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z usa m m e n f ass u n 9

Dieser Bericht enthält Arbeiten zum Brennstoffkreislauf
des Kernkraftwerks Atucha, die im Jahr 1974 unter dem
Deutsch-Argentinischen Zusammenarbeitsabkommen durchge-

führt wurden.

A b s t r a c t

This paper reports on work related to the fuel cycle of
the nuclear power plant at Atucha. The ma;n object ;s to
indicate work performed and progress ach;eved in 1974 in
this field under the Argentine-German co-operation agreement.
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A basic agreement on co-operation in scientific research and technological

development wassignedbetween the governments of the Federal Republic of

Germanyan'd of the Repub1ic of Arqenti na on March3l s t, 1969.

\~ithin the frame 'tlork of this basic agreement a special co-oreration

agreement for the peaceful uses of nuclear energy between the Comision

Nacional 'de Energia Atömica (CNEA)and the Gesellschaft für Kernforschung

(GfK) came into effect ohJuly 29 th;19il.

Under these co-operatio~ adreements itwas decided to study in 1974 - amonq

other i'ntems - the possibilities to increasethe dischargeburn-up values

of the fuel elementsof the nu~lear power plant Atucha(CNA).

Nuclear power reactors using natural uranium as fuel are restricted in their

reactivity due to the low concentrationof the fissile isotope U-235 in the

reactor core. The sma 11 reacti vi ty reserve of the reactordemands continuous

refuelling and causes the low discharge burn-up values of around 7 ~1Hd/kg

typical for the Atucha fuel ele~ents. According to their design thesefuel,
: ,,'I ' ',' . '

elelT'ents could easily endure higher burn-up values, this would mean a reduc-

tion of the annual de~and f~r fuel ~lements, i .e. it would bring about savings

in the fuel cycle costs.

To reach higher burn-up values a substancial improvement in the reactivity

balance is necessary. Th'ere are t\'IO practical possibi lities to achieve this

aim:

The use of enriched fuel throughout the whole reactor core.

The use of special boosters

or spiked fuel elements.

These possibilities and their cost reducing consequences are under investi~

gat;on in Germany already since the construction of the natural uranium

fuelled t'1ZFR-power-plant at Karlsruhe, Germany. Arecent survey of these

activities and the conclusions reached was given at the Reaktortagung in 1973,

held in Karlsruhe (1, 2).
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Earlier work related to the possibility of improving the burn-up of the
fuel elements for the MZFR-reactor led to a change from natural uranium
to 0,85 w/o enriched uranium as a fuel for this reactor. This change
came into effect in the mid 1974 ~fter extensive testing of fuel pins
and fuel elements containing th1s enriched uranium fuel.

The experiences atthe MZFR and the results of the investigations quoted
above give strong evidence that substancial improvements in burn-up va1ues
may be achieved also for the Atucha power plant resu1ting in sizab1e cost
reductions. 'These .facts were the incentives to start studyingin more de
tailthe possibilities and consequences of the use of enriched uranium as
a fue1 for the reactor of the Atucha power plant 01" a1ternative1y the use
of special driver 01" booster elements.

Consequent1y in 1974 various activities were set up.

1. Resu1ts of MZFR-burn-up experiments were compi1ed (3) to serve as a
first gUide.

2.,A de1egate from CNEA compi1ed and checked computer programs in Karlsruhe
I .

for the u1timate use to perform design ca1cu1ations in Argentina. As a
check the burn-up of natural uranium in the Atucha reactor was recalcu1ated
and checked against results of ear1ier ca1cu1ations performed at KWU. Good
agreement was obtained. Also the burn-upof homogeneous1y enriched uranium
was studied. This work will be reported on separate1y.

3. Ca1cu1ations performed at KWU in regard to spiking - either by enriched
uranium 01" by p1utonium-bearing fuel - served to c1arify technica1 and
economica1 aspects of these modes of fue11ing.

4. The economical aspects of the use of a homogeneous1y enriched core were
treated in a parametric way, which a110ws to easi1y read off results for
various combinations of burn-up and enrichmentva1ues within ameaningfu1
region,
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These investigations should be a firm base, frow where further investiga
tions may be derived to study in more detail the technical and economic
consequences of the various possibilities of fuelling the Atucha nuclear
pm·/er plan t.

(1) H. Raum:
Technische Eignung und wirtschaftliches Potential
von P20-Reaktoren in bezug auf Pu-Rückführung.
Reaktortagung Karlsruhe, 1973, S. 733

(2) H. Moldaschl, W. Rupp:
Kontinuierlicher übergang von Natururan zu leicht
angereichertem Brennstoff in Schwerwasserreaktoren.
Reaktortagung Karlsruhe, 1973, S. 737

(3) H. Bogensberger, H.-J. Zech
Burn-up parameters of the MZFR
unpublished memo, Feb. 1974
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I. Introduction

It is weIl known that a high discharge burnup is an
essential contribution to increase the economy of heavy
water reactors. Therefore it is necessary to optimize the
fuelling scheme of the natural uranium core. A further
step can be either the homogeneous enrichment of the fuel
L-1_7 or spiking .. In.the following chapters an empirical
optimization processQoncerning the natural uranium core
and the spiking of the core by 1.8 w/o U-235 elements is
demonstrated.

11. Natural uranium core, unspiked

The fuelling scheme is mainly influenced by the maximal
power peaking factor. This is in contrary to a very steep
power density (or neutron fltix) distribution in order to
decreasethe (radial) leakage effects. Therefore the goal
of the optimization procedure is to reach the steepest
power density distribution which is allowed. To reduce the
calculation costs the optimization process is performed in a
few stages.

1. Cell calculation

By burnup calculations with the cell code CIRCE L-2_7,
f:3_7the reactivity behaviour vs burnup is gained and
from that a guess of the mean equilibrium discharge burnup
if one assumes all elements to be weighted equally (fig. 1).
Then positive and negative reactivity contributions of all
fuel elements must be equal, that means as criticality
condition the areas A and B to be of equal size. All reac
tivity losses (control rods etc.) are considered in ~gL'

A lower leakage effect means a higher excess reactivity
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and therefore a higher burnup as can be gathered from
fig. 1. Naturally the influence of any macroscopic spatial
effects cannot be treated by a cell code.

2. Twodimensional calculation

The core is subdivided into 4 exchangeable zones with equal
volume and the burnup calculation performed in r-z-geometry.
What is the shuffling scheme which maximizes the discharge
burnup without hurting the power density limitations ? For
the natural uranium core of CNA a two-way scheme

( in out in 4 out)81 = ~ zone 3~ zone 1 ~, ---:;;... zone 2.~ zone ~
should be the optimal one. Fig. 2 shows the subdivision of
the core due to the twodimensional burnup calculation
(zone 1 = innermost zone, zone 4 = outermost zone).

