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Abstract- In the last few years, Nucleoeléctrica Argentina S.A. and Atomic Energy of Canada Limited have collaborated on 
a study of the technical feasibility of implementing Slightly Enriched Uranium (SEU) fuel in the Embalse CANDU  
reactor in Argentina.  The successful conversion to SEU fuel of the other Argentine heavy-water reactor, Atucha 1, 
served as a good example.  SEU presents an attractive incentive from the point of view of fuel utilization: if fuel enriched 
to 0.9% 235U were used in Embalse instead of natural uranium, the average fuel discharge burnup would increase 
significantly (by a factor of about 2), with consequent reduction in fuel requirements, leading to lower fuel-cycle costs 
and a large reduction in spent-fuel volume per unit energy produced.  Another advantage is the change in the axial power 
shape: with SEU fuel, the maximum bundle power in a channel decreases and shifts towards the coolant inlet end, 
consequently increasing the thermalhydraulics safety margin.  Two SEU fuel carriers, the traditional 37-element bundle and 
the 43-element CANFLEX  bundle, which has enhanced thermalhydraulic characteristics as well as lower peak linear 
element ratings, have been examined.  The feasibility study gave the organizations an excellent opportunity to perform co-
operatively a large number of analyses, e.g., in reactor physics, thermalhydraulics, fuel performance, and safety.   A Draft 
Plan for a Demonstration Irradiation of SEU fuel in Embalse was prepared.  Safety analyses have been performed for a 
number of hypothetical accidents, such as Large Loss of Coolant, Loss of Reactivity Control, and an off-normal condition 
corresponding to introducing 8 SEU bundles in a channel (instead of 2 or 4 bundles).   There are concrete safety 
improvements which result from the reduced maximum bundle powers and their shift towards the inlet end of the fuel 
channel.  Further improvements in safety margins would accrue with CANFLEX.  In conclusion, the analyses identified no 
issues that would affect the feasibility of the Project. 
 
    

                                                 
* Chalk River Laboratories, Chalk River, ON, Canada 
CANDU  is a registered trademark of Atomic Energy of Canada Limited (AECL) 
CANFLEX  is a registered trademark of AECL and the Korea Atomic Energy Research Institute 

I. BACKGROUND 
 

The high neutron economy of the CANDU 
reactor enables the use of natural uranium fuel.  However, 
CANDU reactors have great versatility and can burn a 
large variety of fissile materials with essentially no 
change to the reactor core.  In particular, the use of 
slightly enriched uranium (SEU) fuel in CANDU has 
been discussed many times in the past (see for example 
Ref. 1).  By SEU, we mean here uranium with a 235U 
fraction approximately in the range 0.9-1.2 %.  The once-
through SEU fuel cycle is conceptually very similar of 

course to the natural-uranium (NU) cycle, and would 
probably be one of the simplest advanced fuel cycles to 
implement.  The main advantage of the SEU fuel cycle is 
that it can improve fuel-cycle costs and reduce the volume 
of spent fuel: with a 20% increase in U-235 content, an 
increase of about 90% is estimated in fuel burnup (the 
energy produced per unit mass of uranium).   There are 
also other, ancillary but important, benefits to the change 
in fuel. 
 
II. INTRODUCTION 
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The introduction of SEU fuel into CANDU reactors is a 
subject of common interest to both AECL and NASA.  
  
In fact, there is a very good rationale for this in Argentina.  
In the past several years, NASA successfully adapted the 
pressure-vessel-type heavy-water-moderated and heavy-
water-cooled Atucha I reactor to use SEU fuel with an 
enrichment of 0.85 weight %.  A gradual approach was 
used in the introduction of SEU fuel, and the transition 
from NU to SEU fuel was completed successfully in five 
years.  The operating experience with SEU has been good 
and the fuel cost savings significant.  More details can be 
found in Refs. 2 and 3.   
 
As a result, NASA has been interested in exploring the 
feasibility of using SEU fuel also in the CANDU reactor 
at Embalse, Argentina. 
 
The Embalse reactor is a CANDU 6 plant with a thermal 
power to coolant of 2015 MW and an electrical output of 
648 MW.  It has 380 fuel channels, each with 12 ~50-cm-
long fuel bundles.  The fuel is UO2, and each fuel bundle 
contains ~19 kg of uranium.  Figure 1 gives a sketch view of 
the face of the CANDU 6 reactor. 
 
