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Abstract. Atucha I is a 357 MWe nuclear station moderated and cooled with heavy water, of German design
located in Argentina. Fuelling is on-power and the plant was originally fuelled with natural uranium. To reduce
fuel costs a program was initiated in August 1993 to introduce gradually slightly enriched uranium (SEU) fuel
(0.85 w% U235) with an associated burnup increase from 5900 MWd/tU to 11300 MWd/tU. The introduction of
SEU fuel started in January 1995 and the program was divided in three Phases with an upper limit of SEU FA in
the core: 12, 60 and 252 (full core) and licensing documentation was prepared for each Phase. This paper
describes the most important aspects of the operating and project experience, and some factors limiting the
burnup extension from an operation point of view. After four years of the program and with 181 SEU FA (71%)
of the core, the operating experience has been good and without unfavourable effects due to the use of SEU fuel
with the only exception of a small increase of the time to reach full power in plant startups or power cycling. In
particular, the new criteria to prevent PCI failures in power ramps for higher burnup SEU fuel in refueling
operations, plant startups or power cycling has been effective. The average discharge burnup of the SEU fuel
taken out of the reactor in 1998 was 11263 MWd/tU. The average discharge burnup of the natural fuel in the
same year was 6640 MWd/tU, with an increase of about 12% of the original value for a natural fuel core. The
average number of fresh fuel assemblies per full power day was being reduced from 1.31 to 0.92 in 1998 and
0.83 in 1999. The fuel costs dropped gradually during the program from 9.38 (with natural uranium fuel) to 6.57
$/MWh in the first four months of 1999 (taking as reference the NU and SEU FA costs for 1999). Because of this
the SEU program has been an important contribution to the reduction of Atucha I operating costs and to the
competitiveness of nuclear power generation against other sources of generation in a deregulated electrical
market in Argentina. It is planned to explore in the future the feasibility to increase the enrichment to 0.9 w%
with an estimated burnup increase to 13000 MWd/tU, but this is probably the upper limit that the design of
Atucha I permits.

1. INTRODUCTION

Atucha I is a 357 Mwe (gross) nuclear station, pressure vessel type designed by Siemens
(Germany), moderated and cooled with heavy water, located 120 km NW of Buenos Aires.
Fuel assemblies (FA) were originally 36 active natural UO2 (NU) rod vertical clusters, 5.3
meters long. Fuelling is on power. Average FA discharge burnup for NU fuel was ~ 5900
MWd/tU and maximum rod burnup (m.r.b) ~ 8400 MWd/tU. With the objective of reducing
the fuel costs a program of utilization of slightly enriched uranium (SEU) (0.85 w% U235)
fuel was initiated in 1993 and the introduction of SEU fuel started at the beginning of 1995.

The introduction of SEU fuel was gradual and the Project was divided in different Phases. At
the present time 181 fuel channels (72 % of the core) are loaded with SEU fuel and it is
planned to reach a full SEU core next year. The operating experience, the fuel performance,
and the impact on fuel consumption and fuel costs has been good and the use of SEU fuel
proved to be an effective tool to reduce operating costs.
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This paper presents a general description of the Atucha I SEU Project activities and the
operation experience in the four years of the program and will be mainly oriented to fuel
management and operating experience. Activities related with fuel design improvements and
fuel performance results will be treated in more detail in another paper of this Technical
Committee Meeting [1]

2. BRIEF DESCRIPTION OF THE ATUCHA-I REACTOR

Atucha I is the first nuclear station in Argentina and started operation in 1974. It has a gross
electrical power of 357 MW and a thermal power of 1179 MW. The reactor core has 252
vertical coolant channels, which contain the FA and separate the coolant from the moderator.
The average coolant temperature is 280°C and the average moderator temperature is 200°C. A
section of the core can be seen in fig.l.

