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Abstract

In these studies the isotopic inventories and corresponding activities of important nuclides for different fuel
cycles of a CANDU reactor have been compared. The calculations have been performed using the computer
code WIMSD4. The isotopic inventories and activities have been calculated versus the fuel burn-up for the
natural UO, fuel, 1.2% enriched UO, fuel and for the 0.45% PuO,-UO, fuel. It is found that 1.2% enriched
uranium fuel has the lowest activity as compared to other two fuel cycles and vice versa for the 0.45%

PuOZ—UOZ fuel.
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1. Introduction

Due to many factors there is again an increase in trend to
increase the contribution of nuclear energy, particularly in
Asian countries [1,2], in the total world energy demand.
The main drawback of nuclear energy is the radioactive
waste, particularly spent nuclear fuel, and proliferation
issue [2]. Management and handling of spent nuclear fuel
and high level radioactive waste from nuclear reactors is a
serious problem both from economical and environmental
point of view. Shielding design for spent nuclear fuel, its
transportation and storage, etc. depend on the activities of
the nuclides present in the spent fuel, and these depend on
the production of these nuclides during the fuel burn-up
process. The more the concentration of these nuclides in
the reactor core, the more decay heat these nuclei will pro-
duce in the spent fuel and more labours will be required to
manage the spent fuel. Secondly, a large amount of pluto-
nium is produced in the spent nuclear fuel, which can be
easily separated from the fuel and can be used for military
purpose. To overcome these two major concerns with the
use of nuclear energy there are two options under consid-
eration. Firstly, to change the composition of nuclear fuel
that leads to higher burn-up, less production of plutonium
and other minor actinides during burn-up and hence less
amount of these nuclides in the spent fuel. Secondly, to
entirely change the design of nuclear power reactors, like
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accelerator-driven systems (ADS) [2,3].

In the present work, we are using the above said first op-
tion i.e. changing the fuel composition that leads to higher
burn-up and less production of plutonium [1] and minor
actinides. We are extending our previous study [1] and
calculate the radioactive inventories and activities of im-
portant radionuclides during the reactor operation for the
same three fuel cycles i.e. natural UO, fuel, 1.2% enriched
UO; and 0.45% PuO,-UO, fuel. The above three fuel cy-
cles are considered because these are recently used to study
the burn-up extension and proliferation resistance potential
with slightly enriched uranium and plutonium in CANDU
reactors [1]. The use of slightly enriched uranium would
reduce the quantity of spent fuel produced in CANDU re-
actors and have less environmental impact, compared to
other fuel cycles.

Moreover, the above three fuel cycles are selected as the
problem of spent fuel can be partially handled by increas-
ing the fuel burn-up and it would reveal positive impact on
the spent fuel characteristics [4], volume and decay heat
per unit energy produced, and improve the environmental
impact. It has been shown that with an increase of the
burn-up upto 100 percent may reduce the plutonium pro-
duction upto 35% [4]. A 1.2% enriched UO, would in-
crease the burn-up in CANDU by a factor of 3 and hence
results in a smaller quantity of spent fuel production [5]. In
our present study, with 1.2% enriched UO, an increase in
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burn-up is observed by a factor of two [1]. Enrichment
would also alleviate pressure on interim storage require-
ments at the reactor. With enrichment around 1.2%, fuel
cycle costs are lowered as compared to natural uranium
fuel. Both front end and back end fuel cycle costs would be
reduced. It has also been shown that with an enrichment
between 0.9% to 1.2% , there would be about 20% reduc-
tion in the total disposal cost as compared to natural UO, [6]
and 25% in reduction of uranium requirements can be
achieved for enrichment between 0.9% to 1.2%. Further-
more, plutonium recycling in the fuel, mixed with natural
or depleted uranium, results in significant improvement in
natural uranium utilization and proliferation resistance
characteristics [7].

There are different possibilities under consideration to
increase the fuel burn-up and reduction of radioactive
waste. These include the use of PWRs spent fuel in
CANDU reactors [8], use of slightly enriched uranium in
CANDU reactors, use of small amount of Plutonium mixed
with UO, or mixed with UO,-ThO,, and Th-**U fuel cycle
[9-11].

The purpose of the present work is to calculate and com-
pare the effect of slightly enriched uranium i.e. 1.2% en-
riched UO, and 0.45% plutonium mixed (80% **U, 10%
Py and 10% **'Pu) with UO, on the activities of impor-
tant isotopes during the fuel burn-up. The analysis is car-

ried out using the computer code WIMSD4 (Winfrith Im-
proved Multigroup Scheme version-D4) [12] for the
CANDU 600 MW, PHWR.