III. JOINT AGREEMENT 
 
An agreement for a Joint Study on the Technical 
Feasibility of Using SEU Fuel in Embalse was established 
between AECL and NASA in 2000 September.    
 
The Joint Agreement specified the collaborative 
framework of the study and described a number of 
technical tasks that defined the joint study.  The main 
objectives of the Technical Feasibility Study were to 
analyze Embalse with full core of SEU fuel of enrichment 
around 0.9% and the transition period from natural 
uranium to SEU, and to identify technical benefits, risks, 
and feasibility issues.  Some examples of issues to be 
considered were: 

• fuel design and performance 
• reactor physics 
• fuel management and possible refuelling 

schemes 
• fuel-handling issues 
• impact on protective systems 
• impact on reactivity device worths and reactor 

control 
• impact on spent-fuel storage, both in pool and 

dry storage, and of spent-fuel disposal 
• safety and licensing implications 
• review and assessment of computer tools 

• definition of a licensing strategy for a possible 
small-scale demonstration irradiation.  

 
The technical activities covered a calendar period of about 
28 months. 
 
IV. COLLABORATION LOGISTICS 
 
The technical collaboration was mostly carried out by 
regular e-mail communications between technical experts 
in the two Companies.  E-mail provided essentially 
instantaneous communications, and therefore introduced 
no timetable barriers to the progress of the work.  Any 
limitation encountered in the schedule was largely a 
function of the analysts� busy workload in the current 
workplace environment of multitasking.  Reactor models 
were readily exchanged and numerical results could be 
compared and discussed promptly.   
 
Telephone conferences between groups of specialists 
from both sides were also found useful when discussing 
subjects that affected several disciplines.  Three 
coordination meetings, in 2000 June in Toronto, 2001 
May in Buenos Aires-Embalse, and 2003 June in Toronto, 
gave the opportunity for face-to-face discussion of 
progress and of particular issues. 
   
At the same time, the collaboration was greatly facilitated 
by a very fruitful 3-month attachment of a reactor 
physicist (M. Pomerantz) from NASA at AECL Sheridan 
Park.  This attachment provided a focus for in-depth and 
timely discussion of reactor-physics issues and results.  It 
also resulted in quick and meaningful mutual 
understanding of similarities and differences between the 
capabilities of the computer codes used in the two 
organizations, and in harmonizing to the greatest degree 
possible the reactor physics models and the bases for the 
analyses done at the two sites. 
 
V. SOME RESULTS 
 
A small number of the results achieved in the course of 
the collaboration are summarized here. 
 
Achievable Burnup 
 
With natural-uranium fuel, the Embalse reactor achieves an 
average discharge (exit) fuel burnup of about 7.5 
MWd/kg(U).  Enrichments of 0.9%, 1% and 1.2% are 
estimated to increase the exit burnup to about 14, 17 and 
22 MWd/kg(U) respectively.  Therefore, the factor increase 
in exit burnup is much higher than the factor increase in U-
235 content � see Table I.  
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TABLE I � EFFECT OF URANIUM ENRICHMENT ON FUEL EXIT BURNUP AND FUEL REQUIREMENTS 
 

U-235 
Enrichment (w %) 

Fuel Exit Burnup 
(MWd/kg(U)) 

Factor Increase in U-
235 Content 

(Relative to NU) 

Factor Increase in 
Exit Burnup 

(Relative to NU) 

Percent Decrease 
in Number of 
Fuel Bundles 
Required per 

Year 

0.71 (natural U) 7.5 - - - 

0.9 14 1.27 1.87 47.0 

1.0 17 1.41 2.27 56.3 

1.2 22 1.69 2.93 66.2 

 
The Table shows also the large reduction in number of fuel 
bundles consumed per year.  The large reduction in fuel 
usage extends the life of the spent-fuel pool and represents a 
benefit towards environmental protection. 
 