FIG. 1 Section of the Atucha I core indicating the fuel channels, and the burnup zones for
natural uranium fuel. The six channels selected for the introduction of the first fresh SEU FA
are also shown

Power regulation is made through six absorber rods, three made of hafnium, usually called
black, and three made of steel, called gray. They normally have an insertion corresponding to
an excess reactivity of 6.5 mk in normal operation. Additional 21 hafnium rods are used for
shutdown purposes. Power measurements for the regulation, are obtained with four out of core
compensated ion-chambers.
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The fuel movement scheme is radial. For natural uranium the core was divided in three
approximately concentric annular regions (see fig.l). The fresh fuel is introduced in the
intermediate zone, left there until it reaches -2700 MWd/tU, later transferred to the central
zone until it reaches -5100 MWd/tU, then moved to the outer zone, from which it is taken out
at —5900 MWd/tU. In some cases the fuel is moved through four positions instead of three to
reduce power ramps.

The coolant flow in the fuel channels is reduced from the center to the periphery of the core
according to the channel powers, in such a way as to have approximately constant outlet
channel temperatures. The temperature increase in the channels at full power is about 35 °C.
No coolant boiling is allowed at the channel outlets. To obtain that there are 8 "hydraulic
regions" with different nozzles, numbered 1 to 8, from the periphery to the center. To keep an
adequate margin to outlet boiling, channel power limits are defined for each hydraulic region.
The reactor has outlet temperature measurements in 28 channels, and 48 in-core vanadium
flux detectors give indications of local flux to the operators.

3. ECONOMIC INCENTIVES OF USING SEU FUEL IN ATUCHAI

It is well known that in heavy water reactors, initially designed for natural uranium fuel, a
slight increase in enrichment from 0.711 w% U235 to values from 0.85 to 1.2 % has a strong
improvement in fuel discharge burnup and fuel economy. These advantages have been
presented in many reports both for Siemens pressure vessel type and CANDU type heavy
water reactors (see for example [2] to [4]). In Germany there was a similar program about 20
years ago with the 50 MWe MZFR reactor in which the fuel , originally NU, had a first
transition to 0.85 % enrichment and then a further transition to 1 %.

In Argentina the Atucha-I fuel is manufactured by CONUAR, an Argentine Company and
because of the type of design, assembly, dimensions and small scale its fabrication cost is high
compared with other reactors of natural uranium and heavy water. For that reason any
improvement in the extension of the life of the fuel in the reactor has an important economic
impact in the unit energy cost.

Basically the main advantages of using SEU fuel (comparing an equilibrium full NU core with
an equilibrium full SEU core), are reflected in four areas:

a) An increase of the fuel discharge burnup from 5900 MWd/kg U to 11300 MWd/kg U,
b) A reduction of the new fuel loading requirements from 1.31 to 0.7 FA per full power day

c) A reduction of about 39 % fuel cycle cost if we take as a reference the costs for NU and SEU
fuel in 1998 and 1999,

d) A reduction of the spent fuel volume of about 42 %, which extends the useful life of the
spent fuel pools and represent a positive contribution to environment protection..

3.1. Reduction of Fuel Assemblies Required per Year

The reduction of new fuel requirements per fpd with SEU fuel reduces the yearly FA
requirement from 430 to 230 (assuming a load factor of 0.9). This also means an important
decrease of fueling machine use.
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3.2. Reduction in the Unit Energy Cost

The reduction of the number of FA required per year, implies a corresponding decrease in
yearly fuel expenses. With natural uranium fuel, the component of the unit energy cost due to
fuel was 9.38 U$S/MWh. Considering these factors the fuel cost when the full SEU
equilibrium core is reached is estimated at 5.70 U$S/MWh, a reduction of about 39% (for this
cost comparisons 1999 costs for NU and SEU FA were used).