3. Threedimensional heterogeneous calculation

The calculations have been performed with the threedimen
sional heterogeneous diffusion burnup code TRI8IC L-4_7,
L-5_7. 8ince single fuel elements or groups of element$can
be treated by that code, a subdivision of the core into
certain regions is not vital. Using the experiences from
the homogeneous calculations, first of all one verifies
the scheme 81 , After a certain full power time 81 yields
a neutron flux distribution too flat, which results in a
higher leakage and a loss of burnup. A steeper flux dis
tribution can be gained by changing the boundaries of the
fictive zones such, that fuel elements with a lower burnup
than before are introduced into the two central zones in
creasing the flux in the center accordingly. This strategy
is justi~ied also by the equation

~it. = ~.t.
~ J J
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(~i denotes the mean thermal flux in the zone i J t i the mean
residence time of the fuel elements in the zone i)

and the fuel mass flow equation

which holds for the pairs (i = 3 J j = 1) and (i = 2 J j = 4).

As the control rods introduce a distorsion of the power
distribution the zone boundaries are also distorted. This
effect will be one theme of a paper to be published.

Results

Fig. 3 shows the normalized burnupBU/B'Ü J normalized
channel power p/p and normalized power density distribution
Pd/Pd along a radial trajectory y = 0 (the power density
values are those from the core midplane). The normalization
has been performed due to the core mean values.

General shuffling directions

a) Due to a two way shuffling scheme each element changes
its position two times; only those fuel elements with
the highest burnup are moved.

b) The zone boundaries are to be chosen from the beginning
of the shuffling period as shown in fig. 2 (scheme 82 ).
The normalized TRI8IC equilibrium burnup distribution
BU/EU should be approximated as weIl as possible without
hurting the power density limitations. This can be
attained also by exchanging certain fuel elements if
necessary without the insertion of fresh fuel.

c) Adapting the boundaries corresponding to the flux dis
tortions which are introduced by control rods the opti
mal core subdivision can be found successively.
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d) The mean burnup of those elements which are inserted
into the 31 central coolant channel positions should
be greater than 3500 MWd/t to avoid unallowed high
power densities.

III. Natural uranium core, spiked

An essential increase of the discharge burnup of the natu
ral uranium fuel elements is attainable by a relatively
small number of 1.8 w/o U-235 spikes. The influence of the
spikes on the burnup and the power distribution has been
investigated by TRISIC. The method and the obtained re
sults are summarized in the following chapters.

1. Method

The spikes are assumed to reach two different discharging
burnups: BUend = 15000 or BUend:20000 MWd/t. In both cases
the discharged spike has a greater koo and therefore a
better reactivity contribution than the oldest natural
fuel element.
The number of spikes in the core has been chosen to be
18, 24 or 30. One criterion of their effectiveness was to
placethem as uniformly and centrally as possible. To avoid
very expensive burnup calculations the start-up period of
the core to the spiked eqilibrium has not been calculated.
Since BU/fpd (fpd = full power days) at a certain position
is proportional to the channel power, an estimate of the
spike residence time at each position can becalculated
for different loading schemes using the channel powers
from the natural uranium core:

(examples of loading schemes: ~O~ -7'0-7'- ,~O ~O -?p-0-r0~ , ••• )
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If one also gets an estimate of the axial burnup distri
bution (e.g. from the natural uranium calculations), the
threedimensional calculation of the spike effects can be
carried out. Because the reactivity maximum appears
immediately after the spike shuffling operation, the burn
up calculations of the spiked reactor are started from
that point, the spikes having themean burnup shown in the
table. An estimate of the burnup increase now can be ob
tained by a depletion calculation down to the original
reactivity value ( = reactivity of the unspiked reactor).
Since in CNA the mean core burnup ~core and the mean
discharge burnup BUout obey the equation

BUout ~ 1.8 Bücore

BUout can be determined from Bücore • The flattening
of the flux distribution is equivalent to latent reac
tivity reserve which can be estimated by shuffling the
natural fuel elements in such a way, that a flux distribu
tion similar to that of the unspiked core is obtained.

2. Results

Fig. 4 shows a sextant of the CNA core, the denumeration
of the coolant channels i8 equivalent to that in the table.
The scheme i designates the way of the spikes (i = insertion

j
k

position of the fresh spikes). EUi is the mean burnup of
the spike, at the moment it is inserted into the position i,
BUend denotes the discharge burnup of the spike, BUs/BUu
the increase of the natural uranium fuel burnup by spiking
the core.
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Table: CNA spiking, 1.8 w/o U-235

Case Number of Shuffling OOi BUend BUs/BUunumber spikes scheme

1 18 31 0 15000 1.39
26 3850
20 8950

2 18 31 0 20000 1.35
26 5130
20 11940

3 24 33 0 20000 1.39
28 3490
24 8100
18 13520

4 24 29 0 20000 1.37
28 4040
27 8680
17 13290

5 24 29 0 20000 1.39
28 3830
25 8230
15 13100

6 30 29 0 20000 1.43
28 3060
27 6580
19 10080
18 15050

In fig. 5 the normalized burnup, the power and power density
distribution of the natural uranium fuel elements are drawn
along the radial trajectory y = 0 for different core states:

a) immediately after spike shuffling (reactivity maximum);
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b) after burning down until the initial reactivity
(= reactivity of the unspiked core) is reached; flat
flux distribution;

c) the same state as in b), but after shuffling the natural
uranium fuel elements such,that the initial flux distri
bution(of the unspiked core) is approximated; notice the
lower burnup in the core center.

3. General remarks on the natural uranium fuel element
shuffling

The changes in the shuffling scheme of the natural uranium
fuel elementsshould be small due to the similar flux dis
tribution. The mean burnup in the central zone may be some
what smaller in comparison to the unspiked core and the
burnup in the neighbourhood of the spikes higher to reduce
the power density in the spikes.



-14 -

Literature

H. MoldaschI, W. Rupp: Kontinuierlicher Übergang von
Natururan zu leicht angereichertem Brennstoff in
Schwerwasserreaktoren.
Reaktortagung DAtF 1973, Karlsruhe, p. 737

H. Raum: CIRCE - ein neues Zellrechnungsprogramm
Reaktortagung DAtF 1967, Mainz.

C. Grant, H. MoldaschI, R. Solanilla: Application of a
Heterogeneous Method in the Simulation of Heavy Water
Reactor Operation.
Panel IAEA on "Reactor Burnup Physics", 1971, Vienna,
139 - 153

H. MoldaschI: Entwicklung eines heterogenen 3-dimen
sionalen Abbrandprogramms fUr D20~Druckwasserreaktoren.

Abschlußbericht zum Vorhaben 1.i.4/5 im Rahmen "Weiter
entwicklung der Technologie von Schwerwasserreaktoren ll

BMBW-Inv. Reaktor 69 (1971) 124 - 171

C. Grant, H. MoldaschI, R. Solanilla: Erweiterung und
Erfahrungen mit dem 3-dimensionalen Abbrandprogramm
REFLOS-S fUr D2 0-Druckwasserreaktoren.
Reaktortagung DAtF 1971, Bonn, p. 34



-1

-2

f-'
111

[MWd/ kslBurnup

Reactivity lasses (Cantral Rads etc.)1l~1..