From an economic point of view, the optimum enrichment 
is about 1.1%, depending on cost assumptions.  However, 
the collaboration pursued here opted for a prudent and less 
ambitious goal, and focused on a smaller increase in 
enrichment, to 0.9 w%.  This level of enrichment also 
corresponds to that of recycled uranium from reprocessing 
spent LWR fuel, which could be an economical alternate 
source of enrichment.  The rationale for this choice includes 
the following reasons: 
 
a) The relative decrease in fuel-cycle cost is much larger 

between 0.71 and 0.9% than for higher enrichments.  
Therefore, it is possible to realize a large fraction of 
the potential savings with the 0.9% enrichment. 

b) The average exit burnup of 14 MWd/kg(U) for the 
0.9% level of enrichment gives confidence in the use of 
the present bundle design without significant changes. 

c) The local power distortions due to the higher 235U 
content will be moderate, and the channel refuelling 
scheme can remain a simple push-through scheme, as 
for NU fuel (with, however, fewer bundles being 
replaced at each operation). 

d) Special precautions to avoid criticality risks in the 
spent-fuel pool and during fuel transportation would be 
much less onerous for the 0.9% enrichment.  

 
Both the currently-used 37-element fuel bundle and the 
43-element CANFLEX fuel bundle were under 
consideration. 
 
Refuelling Scheme 
 
Refuellings in the Embalse NU core are performed using 
the bi-directional 8-bundle-shift (8-bs) refuelling scheme.  
This means that when a fuel channel is refuelled, 8 of the 
12 fuel bundles in the channel are replaced: 8 irradiated 
bundles are pushed out of the channel (at the coolant-
outlet end of the channel) and 8 fresh bundles are pushed  

into the channel at the coolant-inlet end. 
 
Because SEU fuel provides much more reactivity than 
NU fuel, the 8-bs scheme is inappropriate with SEU.   
Therefore 4-bs and 2-bs refuelling schemes have been 
studied instead. 
 
Power Distribution and Maximum Bundle Power 
 
With NU fuel and the 8-bs refuelling scheme, the axial 
power shape in a fuel channel is approximately 
symmetric, with the maximum value at the centre of the 
channel.  On the other hand, with SEU fuel and 2- or 4-bs 
refuelling scheme, the maximum bundle power is lower 
than for NU, and in addition the axial power distribution 
in the channel peaks towards the coolant inlet side, i.e., 
towards the channel end with lower coolant temperature 
(see Fig. 2).   
 
The reason for this difference is that SEU fuel and a 2- or 
4-bs refuelling scheme result in a greater difference in 
reactivity or k∞ (neutron multiplicative property) between 
bundles located near the channel inlet end and the outlet 
end.  The reduction in �time average� maximum bundle 
power is about 5%.  This increases the operating margin 
to the license limit on bundle power.  In addition, there is 
an even more important benefit from the 
thermalhydraulics point of view: the shift in axial power 
shape towards the inlet end, where the coolant is cooler, 
results in a lower critical channel power with respect to 
fuel dryout or fuel centreline melting.  This improvement 
in critical channel power is even greater for an aged core, 
for channels with greater amounts of radial creep. 
 
Demonstration Irradiation 
 
If the Feasibility Study and economic evaluations provide 
favourable results and eventually lead to a positive 
decision to implement the introduction of SEU fuel, then 
the first activity would be an SEU demonstration 
irradiation.  
 
In this Phase, SEU fuel bundles would be irradiated in six 
channels, a number tentatively chosen to be consistent 
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with the number previously used in the NASA SEU 
program for Atucha I.   
 
The general object of the Demonstration Irradiation 
would be to test the performance of the SEU fuel (37-
element and CANFLEX bundles) at extended burnup in 
stationary and transient conditions representative of the 
fuel requirements for the full core.  A code simulation of 
the proposed Demonstration Irradiation has been carried 
out, and is documented in Ref. 4.  The duration of the 
Demonstration Irradiation is estimated at 631 Full-Power 
Days (21 Full-Power Months). 
 
Examples of requirements for the Demonstration 
Irradiation would be: 
 
a) At least some SEU bundles will be irradiated at 

power and burnup conditions as close as possible to 
those in the equilibrium core. 

b) The core response to the presence and movement of 
SEU bundles will be established, including the effect 
on shutdown-system and reactor-regulating-system 
in-core detectors. 

c) The channel-to-fuel-bundle interaction during the 
extended period of high burnup will be established. 

d) The SEU bundles will be inserted in both high-power 
and low-power positions, to establish fuel 
performance at high burnup and for prototypical fuel 
shifts. 

e) The rise in coolant temperature for the SEU bundles 
with the channel in single phase will be compared to 
channel-power calculations. 

f) Post-irradiation examination will be performed for 
several SEU bundles and one NU bundle which have 
been subjected to high powers and ramps.  Bearing 
pads will be inspected.   

