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Abstract

The use of recycled uranium (RU) fuel offers significant benefits to CANDU® reactor
operators particularly if used in conjunction with advanced fuel bundle designs that have
enhanced performance characteristics. Furthermore, these benefits can be realised using
existing fuel production technologies and practices and with almost negligible change to fuel
receipt and handling procedures at the reactor. The paper will demonstrate that the supply of
RU as a ceramic-grade UO2 powder will increasingly become available as a secure option to
virgin natural uranium and slightly enriched uranium(SEU). In the context of RU use in
Canadian CANDU reactors, existing national and international transport regulations and
arrangements adequately allow all material movements between the reprocessor, RU powder
supplier, Canadian CANDU fuel manufacturer and Canadian CANDU reactor operator.
Studies have been undertaken of the impact on personnel dose during fuel manufacturing
operations from the increased specific activity of the RU compared to natural uranium. These
studies have shown that this impact can be readily minimised without significant cost penalty to
the acceptable levels recognised in modem standards for fuel manufacturing operations. The
successful and extensive use of RU, arising from spent Magnox fuel, in British Energy's
Advanced Gas-Cooled reactors is cited as relevant practical commercial scale experience. The
CANFLEX® fuel bundle design has been developed by AECL (Canada) and KAERI (Korea) to
facilitate the achievement of higher burn-ups and greater fuel performance margins necessary
if the full economic potential of advanced CANDU fuel cycles are to be achieved. The
manufacture of a CANFLEX fuel bundle containing RU pellets derived from irradiated PWR
fuel reprocessed in the THORP plant of BNFL is described. This provided a very practical
verification of dose modelling calculations and also demonstrated that the increase of external
activity is unlikely to require any change to current fuel manufacturing or fuel receipt and
handling procedures at the reactor. A programme of work being carried out co-operatively by
ZPI, BNFL and AECL is described which is aimed at the early introduction and
commercialisation in Canada of CANDU fuel containing RU. This programme builds upon the
successful technical collaboration undertaken by AECL and KAERI on CANFLEX fuel bundle
development with the later support of BNFL for RU.

CANDU® and CANFLEX® are registered trademarks of Atomic Energy of Canada Limited
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1. INTRODUCTION

Previous IAEA fuel cycle documents and various conference papers [1,2] have described in
detail the technical, economic and environmental benefits achievable from utilising RU as a fuel
for CANDU reactors. In summary these are:

1. Significantly improved fuel cycle economics;

2. Better utilisation of natural resources, through large reduction in fuel
requirements and recycling existing uranium stocks;

3. Maximising the energy derived from uranium by recycling the RU in CANDU, thus
assisting national and global efforts to meet Kyoto targets for the reduction in
greenhouse gases; 50% more energy can be derived by recycling the RU in CANDU
rather than re-enriching it and recycling in a PWR.

AECL, KAERI and BNFL have a high level of confidence that the technical viability and
licensing of CANFLEX/RU in the CANDU reactor system can be achieved.

This paper aims to demonstrate the steps now being taken collaboratively by ZPI, BNFL and
AECL to ensure that these benefits are available as quickly as possible to Canadian CANDU
reactor operators.

2. AVAILABILITY OF RU

The total amount of RU produced from reprocessing operations in Europe and Japan is
expected to be around 25000 tes by the year 2000 with additional quantities also having arisen
from reprocessing operation in the former Soviet Union. In the UK alone, the average annual
output from BNFL's THORP plant over its first 10 years of operation is expected to be 700 tes
U derived from reprocessing oxide fuel from Advanced Gas-Cooled Reactors (AGRs) and
LWRs. Each 700 tes is sufficient to supply a typical CANDU reactor for 10 years operation.
The product will be in the form of slightly enriched UO3 powder with the majority of the
material at an enrichment level up to 1% 235U. Reuse in AGRs or LWRs will require re-
enrichment. For RU use in a CANDU reactor, however, re-enrichment is not required. In this
respect, advantage is being taken of the high neutron economy inherent in the CANDU reactor
design which allows use of fuel with a relatively low fissile content and enables burnups to very
low fissile content levels to be achieved.

Although much of the RU to arise from reprocessing will be owned by utilities that will recycle
the material in their reactors, there is no doubt that sufficient RU will be available post 2000 to
fuel any realistic Canadian CANDU programme.

3. GENERAL PROCESS DESCRIPTION

The overall activities that need to be considered for the supply and use of Recycled Uranium in
CANDU reactors are shown in Figure 1.

