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Abstract
Increasing fuel burnup is one of the important areas of nuclear power development. Currently, the most common type of 
light-water reactors is characterized by burnup ratios of about 5%, i.e., only a small fraction of fuel is used to generate 
electricity. The paper considers the possibility of a significant increase in fuel burnup due by introducing protactinium and 
neptunium into the fuel composition. The chains of nuclide transformations starting with protactinium and neptunium are 
characterized by a gradual improvement in the multiplying properties, which ensures increased fuel burnup. At the same 
time, a situation may be observed when the multiplying properties of a fuel composition are improved during the cam-
paign, which indicates that at a certain point in time the accumulation rate of fissile nuclides from protactinium and nep-
tunium exceeds the accumulation rate of fission products. While protactinium is hardly accessible in sufficient quantities, 
neptunium is contained in spent nuclear fuel, a significant amount of which is stored in on-site facilities. Therefore, from 
a practical perspective, the introduction of neptunium into fuel compositions seems to be more preferable. The novelty of 
the work is the analysis of the effects of protactinium and neptunium on the reactivity coefficients during fuel campaigns. 
The calculations were carried out for a VVER-1000 type reactor using the SCALE-6.2 software package.
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Introduction

Modern light-water reactors have fuel burnup ratios of 
about 5%. Thanks to new fuel technologies and, in parti-
cular, to the use of advanced burnup absorbers, it is possi-
ble to achieve 6% burnup.

Increasing fuel burnup is necessary to:

–	 improve the economy of the nuclear fuel cycle by re-
ducing the volume of fresh and spent nuclear fuel;

–	 reduce the number of fuel reloads; and
–	 reduce the likelihood of switching fissile material 

from spent fuel to non-energy targets (Klimov 1985).

Initial data

To increase fuel burnup, we shall consider the possibility 
of introducing protactinium and neptunium into fuel com-
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positions. This issue was previously studied in (Kulikov 
et al. 2013; Shmelev et al. 2016), but the effects of these 
nuclides on the reactivity coefficients during fuel cam-
paigns has not been adequately investigated so far. Note 
that the problem of achieving ultra-high burnup is consi-
dered only in terms of choosing a fuel composition while 
the material science aspect is not analyzed. It should also 
be noted that, in the experimental fuel elements at the 
BOR-60 reactor, burnup of more than 30% was achieved 
with vibropac MOX-fuel (Maershin et al. 2001).

We consider the unit cell of a VVER-1000 reactor: its 
parameters are presented in Table 1.

All the subsequent burnup-related calculations are made 
for an equivalent cell by means of the SCALE-6.2 software 
package, a widely used set of modeling and simulation tools 
for performing neutron-physical calculations (SCALE, 
Gauld et al. 2011, Bowman 2007, Rearden and Jessee 2016).

As a result of radiative neutron capture reactions on 
protactinium and neptunium, moderately fissile isotopes of 
uranium-232 and plutonium-238 are accumulated, leading 
to the accumulation of well-fissile isotopes of uranium-233 
and plutonium-239 (Table 2). Thus, the neutron-multi-
plying properties of such fuel compositions are improved 
during a campaign, thereby ensuring higher fuel burnup.

Introducing neptunium into fuel 
compositions

According to its neutron-physical properties, 237Np is a 
raw nuclide. Neptunium has large capture cross-sections 

in both the thermal and resonance regions. The thermal 
neutron-capture cross-section of 237Np is 178 barn, and 
the fission cross-section is 0.020 barn (see Table 2). This 
means that 237Np practically does not split into thermal 
and intermediate neutrons, but as a result of the capture 
reaction on neptunium and subsequent β-decay, modera-
tely fissile 238Pu is accumulated, leading to the accumula-
tion of well-fissile 239Pu (Fig. 1).

Figure 2 shows the neutron multiplication factor in the 
process of burning fuel containing neptunium.