Fi q. 1

Cell Calculation. Guess of the Mean Equilibrium

Oi scharge Burnup

Cel1 Reactivity [%}

1

I AS"I I~ (;jI I 4. 5
o · 2 f 3 I/I

-3

-5



"-;}_ 10 11 12 tJ U 15 16 17 16 19 20 21 22 23 2,/rs
, -----... ~~

-"-.. -_______ O· -~

~ -----------..................._-----....-

CNA:

) t I k I" I h I I', I S 01 d (51)

New (52)

Core
5ubdi vi si on

'"
L

f-'
0\

K 270· I

J
I
I
t

H

G

F

c Fi g. 2

0

C

B

A

26 27 :Xl 31 32 33



2

Fig. 3:

- 17-

Normalized Burnup, Channel Power and
Power Density Distribution alang the
Radial Trajectory y=O for the Care
$ubdivisians $1 and $2
(Unspi ked Core)

BU/BU

------'--

Distance from the
Core Center

oO;---:---;---T--t--+-~-'---=-=:---,...:-l~-!--------
Units of the Lattice
Pitch (27.2 cm)

------·--IlI\lIlll IIIiIlIIlt--...._.:ca_
P/P

-~--

-- ..... -
.. ,. ..

___________ ~\!Il!!il!!I!IJ _

.... - --
Pd/Pd

-
6 7 8 9

-- -- Distance from the
Core Center

oO~--t--~-~-~f--*--+---!-7--!a--!-------



- 18-

Fig. 4: Channel Group Numbers for Spiking
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Fig. 5: Normalized Burnup, Channel Power and
Density Distribution along the Radial
Trajectory y=ü for the Different
States a, b, and c Described in the
Paper
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1 .. Introduction

A reduction of the fuel cycle costs of a D20-reactor appears

to be feasible by slightly enriching the fuel /1, 2/. Though

this fact has been well known for many years it is scarcely

used until now in practice .. The presumable reason is primarily,

that one of the most importantfeatures of a D20-reactor is lost

by enriching the fuel, i.e .. , the independence of foreign enrich

ment services.

There is however a way to achieve lower fuel cycle costs with-

out losing economical independence, namely the use of domestic

natural uranium together with plutonium which will soon be

available in many countries and presumably for a rather favourable

price .. There are two ways to increase burnup by Pu-enrichment:

1 .. a homogeneous distribution of Pu over all elements oi the

core,

2. the concentration of Pu in only a certain percentage of all

fuel elements, in socalled "spike elements"

The first possibility yields indeed the highest achievable burnup,

but it is ruled out by economical reasons since the radiotoxicity.
of Pu demands incisive precautions leading to a considerable

increase of fabrication costs of Pu-containing fuel elements

which - together with the increased fuel costs due to the use of

Pu - at least compensates the gain by increasing the burnup. For

this reason the second possibility appears to be preferable.

/1/ Raum, He: Technische Eignung und wirtschaftliches Potential von

D20-Reaktoren in bezug auf Pu-Rückführung,

Reaktortag 1973, Karlsruhe p. 733

/2/ Moldaschl, H., Rupp, W.. : Kontinuierlicher übergang von Natur

uran zu leicht angereichertem Brennstoff in

Schwerwasserreaktoren.

Reaktortag 1973, Karlsruhe, p. 737
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2. General Features of Spiking

In the case of spiking a reactor with Pu-elements,only these
spike elements involve increased fabrication costs. Their
number should therefore not exceed a reasonable limit. On the
other hand,it is just the Pu of these spike elements which
causes the increase of burnup not only of these elements but
also of the natural uranium elements. That means,the amount
of Pu inserted in the spikffishould be as large as possible.

These two demands - not too many spike elements because of the
fabrication costs, but as much Pu as possible because of the
burnup - together with the desire of generating as much power
as possible - within the thermodYnamic and technologie limits
of course - lead to the main features for the design of a
spiked reactor.

1. The Pu-content of the spike elements should be chosen so
that the power density in a just inserted fresh Pu-element
does not exceed the thermodYnamic limit, that means,that
the total power shape factor of the core achieves the highest
permissible value.

Due to the rather high Pu-content the thermal flux depression
within the bundle is rather high. In order to generate as
much power as possible the power density distribution should
be, however, similarly flat as in a natural uranium bundle
throughout the residence ti~e of the spikes. This demand is
fulfilled by enriching the pins of different rings of the
bundle to different Pu-contents in order to compensate the
lower flux in the bundle centre by a higher fission cross

section.

2. The positions of spike elements and the refuelling scheme
should be chosen in such a way that the reactivity and
power contribution of these elements during all their life
is as high as permissible. This demand can be realized
by inserting the fresh Pu-elements at the core periphery and
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by shuffling them closer to the centre assoonas their power

has decreased enough. The fresh natural uranium elements on

the other hand are inserted near the core centre and than

shuffled to the periphery. This scheme guarantees the maximum

burnup for the uranium elements. Since the purpose of Pu

spikes is mainly to increase the burnup of uranium elements

they are removed from the core when their reactivity

contribution has decreased to zero.

A further demand to the positions of spike elements is that

their power density must not be increased by more than 20 %
by radial shuffling in order to avoid too much swelling and

fission gas release in the fuele

3. The number of Pu-spikes can be fixed by the demand that the

central natural urariium elements should produce the maximum

permissible power immediately before inserting fresh Pu

elementseImmediately afterwards·this maximal power is

generated by the just inserted and shuffled Pu-elements. In

this way the time averaged power distribution becomes very

flatand the produced total power achieves a maximal value.

If the number of Pu-elements is too large or toosmall the

power of the central channels is too low or tao high and

the power distribution is not optimal.

3. Nuclear Design of Pu-Spikes for CNA

Starting from these basic features we designed Pu-spike

elements for the nuclear power plant Atucha (CNA)e All

considerations refer to the burnup equilibrium etate of the

spiked core; the transition from the natural uranium core to

the spiked corewill be mentioned only briefly later on.