 
Transition to a Full SEU Core 
 
Assuming a positive decision to continue the 
implementation of the SEU program is made following 
the proposed Demonstration Irradiation, then the next 
phase would be the transition to a full core of SEU fuel. 
 
One option for the transition is to start introducing only 
SEU fuel bundles immediately following the 
Demonstration Irradiation, and continuing in this manner 
until all NU bundles have been discharged from core.  In 
this option, the transition to the full core would take about 
2.5 Full-Power Years. 
 
A second option is also possible, with a more 
conservative approach.  In this case the transition phase is 
divided into two parts: an intermediate phase until SEU is 
introduced in about 100 fuel channels, with the object of 
gaining greater experience, followed by the final phase 
into the full transition.  Such an approach may result in 
the transition taking some two years longer than the first 
option.  Further careful consideration would have to be 
given to this choice at the appropriate time. 

Impact on Reactivity Devices 
 
There is a general tendency towards reduced reactivity 
worth of devices in the SEU core, in view of the latter�s 
greater absorption cross section than NU.  Another factor 
that affects device worths is the degree of flux flattening, 
which can be varied to tailor the maximum channel and 
bundle powers.  In the SEU core with increased flux 
flattening, the reactivity worth of the adjuster-rod system 
is 24% smaller than in the NU core, but the reactor�s 
ability to ride through the stepback to 60% FP is not 
anticipated to be adversely affected.  The adjuster rods 
should still provide enough reactivity reserve in the SEU 
core to compensate for the xenon growth in the stepback, 
since the reduced adjuster rod worth is compensated by 
reduced xenon worth.  The reactivity worth of the 
Mechanical Control Absorbers is reduced by 8.3%, but 
again this is not expected to affect the performance in 
stepback or for reactivity control in a hypothetical failure 
of the zone controllers.  The reactivity worth of the zone 
controllers does not change significantly from their value 
in the NU core.  The worth of the shutoff-rod special 
shutdown system is reduced by ~7%.   
 
Safety Studies 
 
Safety studies were done with SEU fuel for a selection of 
accident conditions.  These included two large-loss-of-
coolant accidents (35% reactor inlet-header break and 
80% reactor outlet-header break), loss of reactivity 
control, and also a new postulated off-normal condition 
corresponding to the incorrect loading of 8 SEU bundles 
in a single channel during the Demonstration Irradiation 
Phase.   
 
In the Large LOCA, there is a greater margin of safety in 
the SEU core, because of the lower maximum bundle 
power.  In the loss of reactivity control, the larger Critical 
Channel Powers (CCP) - consequence of the improved 
axial flux shape � ensures greater operating margin.  In 
both cases, the margins are again greater if the 43-element 
CANFLEX fuel bundle, with its lower element rating and 
enhanced CHF, is adopted for use. 
 
For the new postulated off-normal condition, new 
administrative procedures are recommended, to reduce 
the likelihood of this type of event. 
 
VI. GENERAL CONCLUSIONS 
 
Results of the technical studies carried out have not 
identified operational or safety issues that would affect 
the feasibility of the Project.   
 
Clear advantages were identified.  The most significant 
ones are the 89% increase in fuel exit burnup, with a 
corresponding reduction in the new-fuel-bundle 
requirement and in the spent fuel volume by 47%, which 
will contribute to fuel-cost savings.  The lower maximum 
bundle powers and the shift in their location towards the 
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inlet end of channels improve operating and safety 
margins.  
 
On the safety-analysis side, the evaluation of a selection 
of postulated accidents showed no effect that may affect 
feasibility.  While a new hypothetical off-normal incident 
is conceptually possible, related to the incorrect loading 
of 8 SEU bundles into a channel during, say, the 
Demonstration Irradiation Phase, administrative 
procedures could be developed to reduce the probability 
of this event to very low levels.  In contrast, there are 
concrete safety improvements which result from reduced 
maximum bundle power and their shift towards the inlet 
end of the fuel channel.  The 43-element CANFLEX fuel 
bundle, if used, would give further improvements in 
safety margins related to a further reduction, by ~20%, in 
the maximum element heat rating. 
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Figure 1 
Sketch of Face View of CANDU-6 Reactor 
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Figure 2 
Axial Power Distribution for NU and 0.9% SEU Fuel 