3.3. Reduction in the Spent Fuel Volume

The reduction in the consumption of FA implies a decrease in the irradiated fuel volume of
about 45 %. Although detailed calculations of final spent fuel storage costs have not been
done, if values of 100 U$S/kg U given for CANDU fuel in [5], are used as a lower bound, we
obtain estimated minimum annual savings of about 2.8 MU$S for this concept.

1995 1996 1997
Phase |tri i|tri 2|tri 3|tri 4tri i|tri 2JM 3|trl 4ffl i|tri 2Jtrl 3|h14tri ijtri 2Jtri 3Jtri 4jtri ijtri 2Jtri 3Jtri 4tri i|tri2Jtrl 3Jtri 4tii

1998 1999 2000

:«SEUFA

Atucha-I SEU (0.85 w%)Fuel Irradiation Program

FIG. 2: Different Phases of the Atucha I SEU Fuel Program

4. PROGRAM OF INTRODUCTION OF SEU FUEL

Different activities related to the use of SEU fuel, mainly reactor physics and economics
calculations, have been carried out in Argentina in the late seventies and eighties without a
concrete irradiation program. In August 1993, a SEU Project for Atucha I was created. The
program was divided in different Phases with an increasing upper limit of SEU FA in the core.
Licensing documentation and authorizations from the Nuclear Regulatory Authority were also
associated with each Phase. At the beginning of the Project the Quality Assurance Manual and
Procedures were prepared, and also a qualified Independent Revision Group was established
for the Project. During 1993 and 1994 the Safety Report for the First Phase was prepared and
completed in November 1994. The phases of the irradiation program are shown in figure 2.
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Phase 1 consisted in the introduction of SEU FA not exceeding twelve at any time in the core.
It began in January 1995 and ended in November 1996. Phase 2 was initially defined as the
transition period from 12 to 60, but was later extended to 99. Phase 3, from 100 to full core,
was initiated in September 1998 and it is expected to reach the full SEU core in the year 2000.
The initial average discharge burnup was set at 10000 MWd/tU.

During Phase 1, the fresh SEU FA were introduced in six predetermined channels (shown in
fig.l) selected because they have the following convenient features: A larger margin to the
channel power limits which is important to accommodate the higher power increase when
introducing fresh SEU fuel. The channel power is relatively high, which reduces the
irradiation time, until the FA is transferred to another position. They have outlet channel
temperature measurements and five out of the six had in-core detectors in the vicinity. This
allows taking measurements of outlet temperatures and in-core detectors to compare with
calculations.

The main objectives of the Phase 1 of the irradiation program were:

a) to verify the performance of the SEU fuel in the core with discharge burnups close to the
values expected for the equilibrium full SEU core. In particular, to verify the behavior in
power ramps arising in refueling operations, reactor power increases, and startups from
low power,

b) to verify predictions of neutronic calculations like reactivity gain, channel power increase
and detector flux increase when introducing SEU fresh FA,

c) to test operating procedures developed for SEU fuel,

In Phases 2 and 3, the average discharge burnup of the SEU fuel was increased to 11000
MWd/tU, and the maximum average burnup of the bundles located in the center of the core at
10000 MWd/tU.

The main objectives for Phases 2 and 3 were :

d) to verify the performance of the SEU fuel in the core with exit burnups and burnups at
which they are moved from one channel to another in the core similar to the corresponding
ones for the full SEU core,

e) to verify the global behavior of the core with a larger proportion of SEU fuel,
f) to prepare the location of SEU FA in the core for the transition to a full SEU core.

5. FUEL DESCRIPTION AND IMPROVEMENTS IN THE FUEL DESIGN

FA for Atucha-I consist of 36 fuel rods with natural UO2 pellets and one supporting tube in
the outer ring. Fuel rods are set in their positions by solid spacer grids.