The Pu ie assumed to be taken from discharged elements of

H20-reactors, that means the percentage of fissile nuclids

is about 70 %.
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3.1. Optimization of Pu-Distribution within the Bundle

As mentioned above the power distribution within a Pu-element
should be similarly flat as in a corresponding natural
uranium element. That means for the case of CNA,the maximum
power density in the bundle may not exceed the mean value
at more than about 10 %. In contrasc to Unat-elements,the
power densities in the different pin rings of an element,
containing more than about 1.5 %PU,diverge considerably
with increasing burnup. Therefore the optimization of the
Pu-distribution must take into account the total incore
time. It is not sufficient to consider only the fresh fuel
as it would be for very low enrichments.

The calculations of burnup-dependent power density
distributions within the bundles for various Pu distributions
were performed with the cell calculation code CIRTHE, a
combination of CIRCE /3/ and the thermalization code ESE /4/,
an improved version of THERMOPYL /5/. The bundle was sub
divided into three zones containing the outermost pin ring,
the middle pin ring and the innermost pin ring together with
the central pin. The following values are the result of this
calculation; they give the relative optimum Pu-distribution
for mean Pu-enrichments --t from 2.5 to 3.2 %:Pu

~ zone 1
(I Pu

= 1.37

t zone 2
Pu = 1.24

.J- zone 3
(\ Pu

= 0.68

/3/ Raum, H.: CIRCE, ein neues Zellrechnungsprogramm. Reaktortagung
des deutschen Atomforums, Mainz, 1967

/4/ Solanilla, R.: Use of Secondary Model for Calculating the
Thermal Neutron Spectrum in Multiannular
Cylindrical Geometry and Applications.
Unpublished Siemens Report, June 1970

/5/ Märkl, H., Raum, H.: THERMOPYL, a Program for Calculating
the Thermal Neutron Energy Spectrum in
Heterogeneous Lattice Cells.
NUkleonik, Band 7/5 1965, p. 247
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The ratio of maximum to average power density in the bundle
during the total incore time ranges from 1909 to 1.12 for

~Pu = 2·5 arid 3&2 respectively& That means that the
upper limit for the average Pu-enrichment of CNA-elements
is about 3 %. Higher values would result in inadmissibly
high power densities at some burnup&

Fig. 1 shows the change of the power density distribution
within the bundle with increasing mean burnup for an average
Pu-content of 3.2 %. The figure points out clearly as the
"hot spot" is passing over from the outermost to the inner
most pin rin~ in course of incore time. At each time,
however, the ratio of maximum to average power density
remains below 1.12. Each other Pu-distribution would yield
a value of more than 1 .. 12 at some time intervall. Hence,
the Pu-distribution given above is an optimum with regard
to the time dependent power density distribution in the
bundle.

3.2. Optimization of Spike Distribution within the Core

The selection of suitable positions for the Pu-elements
within the reactor core is unseparably connected with the
selection of a refuelling scheme for both Pu- and Unat
elements that fulfills all demands fixed in chapter 2 ..
Therefore this task can only be solved by performing
extensive time dependent calculations. We used for this
purpose the three dimensional heterogeneous code TRISIC /6/;
the lattice constants wanted by this program were calculated

by CIRTHE ..

As a result we found that 48 Pu-elements with an average
Pu-content of 3 %and a Pu-distribution given above can be
inserted into the CNA.i..core. The refuelling scheme that

guarantees an economically optimal utilization of the fuel

/6/ Grant, C~, Solanilla, R., Moldaschl, B.. : Application of a
Heterogeneous Method in the Simulation of Heavy-Water-Reactor
Operation.
lAEA Panel on "Reactor Burn-up Physics", Wien 1971
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within the permissible thermodynamic limits is represented
in figure 2, which shows a sextant of the CNA-core
together with the position of the spikes. The two kinds of
fuel elements, natural uranium and Pu-enriched elements,
are shuffled in two opposite ways: the spikes from the
periphery to channels nearer to the centre,and natural
uranium elements from central positions to the edge.

Fresh Pu-elements are charged into channels at the edge
of the reactor core. After having reached a burnup increment
of about 7000 MWd/tU, they are shuffled to a neighbouring
position closer to the core centre. In this way the Pu
elements are shifted altogether three times; then, having
reached a burnup of about 28000 MWd/tU they are discharged.
The mean power produced by a Pu-element during its life
is about 6.5 MW.

Between charging and discharging a channel, the power can
change from 7.5 to 5.9 MW. The in-core time amounts to
690 full power days and the percentage of discharged Pu
elements relative to all discharged elements is about 11 %.
This means on the other hand, that 11 % of all elements
to be fabricated must contain Pu. This number is markedly
less than the percentage of core positions occupied by
spikes which is about 19%. The Pu-demand amounts to about
80 kg fissile Pu per full power year.

Every 14 full power days the Pu-element with the highest
burnup is discharged, that one with the next lower burnup
in the neighbouring position nearer to the edge is shuffled
into this now empty channel and so on, until the outermost
Pu-element is shifted. Then, this channel at the edge is
refuelled by a fresh Pu-element.

The channels containing natural uranium elements are
subdivided into three zones with 69 elements each, apart
from the central channel, as shown in figure 2. After
having discharged the element with the highest burnup .
out of the outermost zone, one element of the
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middle zone is shuffled into thisnow empty position and
the element with the highest burnup of the inner zone is
shifted to the middle zone. Then, a fresh element is charged
into the empty channel of the central zone.

In this way an average dis charge burnup of the natural
uranium elements of about 9000 MWd/tU is achieved.

The in-core residence time of the natural uranium elements
is about 400 full power days and about every second day
a fresh element has to be charged into the core in order
to keep the reactor critical.

The reactivity changes in the equilibrium state due to re
fuelling of coolant channels do not exceed 0.2 %, this
value referring to the event of exchanging a Pu-element.

In the same way anarrangement with 66 spikes containing
2.6 %Pu on an average was investigated. The distribution
of the Pu-elements within the CNA-core and the refuelling
scheme are illustrated in figure 3 which again shows a
sextant of the core. Starting from three outermost positions
the Pu-elements are shuffled along three branches nearer

to the centre of the core. There are only two innermost
positions for Pu-elements which are fuelled alternately
from the branch to which they belong and from that on the
symmetry axis. Every ten full power days a Pu-element has
to be inserted. The U t-elements are shuffled in a similarna
way as in the case discussed above.

The percentage of Pu containing elements is about 17 % of
all elements that are fabricated, the Pu-demand per full
power year is about 100 kg PUfiss • The discharge burnup

of Pu- and Unat-elements and the time they are staying
within the core are very similar to the values given above.
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4. Transition to the Eguilibrium State

All considerations and values given up to here are referring
to the burnup equilibrium state with Pu-elements. The
transition from the core containing only Unat-elements to
the state with Pu-elements described above, cannot be treated
as generalized as the equilibrium state itself. It sensi
tively depends on the actual state of the Unat-core into
which the first Pu-elements has to be inserted or - other
spoken - on the actual moment of the first insertion of a
Pu-element. Hence, only some rough considerations can be
carried out here.
The first Pu-elements have to be inserted of course into
the outer region of the core. Because of the high power
production of these elements, the throttles of coolant
channels which are selected for Pu-elements have to be remo
ved. Since this is a-rather hard work, it appears to be
expedient to use from the very beginning of Pu-recycling
throughout all the transition to equilibrium state just
those positions for insertion of Pu-elements that are al-·
ready provided for this object for the equilibrium state.

