematic comparison of HEU and LEU cores for the same refer-
ence research reactor, it is concluded that the new fuels have
a potential for reducing the research-reactor fuel-cycle costs
While reducing, at the same time, the uranium enrichment of
the fuel.

1. INTRODUCTION

An intense international effort has been in progress since 1978 to
develop, demonstrate, license and implement fuels with low-enrichment uranium
(LEU, < 20% 235i;) which can be used in research reactors instead of current
high-enrichment-uranium (HEU, ^ 93% 235U) fuels. The ultimate goal of this
effort is to allay nuclear weapons proliferation concerns by reducing and, ii
possible, by eliminating the significant amount (^5,000 kg) of HEU which is
now in continuous circulation to insure the operation of research reactors.
This paper describes the new fuel types, their stages of development, and
their implications for the fuel cycle of research reactors. Finally, the
economic aspects of the major components of the fuel cycle are analyzed in
some detail for each fuel type and for a typical research reactor to provide a
qualitative assessment of the probable economic impact of LEU usage on reactor
operating costs.

The primary active development programs for new LEU fuels include pro-
grams at laboratories in the United States (within the RERTR Program:*
Argonne National Laboratory,2 EG&G, Atomics International, Oak Ridge National
Laboratory,^ Texas Instruments, Babcock & Wilcox and General Atomic Company^;
in the Federal Republic of Germany (within the AF Program:5 NUKEM6 and
INTERATOM): in France (CERCA7 and CEA8); in Canada (Chalk River National
Laboratory'); iu the United Kingdom (AERE Harwell10); and in Argentina
(CNEA).



An essential component of these programs is the development of fuel-
bearing materials (fuel meats) suitable for research reactor application
with uranium densities much higher than the 0.4-1.7 g/cm3 currently
qualified for use with HEU. These high uranium densities make it possible
to introduce large amounts of "8JJ ̂ n t n e fuel elements to achieve
the 20% enrichment level without reducing the 235-j ioa(jing and without
changing the fuel element geometry. Frequently, the high densities attain-
able with the new fuels make it possible to achieve 20% enrichment even
with 235u ioaciingS significantly greater than in current HEU elements.
Additional increases in 235y loading can be achieved with changes of the
fuel element geometry which increase the fuel meat volume fraction.

2. THE NEW FUEL TYPES

The main fuel types developed by the reduced enrichment programs and
their stages of development are described below:

a. Aluminide (UAly-Al) dispersion fuel for plate-type geometry with
aluminum cladding. Developed by EG&G, NUKEM, CERCA and CNEA. Completion
of final demonstration with ^2.3 gU/cm3 is scheduled for 1983.

Miniplates with up to 2.3 gU/cm3 have been fabricated by EGf-G and
irradiated to 75% burnup in the ORR; PIEs are scheduled to begin in
December 1981. Mini-plates with up to 2.2 gU/cm3 have been fabricated
by NUKEM and are under irradiation in the ORR. They have reached ^ 50%
burnup and PIEs are planned for 1983. Miniplates with up to 3.0 gU/cjn3

have been fabricated by the CNEA and are being irradiated in the ORR.
Highest current burnup is 352. PIEs are planned for 1983.

Full-size elements with 1.7 gU/cm3 have been fabricated by both CERCA
and NUKEM, and are under irradiation in the ORR where they have reached 40%
burnup. CERCA has also fabricated full-size elements with 2.3 gU/cm3,
which will be irradiated in the ORR beginning in December 1981. Irradiation
of similar CERCA elements will soon begin also in the HFR-Petten.

With the support of the RERTR Program, a whole-core demonstration is
scheduled to begin in December 1981 in the Ford Nuclear Reactor at the
University of Michigan, with elements containing 1.7 gU/cm3 fabricated
by both NUKEM and CERCA.

b. Oxide (U^Oft-Ai) dispersion fuel for plate-type geometry
with aluminum cladding. Developed by ORNL, Texas Instruments, CERCA,
NUKEM and CNEA. Completion of final demonstration with ^3.1 gU/cm3 is
scheduled for 1984.

Miniplates with up to 3.1 gU/cm3 have been fabricated by ORNL and
irradiated to ^ 76% burnup in the ORR; PIEs are in progress. Miniplates
with up to 3.2 gU/cm3 have been fabricated by NUKEM and are under
irradiation in the ORR. They have reached *o 50% burnup and PIEs are
planned for 1983. Miniplates with up to 3.6 gU/cm3 have been fabri-
cated by CNEA and "are under irradiation in the ORR. Highest current
burnup is 35%. PIEs are planned for 1984.