Several changes have been introduced to the design of the fuel rod to use UO2 pellet with
SEU. A more detailed description of the fuel design and the improvements developed for SEU
fuel can be found in [1].
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6. FUEL MANAGEMENT

6.1. Reactor Physics and Fuel Management Studies

The reactor physics studies were done with the British lattice code WIMS-D4 [6], and the 3D
reactor code PUMA [7], developed in Argentina, and presently used for the fuel management
calculations of the Atucha-I and Embalse operating stations.

Fuel management studies were done in two steps. The first step was with "time-average" type
calculations for a given fuel movement strategy, which give the burnups at which the fuel is
moved from one region to another and the discharge burnup and also provides time averages
of the flux and power distributions. It does not give fluctuations due to refueling operations.
These types of studies are later completed and confirmed with detailed refueling simulations
for 6-12 months which permit to make final adjustments.

In Phase 1 (up to 12 SEU FA in the core) the situation can be considered as a relatively small
perturbation of the natural uranium core, except for the larger channel powers in the six
channels where the fresh SEU FA are introduced.

Before the beginning of Phase 2, "time average" studies for configurations with 12, 30, 60
have been completed. A detailed simulation of 1 full power year was done for the transition
period from 12 to 60 SEU FA in the core to verify channel and bundle power limits, and that
PCI prevention criteria were met.

To develop the fuel movement strategy for the transition and equilibrium core, it was decided
not to modify the nozzles that regulate the coolant flow in the channels that were defined for the
power distribution of the natural uranium original fuelling strategy, but rather adjust the burnup
zones and fuel movement in such a way that channel power limits could be respected and PCI
prevention criteria could be respected.

Later, the efforts were directed to develop the fuel strategy for the full SEU core, first with
time average calculations and later confirmed with a detailed simulation of 702 fpd for the
transition period from 60 to 252 SEU FA in the core, and continued for the full SEU core up
to 803 fpd. This work was done in a very close and fruitful interaction between the
Headquarters Physics Group and the Fuel Engineers at the plant. In general, the original idea
of introducing fresh fuel in intermediate regions, moving them later to more central regions,
and then to the periphery for the last part of the irradiation period was maintained. However in
some regions it was found necessary to combine SEU fuel with high and low burnups to avoid
local channel power peaking. This fuelling strategy has been applied at the plant during the
transition 60 to 181 FA in the core with good results.

These studies confirmed the fuel strategy but provided other results like a) data to estimate the
NU and SEU fuel requirements for the following year, which has to be made almost a year in
advance. b)Fuel power and burnup histories representative of the transition, c) A decreasing
trend of the reactor maximum linear power with the proportion of SEU fuel in the core due to
a larger axial flattening of the power distribution.
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7. LICENSING ASPECTS

For the safety studies complete revisions of the Safety Report (SR) were prepared for each
Phase of the Project and were revised by the Independent Revision Group of the Project.
Besides, and following the Procedure for Design Changes Related to Safety, they were
reviewed by the Internal Safety Committee of Atucha I (that makes recommendations to the
Atucha I Manager) and by the Technical Revision Committee (that makes recommendations
to the General Manager of NASA) and submitted to the Nuclear Regulatory Authority

8. OPERATING EXPERIENCE

8.1. Phase 1

The irradiation of SEU fuel at the plant started in January 1995, with the introduction of six
SEU FA in the six pre-selected channels described before in the period from the 9th to the
31st. During each introduction, relevant operating data like control rod positions, inlet heat
transport system temperatures, outlet heat transport temperatures at the six channels, in-core
detectors, etc, were collected. Between May 22nd to June 26th, the first six FA were moved to
the central region of the reactor, and another set of 6 fresh SEU FA was inserted. Between
October 30th and December 5th, a third group of 6 fresh SEU FA was introduced, and the first
group of six taken out of the reactor with an average discharge burnup of about 10 MWd/kgU.

The first SEU fuel assemblies remained in the channel they entered the core until they reached
an average burnup of 5.5 to 6 MWd/kgU, and were later moved to the central region, were
they remained until the average burnup reached = 8.0 MWd/kgU. From there they were
transferred to the outer region until they reached 10 MWd/kgU.