As soon as the power density in a Pu-element has decreased
enough, it is shifted nearer to the centre of the core and
a fresh Pu-element is charged into a channel at the edge.
The high power of the Pu-elements at the edge of the core
permits or even demands to insert fresh Unat-elements or
shuffle almost fresh Unat-elements into the central region.
When a fresh element is inserted into the core the element
with the highest burnup apart from Pu-elements is removed
and if necessary, further elements are shifted in an
appropriate manner. Pu-elements are not discharged before
they reached a burnup of about 28000 MWd/tU.

Possibly a detailed calculation of the transition to the
equilibrium state for the actual case will give rise to
difficulties because of too high power densities in some
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Pu-elements that cannot be overcome by appropriately

inserting or shuffling Unat-elements. A recycling of Pu
into the CNA-reactor would not be prevented by that but

only complicated. During the transition to the equilibrium

state then Pu-elements with lower enrichment than in egui
librium had to be fabricated and inserted,at least for
some times.

5. COllclusions

Thus it appears technically feasible at any rate to spike
the CNA-core with Pu-elements. Their percentage relative
to all inserted elements will range about20 to 25 %, their

enrichment about 2.5 to 3.0 %Pu with 70 %fissile nuclids.
The Pu-content within an element must be graduated in an

appropriate ~anner. The construction of Pu-elements will

be very simiJ,ar to that of Uriat-elements, only minor changes
- such as a thicker canning qnd, a larger fission gas plenum 

will be inevitable because of the markedly higher burn-up

of these elements.

The fuel throughput of the spiked CNA-reactor, expressed
, "

in fuel elements or fuel metal"mass per full power year,

is estimated to be reduced by up to 40 % compared with the

Unat-core. In return, the spiked re~ctor will consume up
to 100 kg PUiis per full power year. About 30 to 40 % of
this Pu-demand may be covered by reprocessing the discharged

sVike elements only. If all discharged elements are re
priocessed, a nearly self-gerierating Pu-recycling could be

sustained.

Up to now detailed economic calculations h~ve not been
performed. However, the saving of fuel cycle costs by
spiking the CNA-core can be estimated to amount up to 25 %
depending on the assumptions made concerning the Pu-price

and the fabrication costs for Pu-elements.
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1. Intraductian and Task

Calculations perfarmed by ~,m indicate t that an impravement in fuel

cycle performance of HZFR-type reactars may be achieved by using en

riched uranium fuel ar by spiking the U ' -fuelled care ,,,i th specialnat
Pu-bearing ar highly enriched uranium fuel elements.

Same results of these calculatians were published at the Reaktartag

1973 /1,2/. Far hamagenaus enrichment of the care the results given

by Holdaschl and Rupp /2/ show a pos~ible increase of the discharge

burn-up in the HZFR from around 6000 H\~d/t for the Unat-fuel to

around 10 000 HHd/t for fuel with 0.85 '''/0 U-235. '1he average core

burn-up is nearly doubled, from belöw 3000 HWd/t it can be increased

to 6100 XWd/t.

Similar calculations for CNA indi~ate1:he possibility to reach a

discharge burn-up of 15 000 - 20 000 ~IWd/ t wi th enrichment of
w0.9-1.0 /0 U-235.

Experiences with a small number of test fuel elements in the t\IZFR
w ' "

with an enrichment of 1.1 /0 U-235 yielding adischarge burn-up

of about 12 500 HWd/t are in' agreement with the results of the

calculations referred to above: Correcting far an enrichment of
w .

0.85 /0 U-235 one obtains burn-up values of about 9 000 H\~d/t

/1/ Raum, H: Technische Eignung und wirtschaftliches Potential von

])20- Reaktoren in bezug auf Pu-RückfUhrung,

Reaktortag 1973, Karlsruhe S. 733

/2/ Moldaschl, H' t Rupp, W.: Kontiunierlicher Übergang von Natururan

zu leicht angereichertem Brennstoff in Schwerwasserreaktoren.

Reaktortag 1973 t Karlsruhe, S. 737



- 35-

/3/. this value is to be compared \"ith the figure of 10 000 MHd/t

quoted in /2/.

Results of computations investigiiting the possibilities of

Plutonium-hearing spike elements yielded burn-up values of around

10 000 :··f\.Jd/t for the fuel elements containing natural uranium /1/.

The possibilities to increase the discharge burn-up value of fuel

elements containing natural uranium have direct consequences on the

economy of the plant operation.

The purpose of this. paper is to demonstrate the important conse

quences of increased burn-up on the fuel cycle. To accomplish this

various relevant quantities and cast figures are plotted vs a

plane. characterized by enrichmeqt and burn-up values. The quanti~

ties investigated are primarily

- the annual demand for fuel elements

- the annual demand for natural uranium

- the annual demand for separative work

- the effective use of the .natural uranium

- the annual expendit\lres for U30S
- the annual expenditures for conversion and enrich-

ment

- the annual expenditures for fuel element fabrication

- the total annual expenditures for fuel.

2. Investigations performed and Results.

2.1. Input data

The calculations are based on the following input data

, J,

/3/ Bogensberger. H•• Zech. H.-J.: Burn-up parameters of the MZFR

(Feb. 1974), Unpublished memo.
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Plant: Thermal power

Net electric output

Load Factor

1.100 HWth
319 MWe

7.000 h/a

.Fuel: Uranium contertt per fuel

element (net uranium demand)

supplement for compensation

of fabrication los ses

supplement for compensation

of convetsion losses

taUs assay

152.4 kg

3% of the net demand

6% of ,thefeed demand

0.2 wt.% U-235

Gosts: Natural uranium 8 $/lb U
3

0S
Gonversion 2.70 $/kg U inUF6

Separative work 38 $/kg SWU

F.E. fabrication 121 $/kg U in F.E.

The costs assumed are those of the first half of 1974 /4/. Price in

creases as for natural uranium and for separative work that came into

effect in the mean time are not yet taken in account. As the results

of this paper are mainly intended for a first orientation. we believe

that a re~alculation with up-dated cost values is not necessary at

this stage.

2.2. Results in General

Summarizing and with a view to the individual results to be described

in more detail later in this paper it can be said that the amounts

and costs of fuel supply are susceptible to res pond in an exttemely

positive manner to the improvement of burn-up. In principle. this is

a confirlllation of what had been expected on account of thehigh fa

brication costs and the relatively low reactivity burn-up attainable

of the natural uranium elements.