Full-size elements with 1.7 gU/cm3 have been fabricated by Texas
Instruments and NUKEM, and are under irradiation in the ORR where they
have reached 60% and 40% burnup, respectively. NUKEM has also fabricated
full-sv.ze elements with 2.3 gU/cm3 and 2.1 gU/cm

3, which will be
irradiated respectively in the ORR and in the HFR-Petten. NUKEM is
fabricating full-size elements with up to 2.8 gU/cm3 for irradiation
testing in various European reactors.

c. Silicide (U-̂ SiAl -Al) dispersion fuel for application in both
pl^.te-type and rod-type geometry, with aluminum cladding. The siMcide
plate-type fuel was first developed by ANL and later pursued also by NUKEM,
CERCA, CNEA and B&W. Rod-type applications are developed by CRNL.
Completion of final demonstration with 'W.O gU/cm3 is scheduled for 1986.

ANL has fabricated miniplates with up to 7.0 gU/cm3. Irradiation of a
first batch of miniplates containing up to 5.9 gU/cm3 is complete with 80%
burnup and some PIEs are in progress with excellent initial results.
Irradiations of the denser miniplates are to begin in December 1981 and PIEs
are scheduled for 1983.

Irradiation of full-size plate-type elements fabricated by NUKEM, CERCA,
and B&W (with silicide powder provided by ANL) with 4.8 gU/cm3 ±s scheduled
to begin in the ORR during 1982.

Fuel rods with up to 3.2 gU/cm3 have been successfully fabricated by
CRNL and are currently under irradiation in the NRU reactor.

d. Zirconium Hydride (UZrHy) fuel, for application in rod-type geometry
with Incoloy cladding. Developed by the General Atomic Company. Completion
of final demonstration with ^3.7 gU/cm3 is scheduled for 1983.

GAC has fabricated rods with up to 3.7 gU/cm3. Irradiation of these
rods has been in progress in the ORR since December 1979 and is expected to
IK complete by the end of 1982, wito 50% burnup. Full-size elements with
T.7 gU/cm3 have also been fabricated by GAC, and their irradiation testing
is anticipated to begin in 1982.

e. "Caramel" (UP?) fuel, for application in plate-type geometry with
Zircaloy cladding. Developed by CEA. Final demonstration with ^9.1 gU/cm3

is essentially complete.

After extensive irradiation tests (up to 17,000 MWd/ton or % 34% burnup),
the CEA has implemented a whole-core demonstration of this fuel in the OSIRIS
reactor with 9.1 gU/cm3 and 1.45 mm maat thickness. The OSIRIS demonstra-
tion is still in progress, and no problems have been encountered in the
operation of the reactor. Some plates have reached 30,000 MWd/ton

burnup) and PIEs are in progress.

In addition to the demonstrations described above, approximately 22
reactors have ordered prototype elements of the new fuel types with reduced
uranium enrichment to become familiar with their properties and operational
characteristics.
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3. IMPLICATIONS OF THE NEW FUEL TYPES

Successful implementation of the new LEU fuel types requires prior resolu-
tion of many questions concerning the safety, performance and economics of their
use. These questions are addressed in a series of IAEA Guidebooks^> ̂ > 13
prepared by groups of international consultants under the auspices of the
IAEA. In general, assuming that all on-going irradiation tests are successful,
it is concluded that operation of the research reactors with reduced enrichment
fuels is at least as safe as with high enrichment fuels. Performance is only
marginally decreased with low enrichment fuels (normally in the 5%-10% area) if
it is measured in terms of thermal neutron fluxes in the experimental regions,
and it is slightly increased if it is measured in terms of fast neutron fluxes.

The materials, geometrical shapes, fabrication processes, lifetime
and general properties of most of the new fuels are so close to those of the
traditional fuels that none of the main aspects of the fuel cycle need to
be significantly changed. This was assumed as a constraint in the fuel
development activities. However, the economic aspects of the new fuels are
difficult to generalize, because they depends strongly on the type and specifi-
cations of the fuels and on the details of the fuel cycle. The economic
implications of the various choices have been studied in detail by A. Burtscher1^
and by J. E. Matos and T. Daly15.

4. ECONOMIC CONSIDERATIONS

To illustrate the major aspects of the fuel cycle of research reactors
with HEU and with each of the new LEU fuels, the approach chosen by Matos
and Daly1^ shall be followed closely here, with some simplifiying assumptions
and with some modifications needed to take into account updated price data.

Consider, as a typical reference research reactor, the 10 Mw reactor
with 40% duty factor, assumed as a reference in the first IAEA Guidebook on
reduced-enrichment fuels.11 This reactor is similar to the ASTRA reactor,
in Seibersdorf, Austria, whose fuel cycle cost components have been carefully
documented1^. The specifications at this reactor with HEU fuel, and those
which might be chosen to fuel it instead with each of the five LEU fuel types
under development, are summarized in Table I. These specifications have not
been optimized but correspond to reasonable choices for each fuel type.