The core reactivity gain when introducing fresh SEU fuel was about 0.7 mk (compared with
about 0.35 mk for natural fuel), while the channel power increase was about 15 - 20 %
(compared with a very small change for natural fuel).

8.1.1. Comparison between Calculations and Measurements of Relevant Parameters

The data was used for comparisons with neutronic calculations, similar to the ones used for
design and fuel management using WIMS-D4 and PUMA. In particular, the relative increase
in AT in the channels with the SEU fuelling was compared to the relative increase of the
calculated channel power (Atucha I has no coolant boiling at the outlet of the channels) , and
the increase in the vanadium detector readings close to the refueled channels were compared
with calculated values. The consistency of the calculated and measured reactivity change due
to the SEU refuelling was done comparing the calculated core reactivity before and after the
refuelling with the corresponding rod positions in each case, which should be the same.

The agreement was good and in most of the cases within the uncertainty of the measurement
errors.
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8.1.2. Fuel Performance

The performance of the 18 SEU FA during the irradiation period was good, without any
indication of failures.

After the first 6 SEU FA that completed their cycle were taken out of the core, examinations
and measurements were performed showing no abnormalities and that the elongation of the
fuel rods was within the expectations considering the larger fuel burnup.

8.2. Present Operating Experience (Phases 2 and 3)

8.2.1. General Aspects

In 1999 the plant reached 181 SEU FA in the core (71.8 % of the total of 252) with 125
irradiated SEU FA. The operation of the plant was satisfactory. The maximum linear power
shows the decreasing trend (about 6 %) anticipated by the fuel management studies. The
larger reactivity increase per refueling with SEU fuel makes it easier to normalize operating
situations with low reactivity reserve, than when using NU fuel.

8.2.2. Effects of the SEU Fuel on the Plant Fuel Consumption

The average consumption of fuel assemblies per full power day showed a decreasing trend
since the beginning of the program. During 1993 and 1994 the average fuel consumption with
natural uranium fuel per day (fpd) was 1.31 FA/fpd. In 1995 during Phase 1 of the Program
the average fuel consumption was decreased to 1.22 FA/ fpd. In 1996, most of the year still in
Phase 1, it was 1.23. In 1997 dropped to 1.12 in Phase 2. In 1998 dropped to 0.92 and in the
first four months of 1999 to 0.83 getting loser to the value of 0.7 anticipated to the
homogeneous SEU core. It is interesting to remark that, during the program the discharge
burnup of the natural uranium bundles showed an increase due to the positive contribution to
the core reactivity of the SEU FA with a burnup distribution biased toward the fresh side, an
effect that had been anticipated before. In 1998 for example it was 6640 MWd/tU, about 12 %
more than with a pure natural uranium core.

Table 1. Actual Consumption of Natural and SEU Fuel In Atucha-I during The SEU
Fuel Project

YEAR

1994
(NU)
1995

1996

1997

1998

Jan-Apr
1999

SEU Core

Energy
Produced

(FPD)

313.6

339.0

266.3

341.5

295.5

120.4

328.5

NewNU
F.A.

Loaded

410

394

308

325

139

24

0

New SEU
F.A.

Loaded

0

18

20

59

133

76

230.0

F.A.
Loaded
Total

410

412

328

384

272

100

0

F.A./FPD

1.308

1.215

1.232

1.124

0.920

0.831

0.7

Fuel
Cost

(U$S/MWh)

9.377

8.767

8.906

8.231

7.036

6.567

5.697

Relative
Saving

vs. NU Fuel

0.0%

6.5%

5.0%

12.2%

25.0%

30.0%

39.2%

Note: Fuel costs are calculated using 1998 and 1999 NU and SEU FA unit cost

177



8.2.3. Effects on Fuel Costs

The fuel cycle costs (front end), as can be seen in table 1, dropped gradually during the
program from 9.38 (with natural uranium fuel) to 6.57 $/MWh in the first four months of
1999, approaching the value of 5.70 $/MWh for the homogeneous SEU core.(taking as
reference the NU and SEU FA costs for 1999). One interesting thing to remark is that the
average consumption of FA per fpd or the cost reductions are associated with the fraction of
SEU fuel in the fuel loaded (not the fraction of SEU fuel in the core) so the full benefits are
achieved when the loading of NU fuel ends. That occurs about 6 months earlier than achieving
a full SEU core.