/4/ Price for fuel element fabrication is taken from an unpublished

memo by DiPrimio and Zecht "Fuel Gycle Cost of the Nuclear Power

Plant at Atucha". Karlsruhe, May 1974
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Plant: Thermal power

Net electric output

Load Factor

1.100 HW h. t

319 MW
e

7.000 h/a

Fuel: Uranium content per fuel

element (net uranium demand)

supplement for campensation

of fabrication lasses

supplement for campensation

of conversion lasses

tails assay

152.4 kg

3% of the net demand

6% of the feed demand

0.2 wt.% U-235

Costs: Natural uranium 8 ~/lb U308
Conversion 2,70 ~/kg U in UF 6

Separative work 38 ~/kg s~·m

F.E. fabrication 121 ~/kg U in F.E.

The costs assumed are those of the first half of 1974 /4/. Price in

creases as for natural uranium and for separative workthat came into

effect in the mean time are not yet taken in account. As the results

of this paper are mainly intended for a first orientation, we believe

that a recalculation with up-dated cast values is not necessary at

this st:age.

2.2. Results in General

Summarizing and with a view to the individual results to be described

in more detail later in this paper it can be said that the amounts

and costs of fuel supply are susceptible to respond in an e~tremely

positive manner to the improvement of burn-up. In principle, this is

a confirmation of what had been expected on account ofthe high fa

brication costs and the relatively low reactivity'burri-up attainable

of the natural uranium elements.

/4/ Price for fuel element fabrication is taken from an unpublished

memo by DiPrimio and Zech, "Fuel Cycle Cast of the Nuclear Power

Plant at Atucha", Karlsruhe, May 1974
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If in the following sections figures are given on the behavior of the

flows of amounts and costs indicated above, it should be stressed here

that these figures will describe only the favorable trend initiated

by a slightly homogeneous enrichment. In our opinion these figures

are not a substitute for detailed economic studies, which will be

reasonable only when (1) more accurate physical computations will have

yielded the possible enrichment of the fuel and the burn-up achievable

with it and (2) the necessary investigations will have been made on

the core spiked with plutonium and/or more highly enriched uranium.

2.3. Annual Demand for Fuel Elements

A burn-up of 7 }~d/kg U attainable under equilibrium conditions in

natural uranium operation effects an anrtual demand for about 300 fuel

elements under the conditions mentioned in the introduction. If,

however, a burn-up of 12 MWd/kg U is reached, the anrtual demand for

fuel elements is reduced to 175 fuel elements. Fig. 1 shows very

clearly the behavior of the demand for fuel elements as a function

of burn-up. ( cL p. 4a)

The strong reduction ofthe fuel element demand entails savings in

amounts and costs, which compensate over a broad range opposing

developments originating in the fuel enrichment.

While the annual demand for fuel elements depends only on the burn

up attainable, the values of the flows of amounts and costs to be

s tudied later il1 this paper are determined both by the burn-up and

the degree of enrichment, with the degree of enrichment having
."', . , '

an impact on the increase in amounts and costs, as already mentioned,

while the increase in burn-up acts in the opposite direction.

2.4. Annua1 Demand for Natural Uranium

With the natural uranium version and the burn-up of 7 MWd/kg U

associated to it roughly 123.000 lbs U
3
0S are required annually to
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Table 1

Annual Demand of U308 in 1 000 lbs as
function of enrichment (ENR) in w/o U-235 and

burn-up in r~WdlkgU

Burn-up [MWd/kgll1
ENR

w/o U-235 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0,711 123
0,750 140 123 109 98 89 82 75 70 65 61 58 54 52 49
0,775 146 128 114 102 93 85 79 73 68 64 60 57 54 51
0,800 153 134 119 107 97 39 82 76 71 67 63 59 56 53
0,825 159 139 124 111

.

93 86 80 70101 74 66 62 59 56
0,850 165 145 129 116 105 97 89 83 77 72 68 64 61- 58
0,875 172 150 134 120 109 100 93 86 80 . 75 71 67 -63 60
0,900 178 156 139 125 113 104 96 89 83 78 73 69 66 62
0,925 185 161 - 144 129 117 108 99 92 86 81 76 72 68 65
0,950 191 167 149 134 122 111 103 95 89 84 79 ' 74 70 67

~

0,975 197 173 . 153 138 126 115 106 99 92 86 81 77 73 69
1,000 204 178 158 143 130 119 110 103 95 89 84 79 75 71

1,025 210 184 163 147 134 123 113 105 98 92 86 82 78 74

The line of constant annual demand of 123,000 lbs U308 (Fig. 2) shows that an improvement of burnup by more than

1.4 MWd/kg U per 0.1 wt.% of increase in U-235 enrichment leads-ta savings in natural uranium consumption.

I
V)
\0
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operate the power station. Tab1e 1 shows that the additional de

mand for uranium as a resu1t of enrichment can be compensated a1

ready by slight increases in burn-up.

15.0

Fig.2.

The 1ine of constant annua1

demand of 123,000 1bs U
3
0a

as given in Fig.2 shows

that an improvement of burn

up by more than 1.4 MWd/kg U

per 0.1 wt.% of increase in

U 235 enrichment leads to

savings in natural uranium

consumption.

i 10.0

•

5.0

/'
/

V

V
/'

/
,

/ UNE OF COMSTANT ANNUAL DEt-tAND
lf 123.000 LBS U308

I

01 0.8 0.9 1.0

ENRICHt-tENT IM W, 0 U235

1.1

In Fig. A-1 of the appendix the fu11 set of 1ines of annua1 U30a-demand

are exhibited for the range of 50 000 to 170 000 1bs/year.

2.5. Annua1 Demand for Separative Work

Both separative work and conversion are of interest as new cost

invo1ving sources; both services will have to be imported in the 10ng

run and hence they will require foreign exchange.
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Since the demand for separative work and convers~on must automati

ca11y develop in parallel, we plotted only the annual demand for se

parative \'1ork as a function of the degree of enrichment and burn-up.

In the cast calculations however. (cL 2.9,) both developments \'1ill be

considered jointly.

The spacing and slope of the lines representing the annual demand for sepa

rative work (cf. Fig. A-2) indicate that in the range between 12 and

20 MWd/kg U the annual additional requirement of SHU caused by a higher

degree of enrichment required will not react very sensitively provided

that the degree of enrichment of 1 wt.% U-235 will not have to be excee

ded.

This leads to the assumption already nowthat the additional expendi

ture required to improve the economy of the CNA fuel cyc1e will be

kept within a reasonable limit.