4. OCCUPATIONAL HEALTH ASPECTS OF RU

The radiological inventory of RU is dependant upon the fuel history prior to reprocessing, the
ageing stages and also the various decontamination factors (DF's) of the processes involved.
The first step in evaluating the dose implications of all fuel manufacturing and handling
operations involving RU is to determine reference radiological source terms that bound material
that will eventually be processed. In considering the overall production of fuel via UF6 and the
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FIG 1. Process Schematic for the Use ofRUin CANDU

IDR conversion route, radionuclide inventories for the RU at the various stages of UO3

conversion, UO2 powder production and fuel bundle manufacture have been compiled and
compared for both natural uranium and for a reference RU material. This reference material
has been used within BNFL and ZPI to perform preliminary health physics assessments of fuel
manufacturing operations. Again, this reference RU represents a bounding, worst case for
radiological assessment.

Using the above data and the International Commission on Radiological Protection (ICRP)
material classification that applies to UO2, a weighting can be applied to provide an Annual
Limit on Intake (ALI) comparison of internal doses, arising from the intake of RU, with natural
uranium that can be used to derive criteria to achieve acceptable internal operator dose.

Calculation of the external beta, gamma and neutron dose rates have also been made and
compared with dose rates from natural uranium. Doses arising from fission products have
been shown to be below the level of detection. The dominant beta source is 234Pa(m), which is
present in all types of UO2 since it is a product of the 238U decay chain and is therefore seen at
a similar level. The gamma dose rates are driven by 234Pa(m) and also by 2O8T1 which is a
product of the 232U decay chain and is only present in aged, recycled uranium. The neutron
source strength has been shown to be low in all cases and below ljJ.Sv/h contact.

For RU, the major contribution to external, whole body dose will be due to gamma emission
and this will be slightly higher than the natural value for the first few tens of days of ageing but
will continue to increase linearly for several years. An increase in gamma activity of a factor
of around 2 over natural is expected at about 6 months ageing for the bounding, reference
material, taking into account the additional contribution by bremsstrahlung radiation which is
known to be present and generated by beta radiation absorption in the powder.

The manufacture of the RU CANFLEX bundle displayed at Toronto, referred to earlier,
provided an opportunity to perform actual reading dose measurements at various stages
throughout the manufacturing process. These show that although both the theoretical and
actual reading values are higher than natural uranium, as expected, the increase was only
modest. These results, albeit for a small trial quantity of a relatively low burn up material, and
calculated data for higher burnup PWR and AGR derived RU compared with natural uranium
as shown in Figure 2. Based on these data, preliminary assessments of ZPI's Port Hope
facility indicate that satisfactory control of gamma dose can be achieved with the introduction
of RU to a fuel manufacturing plant already using natural uranium. Careful planning of fuel
manufacture and refuelling operations should ensure that appropriate health physics standards
are also achieved at the station.
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BNFL already has extensive commercial scale experience in manufacturing fuel from recycled
spent fuel. Some 15000 tes of spent Magnox fuel has been converted to UFs, re-enriched and
used in the manufacture of AGR fuel in the UK. The burn-up levels and consequently 232U
content of the RU were lower than those now arising from LWRs or AGRs but the experience
is significant in that no special modification to existing equipment was required, manufacturing
procedure changes were minimal and the fuel presented no operational problems to the reactor
operators.

It should also be recognised that because the CANDU route does not require re-enrichment of
the 235U there is no consequential re-enrichment of 236U and 232U. Thus the dose level
associated with the handling of RU for CANDU is greatly reduced compared with the routes
that require re-enrichment.

5. PROCESSING OF RU TO UO2 POWDER

For BNFL to supply RU into the Canadian CANDU market, it will be necessary to supply UO2

powder of a specific enrichment value to a CANDU fuel manufacturer and thus conversion to a
ceramic-grade UO2 powder is required. Furthermore, the enrichment value chosen must take
account of the neutron absorbing property of the 235U content and can be considered an
equivalent 235U enrichment [3].

There are a number of uranium processing options available that would be capable of
producing a quality powder product. Following a review of the possible options, BNFL has
concluded that the short term business requirements can most cost effectively be supplied from
facilities provided to support recycle of RU in LWRs. UO3 from THORP will be transported
to BNFL's Springfields site, converted to UF6 in the new Line 3 Hex facility and then
converted to UO2 powder using the Integrated Dry Route (IDR) process in the Oxide Fuel
Complex.
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This route offers the additional advantage in that there is effective removal of 232U decay
daughter products which has the potential of reducing operator dose during downstream
operations including fuel manufacturing and reactor fuelling operations. This is discussed in
more detail in subsequent sections of this paper when the occupational health physics aspects
of the use of RU in a CANDU fuel manufacturing plant are examined.