8.2.4. Prevention of PCI Failures

The existing PCI prevention criteria were developed for natural uranium fuel and were based
on estimations of maximum core linear power based on the readings of in-core detectors. For
SEU fuel new criteria were developed for fuel of higher burnup based on the verification of
the final linear powers and change in linear powers for all the fuel assemblies in the core using
data files with burnups and linear powers from the fuel management calculations. These
revised criteria was applied to power ramps arising during operation as a result of fuel
movements, reactor power increases, and associated control rod movement and as a result of
them the time to reach full power in a plant startup was increased from 28 to 35 hours. The
overall experience with the new criteria seems good as no fuel failures due to PCI were
observed with 125 irradiated SEU FA.

8.2.5. Data Bases with Fuel Burnup and Linear Power Histories

Using results from the plant fuel management calculations a database with local linear powers
and local burnups for all the SEU FA that have been irradiated in the program was prepared
and is maintained. This data is useful to generate burnup and linear power histories during the
permanence of the SEU FA in the reactor for fuel performance evaluation purposes.

8.2.6. Plans to Explore the Feasibility of Increasing the Enrichment to 0.9 %

Given the good operating experience with 0.85 w% SEU fuel, it is planned to explore in the
future the feasibility to increase the enrichment to 0.9 w%, extending the fuel burnup to about
13000 MWd/tU. However, it is considered that, due to channel power limits in the hydraulic
zones, this is probably the limit that can be reached without changing the core channel flow
restrictions.

9. CONCLUSIONS

In January 1995, a gradual program to irradiate SEU fuel in the Atucha I nuclear station was
started. At the present time, about four years later the operating experience and economic
benefits of the SEU program have been good and it can be considered an effective tool to
reduce fuel and operating costs at this plant.

178



The main aspects to remark are:

a) The operation of the plant, with 181 SEU FA (72 % of the core channels) showed no
abnormalities attributable to the use of SEU fuel. The only adverse effect was a small
increment of the time to reach full power from a hot shutdown condition or in power cycles
due to PCI prevention criteria for higher burnup SEU fuel. It is expected to reach a full SEU
core next year;

b) The fuel consumption of about 1.31 FA/ fpd. with natural uranium was gradually reduced to
0.92 FA/ fpd. in 1998 and 0.83 in the first four months of 1999, getting closer to the value of
0.7 predicted for a full SEU core. The average discharge burnup of the SEU FA in 1998 was
11263 MWd/tU, and the corresponding value for the NU FA was 6640 MWd/tU (about 12%
more than in a full NU core);

c) The front end fuel cycle cost dropped from 9.38 to 7.04 in 1998 and 6.57 $/MWh in the first
four months of 1999, taking as reference the NU and SEU unit FA costs for 1998 and 1999;

d) At the present time 125 SEU fuel have been taken out of the reactor. With the exception of
two isolated cases of failures in FA manufactured in 1997, that are attributed to fabrication
causes, the performance of the SEU fuel has been good, particularly with respect to the
power ramps that occur in fuelling operations, reactor startups or power cycling. This
indicates that the design improvements and PCI prevention criteria developed for SEU fuel
seem to be adequate;

e) The comparison of calculated channel power variations, reactivity increases and detector
reading changes with measured values with the introduction of fresh SEU fuel at the
beginning of the program showed good agreement.
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