2.6. Utilization of Natural Uranium, tobe Provided Annually

The efficiency of measures to optimize the fuel supply can be

judged excellently in this case from the utilization of the quantity

of natural uranium to be provid~d annually. The utilization is

expressed in MHd/kg U in U3~2; in this quo,tient the increased burn

up but also the increased uranium demand. which results from enrich

ment and conversion, are taken into consideration.

The reference value for our consideration was taken to be the uranium

utilization in the natural uranium core. which was found to be

6. 8 l,n~d/kg U•

The tab 1e 1is ting the values calculated foruranium ut ilization of a11

burn-up/enrichment combinations (cL Table 2) shows that e. g. wi th an

enrichment of 0.9 wt.% an increase by on1y 4 M\~d/kg U in burn-up can

already lead to a significant improvementof uranium utilization.



Table 2

Uranium Utilization

MWdth/k9 Unat in concentrate

Burn-up [MWd/kg UJ
Enrichment
w/o U-235

7 8 9 10 11 12 13 14 15 16 17 18 19 20

0,711 6,8

0,750 6,0 6,8 7,7 8,5 9,4 10,2 11,1 11 ,9 12,8 13,6 14,4 15,3 16,2 17,0
0,775 5,7 6,5 7,3 8,1 9,0 9,8 10,6 11,4 12,2 13 ,0 13,8 14,7 15,5 16,3
0,800 5,5 6,2 7,0 7,8 8,6 9,4 10,1 10,9 11 ,7 12,5 13,3 14,0 14,8 15,6
0,825 5,2 6,0 6,7 7,5 8,2 9,0 9,7 10,5 11,2 12,0 12,7 13,5 14,2 15,0
0,850 5,0 5,8 6,5 7,2 7,9 8,6 9,4 1,0,0 10,8 11 ,5 12,2 13,0 13 ,7 14,4
0,875 4,9 5,5 6,2 6,9 7,6 8,3 9,0 9,7 10,4 11 ,1 11 ,8 12,5 13 ,2 13 ,9
0,900 4,7 5,3 6,0 6,7 7,4 8,0 8,7 9,4 10,0 10,7 11,4 12,0 12,7 13,4
0,925 4,5 5,2 5,8 6,5 7,1 7,7 8,4 9,0 9,7 10,3 11,0 11 ,6 12,3 12,9
0,950 4,4 5,0 5,6 6,2 6,9 7,5 8,1 8,7 9,4 10,0 10,6 11,2 11,9 12,5
0,975 4,2 4,8 5,4 6,0 6,6 7,2 7,9 8,5 9,1 9,7 10,3 10,9 11 ,5 12,1
1,000 4,1 4,7 5,3 5,9 6,4 7,0 7,6 8,2 8,8 9,4 9,9 10,5 11,1 11 ,7
1,025 3,9 4,5 5,1 5,7 6,2 6,8 7,4 7,9 8,5 9,1 9,6 10,2 10,8 11 ,4

I
~
N

I
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The Une of cons tant uranium utilization for the va1ue 6.8 HWd/kg of

natural uranium (Fig. 3) c1ear1y shows that practically each combination

within the probable range (0.85 - 1.0 enrichment; discharge burn-up

15-20 MWd/kg U) shou1d resu1t in noticeab1e savings of the uranium

concentrate.
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2.7. Annua1 Expenditure for Natural Uranium

0.8 0.9 1.0

ENRICHMENT IM WI 0 U235

1.1

It was show!) in Settions 2.4. and 2.6.that the speeific additional

demand for uranium concentrate caused by enrichment and conversion

cannot on1y be compensated by improvements in the hurrt-up appearing

rea1istic according to the present know1edge, but that even actual

savings can be made.

In operation with natural uranium an annua1 total expenditure of

rough1y ~ . 982,000. must be anticipated at' anass'umed price of

$ 8/1b U
3

ü
S

' For a supposed enrichment of 1.0 wt.7. U-235 and a burn-
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up of 12 :-n.;rd/kp; U sav~ngs of the order of some ~ 32.000 per year

would already be made as compared to operation with na~ural uranium.

2.8. Annual Expenditure for Fuel Element Fabrieation

Fuel element fabrieation eost ineludes all expenses ineurred in fuel

element fabrieation from the moment the fuel reaehes the fuel element

fabrieation plant.

It was shown in 2.3. (Fig. 1) that the annual demand for fuel elements

reaets sensitively as a funetion of inereasing burn-up, The annual

fabrieation expenditure must behave in a similar way. Considerin~

again our two standard eases of 7 and 12 ~n~l/kg U, respeetively, we

obtain for ease no. 1 (natural uranium operation)

an annual fabrieation expenditure of ~ 5,550,000.0

and for ease nOt 2 $ 3,240,000.0

whieh means a saving of about $ 2,310,000.0

2.9. Annual Expenditure for Conversion and Enriehment

The eonvers~on anti enriehment are the deeisive faetors inereasing

expenditure in the present ease of homogeneous enriehment. (In an

investigation required later on of both possible eases of

inhomogeneous U-235 and/or plutonium enriehment a higher fuel

element fabrieation expenditure will eertainly have to be antieipated.)

To be reasonable eeonomieally, the still justifyable additional expen

diture due to enriehment and eonversion must lie below the annual savings
\:.'

made in the provision of uranium (2.7.) and in fuel element fabrieation

(2.8.). In our standard ease (1 wt.% U-235; 12 ~n.;rd/kg U) savings were

in uranium provision $ 32,000

in fuel element fabrieation i 2,310,000

in total i 2,342,000.

The eonversion and enriehment expenditure ealeulated for the same ease

was



for conversion

for enrichment

in total

-45 -

~ 116,000

i 398,000

~ 514,000

Consequently, the calculated annual reductirin in expenditure for the

fuel element inventory of the plant amounts tosome i 1,828,000. referred

to our standard cases.

2.10. Annual Total Expenditure for Reactor Fuel

If the modes of behavior of different types of expenditure discussed

above are balanced against each other as done in the preceding section

with an example, a very clear idea is obtained of the development of

annual total expenditure for the reactor fu~l required in each case.

Table 3 shows that cost savings can already be anticipated for very

lmY' improvements of burn-up. In th~ range which according to present

knowledge can be considered realistic, a positive result of the use

of enriched fuel can be expected also in case of an unfavorable

development of present enrichment and conversion costs (cf. Fig. A-6).

3. Conclusions

It was the aim of this investigation to establish an overview of the

consequences of usinß enri~hed fu~l.

To evaluate the variation in flow of material and costs before detailed

results of core physics calculation are available, the relevant quantities

are plot ted as function of enrichment and burn-up as two independent

variables. This material is given in the appendix.

These results are useful to demonstrate tendencies and potentialities that

go with using enriched fuel. They mayserve as a starting point for more

detailed investigations which are justified when the field of burn-up

values attainable and feasable enrichment values is reduced by the

results of core physics calculations.