The IDR product is a long-established product and has successfully been used for fuel pellet
manufacture for many different types of reactors [ 4 ]. In the CANDU context, pellets made
from IDR UO2 will be capable of meeting all quality requirements and will accommodate any
future CANDU fuel specifications that may be introduced as fuel burnup increases are sought.

An alternative process, the Modified Direct Route (MDR), has been proven by BNFL at pilot
plant scale. This process is based upon kiln-denitration of a uranyl nitrate-ammonium nitrate
double salt, uses uranyl nitrate as a feed material, not UO3, and does not involve any decay
daughter removal steps. In this respect it will be important to more closely couple the THORP
purification process to the conversion and ultimately the fuel manufacturing operations to
minimise operator dose. In the longer term this process may provide additional economic
benefits for CANDU over the existing IDR route. This MDR process has been successfully
used to produce THORP-derived RU pellets for a CANFLEX design fuel bundle that was
recently displayed at the AECL Sheridan Park Engineering Laboratories during the 5th
International CANDU Fuel Conference held in Toronto during September 1997.

6. TRANSPORT OF RU

The issues and proposed arrangements for the transport of all necessary material movements
involving the reprocessor (BNFL), RU powder supplier (BNFL), Canadian CANDU fuel
manufacturer (ZPI) and Canadian reactor operators have been examined jointly by BNFL and
ZPI in relation to UK and Canadian national regulations and international regulations as set out
in IAEA Safety Standard Document - Regulations for the Safe Transport of Radioactive
Material, 1996 Edition No ST-1.

It has been demonstrated that there are no difficulties involved in the transport of RU as either
non-fissile material (<1.0% 235U) or fissile material (>1.0% 235U) as defined in the above
document.

In the former case, analysis of typical THORP product and processing operations has
demonstrated a 205 litre IP1- class drum could be used as the primary transport container
within an outer IP2 ISO type container.

For fissile material, BNFL would use its type 3516 (B) container which is currently undergoing
testing and is expected to be licensed in 1999.

7. FUEL MANUFACTURE

Nuclear fuel has been manufactured in Canada in significant quantities since the late 60's using
natural enrichment; enriched fuel has also been manufactured for research reactors in various
quantities during this same period. More recently, three styles of CANDU fuel have been
routinely produced in high volumes, viz: 28 and two 37 element variants. These fuels are
produced in a flow-through continuous mode. This type of production is carried on using a
number of identical parallel production lines, with the capability for quick change-over to a
different style. Until now, each fuel style has had a single common sized fuel element, albeit
with a number of exterior appendage configurations.
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7.1 CANFLEX MANUFACTURING ASPECTS

CANFLEX fuel uses two different sizes. These new sizes have been produced in small
production sized quantities without difficulty at ZPI's Metal Products tubing facilities and are
being used for the 24 bundle in-reactor qualification beginning later this year. These bundles
have been manufactured using development lab equipment to gain a better understanding for
eventual production quantities.

Production quantities of CANFLEX fuels will present the manufacturer with a number of
challenges. The single major change will be to batch process a fuel with 2 different sized fuel
elements using a separated production line, while simultaneously producing the traditional 28
and 37 element fuel designs.

Segregation of the pellets will be necessary to avoid a plausible misloading into a 28/37 fuel
bundle during parallel production. For this reason a separate production line may be required
during various phases of production of CANFLEX fuel. Instead of traditional continuous
production, one size of fuel pellet will be produced and stored until the second size pellet has
been produced; the ratio of production will be in the order of 35:8. Once the pellets are loaded
into fuel sub-assemblies, the separation concerns are reduced. Subsequent assembly operations
pose a few additional challenges but are manageable. In terms of throughput, a single CANDU
6 fuelling charge will require only limited utilisation of resources even though the total number
of fuel bundles will be increased by the ratio 19.1/18.6 or approximately 3% (due to the
reduction in U weight with the CANFLEX design).

From a commercial point of view, the addition of this fuel design will require investment in
plant expansion and new processing equipment. When viewed over a reasonable time period,
the incremental manufacturing costs to the utility are not expected to be overly significant.

7.2 ENRICHED U MANUFACTURING ASPECTS

The change from CANFLEX-NU to SEU, of enrichments of less than 1 % will not present any
special problems other than the obvious health physics issues; as mentioned above, these are
not expected to present major changes. From a production stand-point, an enriched fuel bundle
will require significantly lower production rates, leaving an even larger under-utilisation of
equipment resources.