A detailed analysis of the fuel management strategy assumed for the
IAEA study yields for each of the fuels an equilibrium cycle which defines
the peak burnup and the number of elements needed to operate the reactor
for a year. The reactor properties listed in Table I clearly illustrate
the potential of the LEU fuels for reducing the number of elements that need
to be used every year. Each major component of the fuel cycle can be
systematically addressed to arrive at approximate cost estimates for each
fuel type. The numerical results are listed sequentially in Table I.

a. The yearly uranium feed costs are calculated directly from the
amount of 235u needed in the fresh elements, assuming 0.2 tails assay, 2.5%
losses during enrichment and fuel element fabrication, and a current spot
price of 24.5 $/lb of U3O8 plus 3.0 $/lb U for conversion to UF6.



• b. Enrichment costs are based on 0.2% tails assay, 0.711% feed, and
on current DOE enrichment charges of 130.75 $/SWU.

c. Fuel element fabrication costs are based on the following scale,
derived from fuel fabricators' estimated prices.

UA1X-A1 (HEU): 6600 $/element
14

UA1X-A1, U3O8-A1: 8,580 $/element
i6»17

U3Si A1X-A1: 11,220 $/element
16>17

UZrHx: 22,100 $/element (GAC catalogue price)

U02(Caramel): 11,220-33,660 $/element (price range for parametric
study)

d. Fresh fuel shipping costs depend on the location of the fuel fabri-
cator. To a first approximation, and on the basis of the ASTRA experience,*^
they are estimated at 565 $/kgU for UFg shipment and at 400 $/element for
the shipment of fabricated LEU elements. In consideration of recent changes
in the regulations affecting the shipment of HEU elements in Europe, a
shipping cost of 1200 $/element is assumed for HEU elements.

e. Spent fuel shipping costs are estimated at 3140 $/element on the
basis of the ASTRA experience1^, and assumed not to depend on the fuel type.

f. Reprocessing costs currently charged by DOE for UA1X-A1 and 3 g
fuels correspond to 550 $/kg metal. The same cost is assumed no apply to
Caramel and silicide fuels. For UZrHx fuels, a cost of 222 $/kg metal is
assumed, corresponding to an equivalent escalation since 1976.

g. The uranium credit corresponds in each case to the price of the
contained in the spent elements, adjusted for the enrichment level and for a
2.5% conversion and reprocessing loss. The credit is reduced by the conver-
sion costs (135 $/kgU) and by the shipping charges to the reprocessing plant
(23 $/kgU).

5. CONCLUSION

The total costs of the fuel cycles listed in Table I point out very
clearly that the new fuels under development have the potential not only for
reducing the enrichment of the research reactors fuels, but also for reducing
the reactor operating costs. This potential economic advantage is directly
related to the longer lifetime which the new fuel types can attain by vertue
of greater 235ij loadings.

While these considerations may not be applicable to all research reactors,
they show that there is considerable incentive for detailed fuel cycle evalua-
tions whenever a conversion to LEU is considered. It is hoped that, through
the use of the new fuel types and careful selection of the fuel element
specifications, many research reactor operators will be able to reduce the
enrichment of their fuel while, at the same time, optimizing the fuel cycle
and minimizing the reactor operating costs.



Table I. Comparison of HEU and LEU Corea for the IAEA "Typical" 10 MW Research Reactor

Fuel Type
Reference
Aluminlde Alumlnlde Oxide Sillclde

Zirconium
Hydride Caramel

Reactor Properties

Enrlchnent

Ceooetry

Plates/rods per Std. Element

Uranium Density in Fuel Meat,
g/co3

Fuel Heat/Water Channel
thickness or Diameter, mm

2^5U in Fresh Std. Elenjents.g

Thermal Flux Ratio, $4/^93,
in Central Exp. Position

Average Discharge Burnup,
% of 235U

Number of Equivalent Std.
Elements Discharged in
One Year

93Z

Plates

23

20Z

Plates

19

20Z

Plates

19

201

Plates

23

20Z

Rods

16

6.5Z

Place*

16

0.68

10.23

2.27 3.00 6.00 3.72

10.19 6.65 4.53 3.49

8.41

0.51/2.188
280.0

1.00

63.7

1.238/2.188
403.0

0.93

42.3

1.238/2.188

533.5

0.90

47.6

0.51/2.188

532.1

O.SO

69 .1

12.95/

497.5

0.82

54.5

1.45/2.75

B76.8

0.88

43.6

7.44

Yearly Fuel Cycle Costs

($. 1000)

Uranium

Enrichment

Fabrication

Fresh Fuel Shipping

Spent Fuel Shipping

Reprocessing

Uranium Credit

Total

STKWT

40.3

94.8

67.5

14.0

32.1

26.1

-46.1

226.7

57.3

122.8

87.4

15.7

32.0

38.1

-96.9

256.4

49.5

106.1

57.0

12.7

20.9

22.7

-75.2

193.7

33.6

72.0

50.8

8.6

14.2

14.9

-27.6

166.5

42.7

91.6

77.2

10.0

11.0

10.2

-55.2

187.5

50.5

92.2

83.5/250.4

35.1

23.4

60.5

-63.0

252.2/419.1

155 176 133 114 128 172/287
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