Table 3

Annual Total Expenditures for Reactor Fuel in 106 US-~/a

Burn-up [MWd/kg Ul
Enrichment
w/o U-235 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0.711 6,53

0,725 . 6,77 5,93 5,27 4,74 4,31 3,95 3,65 3.39 3,16 2,96 2,79 2,63 2,50 I 2,37
0,750 6,88 6,02 5,35 4,82 4,38 4,01 3,71 3,44 3,21 3,01 2,83 2,68 2,54 2,41
0,775 6,99 6,12 5,44 4,89 4,45 4,08 3,76 3,50 3,26 3,06 2,88 2.72 2,58 2,45
0,800 7,10 6,22 5,53 4,97 4,52 4,14 3,83 3,55 3,32 3,11 2,93 2,76 2,62 2,49
0,825 7,22 6,32 5,61 5,05 4,59 4,21 3,89 3,61 3,37 3,16 2,97 2,81 2,66 2,53
0,850 7,33 6,42 5,70 5,13 4,67 4,28 3,95 3,67 3,42 3,21 3,02 2,85 2,70 2,57
0,875 7,45 6,52 5,79 5,22 4,74 4,35 4,01 3,73 3,48 3,26 3,07 2,90 2,74 2,61
0,900 7,57 6,62 5,89 5,30 4,82 4,42 4,08 3,78 3,53 3,31 3,12 2,94 2,79 2,65
0,925 7,69 6,73 5,98 5,38 4,89 4,49 4,14 3,84 3,59 3,36 3,17 2,99 2,83 2,69
0,950 7,81 6,83 6,07 5,47 4,97 4,56 4,21 3,91 3,64 3,42 3,22 3,04 2,83 2,73
0,975 7,93 6,94 6,17 5,55 5,05 4,63 4,27 3,97 3,70 3,47 . 3,27 3,09 2,92 2,78
1,000 3,06 7,05 6,27 5,64 5,13 4,70 4,34 4,03 3,76 3,52 3,32 3,13 2,97 2,82
1,025 3,18 7,16 6,36 5,73 5,21 4,77 4,41 4,09 3,32 3,58 3,37 3,13 3,01 2,86

I
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According to the present state of knowledgethe consequence of an increase

in burn-up achieved by slight homogeneous enrichment of the core can be

described as follows:

1. Argentine uranium reserves can be spared by better specific

utilization of the fuel.

2. The specific fuel costs decrease and hence the electricity

generation costs can be reduced (cf. Table 4).

3. As already shown in 2.9. the additional expenditures 1n

foreign currencies due to conversion and enrichment

services is more than compensated by the savings due to

the reduced demand for fabrication of fuel elements.

4. The overall capacity of ~he storage facility of CNA for

spent fuel elements (twö pools) amounts to 200 te uranium.

Of this capacity 38,6 te are to be reserved for the

emergency discharge of the core. Th~ remaining capacity

of 160 te will be used up in about 3 1/2 years of normal

plant operation using natural uranium fuel. Increasing

the burn-up to 12 MWd/t by using enriched fuel would

nearly doub le this time period to six years.



Table 4

Specific fuel costs [mills/kWhe7

Burn-up [MWd/kg U}

Enrichment
w/o U-235 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0,710 2,9

0,750 3,1 2,7 2,4 2,2 2,0 1,8 1,7 1,5 1,4 1,3 1,3 1,2 1,1 1,1

0,775 3,1 2,7 2,4 2,2 2,0 1,8 1,7 1,6 1,5 1,4 1,3 1,2 1,2 1,1

0,800 3,2 2,8 2,5 2,2 2,0 1,(16 1,7 1,6 1,5 1,4 1,3 1,2 1,17 1,1

0,825 3,2 2,8 2,51 2,26 2,06 1,89 1,74 1,62 1,51 1,41 1,33 1,26 1,19 1.13

0,850 3,28 2,87 2,55 2,30 2,09 1,92 1,77 1,64 1,53 1,44 1,35 1,28 1,21 1,15

0,875 3,34 2,92 2,60 2,33 2,12 1,95 1,80 1,67 1,56 1,46 1,37 1,30 1,23 1,17

0,900 3,39 2,97 2,64 2,37 2,16 1,98 1,83 1,69 1,58 1,48 1,40 1,32 1,25 1,19

0,925 3,44 3,01 2,68 2,41 2,19 2,01 1,85 1,72 1,61 1,51 1,42 1,34 1,27 1,21

0,950 3,50 3,06 2,72 2,45 2,23 2,04 1,88 1,75 1,63 1,53 1,44 1,36 1,29 1,22

0,975 3,55 3,11 2,76 2,49 2,26 2,07 1,91 1,78 1,66 1,55 1,46 1,38 1,31 1,24

1,000 3,61 3,16 2,81 2,53 2,30 2,10 1,94 1,80 1,68 1,58 1,49 1,40 1,33 1,26

1,025 3,66 3,21 2,85 2,56 2,33 2,14 1,97 1,83 1,71 1,60 1,51 1,42 1,35 1,28

I
~
00

I
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Appendix

Figures showing relevant quantities and costs as function of enrichment

and hurn-up.

Fig. A-l

Fig. A-2

Fig. A-3

Fig. A-4

Fig. A-S

Fig. A-6

Fig. A-7
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The results of the preliminary assessment of the use of enriched fuel
or of spikes in the Atucha Nuclear Power Plant show very promising aspects.
With only a few changes in the fuel cycle substantial annual savings
could be realized t and the energy content of the uranium could be
brought to more effective use.

These preliminary results should be encouraging enough to stimulate
further more detailed calculations. They are to be based on the final
results of reactor physics computations yielding information of the
burn-up performance of the Atucha reactor including the margin of error
to be taken into account. This more detailed treatment should serve to
analyze the costs under various assumptions and should separately show
expenses in domestic and foreign currencies.

Up to now more technical questions of the fuel cycle domain were excluded
from all considerations. For the more detailed studies this will no longer
be feasible.
The fresh fuel part of the fuel cycle is largely determined by Argentine
decisions on erecting a fuel-element factory and on developing domestic
uranium mines. As these decisions are mostly settled t the evaluation of
this part of the fuel cycle should bring no problems.

The study should also look explicitely into the handling of spent fuel.
By proper analysis and exact planning certain cost savings may be accom
plished also in this field. At the same time it will be necessary to
preserve the possibility of deviating from the fuel handling strategy as
presently planned. Future conditions may favor different prodedures and
accordingly enough flexibility should be incorporated.

In any case sufficient transport capacity must be supplied in due timet
and enough storage capacity has to be made available. Various alternatives
should be analyzed from a technical and economic point of view.