2. Reactor Description

There are 380 fuel channels in the standard CANDU 600
MW, reactor and each fuel channel contains 37-fuel pins.
Figure 1 of [13] shows a cross sectional view of a fuel
channels indicating a fuel bundle, a pressure tube, a ca-
landria tube, and moderator. The coolant and moderator
is D,O. The heat is generated in the pressure tubes in the
fuel bundle region and coolant transfers this heat to the
power conversion system. A gemoterical representation
of the cell and lattice benchmark cell model for WIMS-
D4 is shown in Figures 2 and 3, respectively, of [13].
The reactor data used to model the unit cell is given in
Table 1 of [13]. The values of the radial and axial buck-
ling are 4.1925E-5 and 2.6870E-5, respectively.

3. Methodology

The WIMSD4 (Winfrith Improved Multigroup Scheme
version-D4) code is used to calculate the concentrations
of important isotopes in the fuel bundle of the CANDU
600 MW, reactor. WIMS-D4 is originally developed at
Atomic Energy Establishment, Winfrith, UK. This code

Table 1 The values of inventories and corresponding activities of important fission products and actinides for the UO, lattice

at 16,000 MWDl/te.

Nuclide Co?gf;’:;‘;;i"“ Hal{g‘;"es Activity (Bq) Aig‘i’)ity
By 2.19E+22 2.22E+16 6.82E+05 1.84444E-05
2y 4.54E+25 1.41E+17 2.23E+08 0.006034778
#py 1.29E+23 7.61E+11 1.18E+11 3.176119181
Hopy 9.85E+22 2.07E+11 3.29E+11 8.904084443
#py 2.35E+22 4.54E+08 3.58E+13 966.5856792
PTc 4.49E+22 6.72E+12 4.63E+09 0.12520998
%Ry 2.35E+22 3.40E+06 4779E+15 129561.4137
1%Rh 1.07E+20 1.27E+05 5.84E+14 15789.74361
Bcd 4.18E+18 2.90E+23 9.98E-06 2.69676E-16
"5[n 1.13E+20 1.61E+22 4.87E—03 1.31583E-13
BiCs 3.71E+21 6.51E+07 3.96E+13 1069.29717
5Xe 3.62E+18 3.27E+04 7.67E+13 2071.808163
pm 4.04E+19 4.64E+05 6.04E+13 1631.799795
51Sm 3.15E+20 2.80E+09 7.80E+10 2.10861641
By 1.02E+21 2.71E+08 2.59E+12 70.04903849
'S Eu 1.27E+20 1.56E+08 5.62E+11 15.1809399
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Figure 1. Atom density (#/b.cm) of important isotopes as a
function of burn-up for the natural UO, fuel
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Figure 2. Atom density (#/b.cm) of important isotopes as a
function of burn-up for the 1.2% enriched UO, fuel.
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Figure 3. Atom density (#/b.cm) of important isotopes as a
function of burn-up for the 0.45%PuO, + natural UO, fuel.

solves the one dimensional neutron transport theory for
research and power reactors. The code can use different
types of libraries available for analysis. For the analysis
presented in this paper, 69 groups neutron cross section

library of UK origin is used. The library of 69 groups
consists of, 14 fast above 9.118 KeV, 13 resonances be-
tween 4 eV - 9.118 KeV and 42 thermal groups below 4

Copyright © 2011 SciRes.

eV. For the present work, the 69 groups in the data set
library are collapsed to five-group cross section data set.
The boundaries of the energy shift of these five groups
are given in Table 2 of [13]. This five group option is
used in the FEWGROUP card.

This code takes the cluster geometry of the cell with
the cards ANNULUS, ARRAY, and RODSUB. Sizes in
the annulus card are selected in such a way that the fuel
to coolant volume ratio is conserved and each fuel pin
centre lies very close to the mid-radius of its ANNULUS.
This can be achieved by using the CRAIG option. The
cell-averaged diffusion coefficients (D), absorption (3,),
fission cross sections (vYy), the infinite multiplication
factor (ki) and effective multiplication factor Kes (if
buckling is provided) can also be calculated by this code.
For burn-up calculations, the code solves the burn-up
equations for fuel and fission products for a given spe-
cific power and then calculates the isotopic compositions
(#/b.cm) and concentrations (gm/cm) of important iso-
topes present in the reactor core.