7.3 SPECIFIC RU MANUFACTURING CONSIDERATIONS

Several additional considerations need to be addressed regarding the production of RU fuel.

Although physical transportation is not seen as an impediment, nuclear insurance costs for
Canadian territorial waters and inland transportation are being assessed; these are not expected
to be significant.

The growth of radiological daughter products is a health physics aspect that must be monitored
by the manufacturer and utility. For this reason, both the manufacturer and utility will have to
increase the existing controls for RU inventory over those presently in use. More significantly,
the usual small quantities of contaminated waste generated by normal equipment
use/maintenance must also be addressed. Like many countries, Canada's existing waste
disposal sites are at a premium and therefore another location or means of disposal or recovery
maybe needed.
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Segregation of material will be even more important for RU, to avoid any cross contamination.
This may entail further physical barriers than those being considered for CANFLEX-NU
manufacture. In addition to physical plant, additional equipment will also be required.

As in CANFLEX-NU and SEU fuels, the incremental manufacturing costs of RU are not
expected to be great. These costs are presently being derived.

8. REACTOR OPERATION AND FUEL PERFORMANCE

CANFLEX is the latest fuel carrier in the evolution of CANDU fuel [5,6]. Its design has
been driven to facilitate higher burnups required for advanced fuels such as recycled uranium,
to provide higher dryout powers and lower peak element ratings, while being fully compatible
with existing CANDU stations [7 ]. Because CANFLEX is fully compatible with existing
plants, CANDU 6 stations can simply substitute CANFLEX-NU for 37-element fuel and
achieve improved reactor operating and safety margins, and higher critical channel powers.

The enrichment in RU can be used in several ways: to increase the power from a given reactor
core size through flattening the radial channel power profile; to increase the fuel burnup and
reduce the quantity of spent fuel; to improve fuel cycle economics, both front- and back-end;
and, in general, to provide greater flexibility in reactor design.

A 500 full-power day core-follow simulation using both 2 and 4-bundle refuelling schemes with
CANFLEX RU resulted in bundle power and bundle power boost envelops that meet current
CANDU fuel performance criteria [ 8 ]. Individual maximum bundle and channel power
targets are met. There is significant margin in the fuel element power envelops. Practical
refuelling schemes are demonstrated to achieve acceptable fuel performance within currently
proven CANDU technology.

9. SPENT FUEL STORAGE AND DISPOSAL

Spent RU CANDU fuel will probably require some extended pool storage to allow the decay
heat to reach the level of spent natural uranium fuel before being transferred to interim dry
storage in existing storage containers. In terms of spent fuel disposal, the OECD/NEA study [
9 ] on the disposal costs for high level waste indicated that despite the larger volumes of spent
fuel, disposal costs for CANDU natural uranium fuel are roughly equivalent to the disposal
costs of spent PWR fuel. The impact on the repository design of the higher quantity spent
natural uranium CANDU fuel would be offset by its lower decay heat load, resulting from the
lower burnup. Notwithstanding this conclusion, AECL has recently conducted preliminary
cost assessments of the impact of SEU on spent CANDU fuel disposal costs[10 ]. SEU
enrichments equivalent to that of RU could result in a decrease in disposal costs of about 20%,
compared to natural uranium fuel. The cost savings depend on the size of the repository,
cooling times, and disposal method (in-room emplacement vs. boreholes). Hence, a fairly
significant reduction in spent fuel disposal costs are possible with RU in CANDU.

10. CONCLUSIONS

ZPI, AECL and BNFL have identified and have been addressing the significant technical,
health physics and economic assessments relating to their roles in the introduction of RU in
Canadian CANDU reactors.

Overall, the recycle of RU into CANDU has beneficial environmental impacts on both the
front-end (the mining of fresh uranium is displaced by uranium recycle), and back-end
(significant societal gain is achieved by electricity production through a material that might
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otherwise be considered a waste). This is an excellent example of the environmental 3R's
(reduce, reuse, recycle) as applied to global nuclear energy use.

A demonstration irradiation of 24 CANFLEX bundles containing natural uranium is planned to
start in mid 1998 in a Canadian commercial reactor. The next step is seen as the introduction
of an RU trial bundle into a commercial reactor with the aim of ensuring that the Canadian
nuclear industry starts to obtain the benefits within the next few years from the use of RU fuel
as outlined in the introduction.
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