For burn-up calculations, power C card is needed in
the input of WIMSD4 file. A number of sets of POWER
cards are used in the input with one set of cards specify-
ing a burn-up step. The ratio of power in MW, to the
amount of initial fuel in tones is required for these cards.
For the CANDU 600 MW, case, this ratio is 25.06 MW/te.
The computer code WIMSD4 has already been used by
us to model the pin type and cluster type geometries
[13,14].

4. Results and Discussions

These studies comprise of the calculations and compari-
son of the number densities (#/b.cm) and activities (Ci),
as a function of fuel burn-up, of important nuclides for
alternative fuel cycles of the CANDU 600 MW, PHWR.
The number densities of important isotopes for natural
U0, fuel, 1.2 % enriched UO; and 0.45% PuO,-UO, fuel,
are shown in Figures 1, 2 and 3, respectively. These
three figures show a decrease in the concentration of **°U
with the burn-up that is due to the consumption of **°U.
For the natural UO, and 1.2% enriched UQO, fuel, there is
an increase in the concentration of *’Pu and other acti-
nides and fission products and there is smaller increase in
the amount of >*°Pu as compared to UO, fuel and 0.45%
PuO,+UO, fuel. For 0.45% PuO,+UQO, fuel, there is a
slow decrease in the concentration of *’Pu, due to the**’Pu
already present in the core and second generation of
%Py, Figures 1, 2 and 3 show that the nuclides **°U,
29py, M0py, *'pu, PTe, Xe, 'Ru, and **Cs have
large concentration as compared to the other nuclides in
the core. The activities are shown in Figures 4, 5, and 6
for natural UO, fuel, 1.2% enriched UO, and 0.45%
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Table 2 The values of inventories and corresponding activities of important fission products and actinides for the 1.2% en-

riched UO, lattice at 16000 MWD/te.

Nuclide Co?xggzt)i‘m Hal(fsl)i"es Activity (Bq) Aig‘lf)ﬁy
5y 7.80E+22 2.22E+16 2.43E+06 6.57395E-05
5y 4.54E+25 1.41E+17 2.23E+08 0.006028113
py 1.30E+23 7.61E+11 1.19E+11 3.203807422
Hopy 8.12E+22 2.07E+11 2.72E+11 7.339771625
H#py 1.91E+22 4.54E+08 291E+13 786.8331462
PTc 4.57E+22 6.72E+12 4.71E+09 0.127355404
1%Ru 2.21E+22 3.40E+06 4.50E+15 121499.098
"%Rh 9.48E+19 1.27E+05 5.16E+14 13951.72382
Bcd 4.02E+18 2.90E+23 9.60E-06 2.59562E-16
"5[n 1.03E+20 1.61E+22 4.43E-03 1.19838E-13
Bics 3.15E+21 6.51E+07 3.35E+13 906.62775
5Xe 4.08E+18 3.27E+04 8.65E+13 2336.663542
Pm 4.54E+19 4.64E+05 6.78E+13 1831.8187
BlSm 3.23E+20 2.80E+09 7.99E+10 2.159803888
By 8.21E+20 2.71E+08 2.10E+12 56.68217904
'SEu 1.05E+20 1.56E+08 4.65E+11 12.57420794

Pu0,-UO, fuel, respectively. From the Figures 4, 5, and
6 it is seen that the nuclides 'Ru, '“Rh, *Xe, ¥'Cs,
21y Mg 19 1S4Ey 241py 20py and 2Py have
more activity as compared to other nuclides in the reactor
core. The Figures also show that the nuclides produced
in the 1.2% enriched UO, fuel have the lower activities
as compared to the other two fuel cycles and vice versa
for the 0.45%PuO,+UQ; fuel. This means that from the
environmental point of view, 1.2% enriched UO, fuel is
more useful in CANDU reactors as compared to natural
uranium fuel and the fuel in which Plutonium is mixed
with natural uranium. Plutonium mixed with natural ura-
nium has more contribution of these nuclides and hence
not a better choice from environmental point of view but
it can be used to extend the fuel burn-up and to burn the
large stocks of civil and military plutonium [10]. More-
over, there is a general trend to reduce the plutonium
because of the serious public and political concerns in
the world about the misuse of plutonium or accidental
release into the environment [10]. Thorium mixed with
UO; or PuO, is a better fuel composition from environ-
mental and proliferation perspectives but it can be bene-
ficial for a country that has lot of thorium reserves, like In-
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dia.

The sum of the activities (in Curie) of important iso-
topes as a function of burn-up for natural UO, fuel, 1.2%
enriched UO, and 0.45% PuO,-UQO, fuel, is shown in
Figure 7. In the three cases, there is a linear increase in
activity with the burn-up and the 1.2% enriched UQ, fuel
has the lowest activity as compared to other two fuel
cycles and vice versa for the 0.45% PuO,+UO, fuel.
Hence, from environmental aspect, 1.2% enriched UO,
fuel is more useful in CANDU reactors as compared to
natural uranium fuel and the fuel in which Plutonium is
mixed with natural uranium. Consequently, again, from
environmental point of view plutonium mixed in natural
UO, is not a better choice but it can be used to extend the
fuel burn-up and to destroy the huge quantity of pluto-
nium in the world. Thorium mixed with UO, or PuO, is a
better fuel composition from environmental and prolif-
eration perspectives.

The inventory and activity (in Becquerel and in Curie)
of important isotopes calculated at 16,000 MWD/te for
the three fuel cycles i.e. natural UO,, 1.2% enriched UO,
and 0.45%PuO,+UQ, are shown in Tables 1, 2 and 3,
respectively. From these tables, the major contribution to
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Figure 4 Activities (Ci) of important isotopes as a function

of burn-up for the natural UO, fuel.
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Figure 5 Activities (Ci) of important isotopes as a function
of burn-up for the 1.2% enriched UO, fuel.
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Figure 6 Activities (Ci) of important isotopes as a function
of burn-up for the 0.45%PuO, +natural UO, fuel.
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Figure 7. Total activities (Ci) of important isotopes as a
function of burn-up for the natural UO,, 1.2% enriched

UO,, and 0.45 %PuO, + natural UO, fuel.

Table 3 The values of inventories and activities of fission products and actinides for the 0.45%PuO,+UQO, lattice at 16,000

MWD/te.
. Concentration Half lives Activity Activity
Nuclide .
(Atoms) (s) (Bq) (Ci)
5y 4.89E+22 2.22E+16 1.53E+06 4.1228E-05
=y 4.77TE+25 1.41E+17 2.35E+08 0.006341391
2%py 1.43E+23 7.61E+11 1.30E+11 3.511208658
240py 3.39E+21 2.07E+11 1.13E+10 0.306584891
241py 2.78E+22 4.54E+08 4.23E+13 1143.856252
PTe 4.70E+22 6.72E+12 4.85E+09 0.131051597
'%Ru 2.61E+22 3.40E+06 5.32E+15 143762.607
'%Rh 1.09E+20 1.27E+05 5.92E+14 15991.84889
13cd 4.81E+18 2.90E+23 1.15E-05 3.10956E-16
"3In 1.26E+20 1.61E+22 5.44E-03 1.46941E-13
BiCs 3.44E+21 6.51E+07 3.66E+13 989.1961717
3Xe 4.28E+18 3.27E+04 9.07E+13 2452.395648
148pm 4.71E+19 4.64E+05 7.03E+13 1900.517176
Blsm 3.53E+20 2.80E+09 8.74E+10 2.363015378
SEy 1.05E+21 2.71E+08 2.67E+12 72.16286072
SEy 1.32E+20 1.56E+08 5.87E+11 15.86223062
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the total activity is from the nuclides 241Pu, 'O3Ru,
IOSRh,mCs, 135X e and '"*Pm. In natural UO, fuel and in
0.45% PuO,+UO, fuel these isotopes have more contri-
bution and hence lead to more activity as compared to
1.2% enriched UO, fuel that has least activity.

In case of 1.2% enriched UO, fuel, more neutrons are
absorbed in U as compared to natural UO, and 0.45%
PuO,+UO, fuel. The reason for more activity in UO, and
0.45% PuO, is the more fission in 2’Pu as compared to
fission in **°U.

5. Conclusions

The results presented in the present paper comprise of
calculations and comparison of the effect of slightly en-
riched uranium i.e. 1.2% enriched UO, and 0.45% PuO,
+UO, with the activities of important isotopes during the
fuel burn-up. The results are presented in the form of
figures. The conclusion of three fuel cycles considered in
the present work is; the activity of 1.2% enriched UO,
fuel is much smaller as compared to natural UO, fuel and
plutonium mixed in UO, fuel. Secondly, the slightly en-
riched UO, fuel will make radioactive waste manage-
ment more effective and have less environmental impact,
compared with other two fuel cycles.
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