With a small addition of 237Np (the second and third 
fuel compositions), the initial neutron multiplication 
factor decreases relative to conventional uranium fuel, 
and achievable burnup is small, which indicates that 
the accumulation potential of fissile plutonium isotopes 
does not have time to be realized. At the same time, in 
the case of using a fuel composition containing 35% of 
237Np instead of 35% of 238U, burnup reaches 82 GW∙d/t 
and the neutron multiplication factor remains close to 
unity throughout the campaign. This is explained by the 
fact that, as a result of the capture of 237Np neutrons, 
238Pu and 239Pu are formed, i.e., fissile materials that sup-
port the fission chain reaction for a long time. In addi-
tion, 237Np is characterized by a larger neutron-capture 
cross-section in the thermal region as compared to that 
of 238U, which leads to the efficient formation of fissile 
238Pu and 239Pu isotopes.

Table 1. VVER-100 unit cell parameters (Subrata 2008).

Parameter Value
Fuel density, g/cm3 10.7
Fuel inner/outer radius, cm 0.115/0.375
FE cladding inner/outer radius, cm 0.386/0.4582
Cladding/central tube material Zr (1% Nb, 0.03% Hf)
Cladding density, g/cm3 6.45
Central tube inner/outer radius, cm 0.45/0.515
FE array pitch, cm 1.275
Moderator density, g/cm3 0.71
Fuel temperature, K 966
Cladding temperature, K 630
Moderator temperature, K 578

Table 2. Neutron fission/capture cross-sections at a heat spot and 
the number of neutrons per fission event (Babichev et al. 1991; 
Maslov et al. 2004; Shibata et al. 2011; Soppera et al. 2014).

Nuclides Cross-section, barn (En = 0.0253 eV) ν f

σf σc

Fertile 238U 1.7×10–5 2.7 2.32
232Th 5.4×10–5 7.3 1.89
231Pa 0.023 202 2.09
237Np 0.020 178 2.62

Fissile 233U 531 45 2.48
235U 585 99 2.43

239Pu 747 271 2.87
232U 77 75 3.12

Figure 1. A chain of nuclide transformations starting with nep-
tunium (Bowman 2007).

Figure 2. The effect of neptunium on the neutron multiplication 
factor in the process of fuel burnup: 1) conventional uranium 
fuel (4.4% of 235U + 95.6% of 238U); 2) introducing 1% of nep-
tunium (4.4% of 235U + 94.6% of 238U + 1% of 237Np); 3) intro-
ducing 2% of neptunium (4.4% of 235U + 93.6% of 238U + 2% 
of 237Np); 4) introducing a large amount of neptunium (35% of 
235U + 65% of 237Np).
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Introducing protactinium into fuel 
compositions

According to the neutron-physical characteristics, protac-
tinium is close to neptunium: its capture cross-section in 
the thermal region is 202 barn (see Table 2). In the chain 
of nuclide transformations, they differ in daughter fissile 
nuclides (Fig. 3).

Figure 4 shows the neutron multiplication factor in the 
process of fuel burnup containing protactinium.

As we can see in the figure, the introduction of protac-
tinium in the fuel composition leads to a decreased initial 
reactivity margin and higher fuel burnup. If 238U is com-
pletely substituted for 231Pa (fuel composition containing 
44% of235U + 56% of 231Pa), burnup reaches 624 GW∙d/t, 
while the neutron multiplication factor remains practical-
ly unchanged throughout the campaign and is small. For 
a VVER-1000 reactor, this campaign lasts about 40 years.

These results are explained by the following two cir-
cumstances. First, the capture of 231Pa neutrons leads to 
the sequential formation of moderately fissile 232U and 
well-fissile 233U, which support the fission chain reaction. 
Second, 231Pa is characterized by a larger neutron-capture 
cross-section in the thermal region as compared to that of 

238U, which leads to the efficient formation of fissile 232U 
and 233U nuclides.

Reactivity coefficients of fuel 
containing protactinium and 
neptunium

Reactivity control plays an important role in ensuring the 
safety of nuclear reactors (Safety of Nuclear Power Reac-
tors). Let us consider the reactivity coefficients in the fuel 
and coolant temperatures for the case of fuel compositions 
doped by protactinium and neptunium. Compared to the 
initial value, the temperature of the reactivity coefficient 
increased by 100 K when it was estimated with regard to 
the fuel temperature and by 47 K when it was estimated 
with regard to the coolant temperature. Since the calcula-
tions consider the unit cell of a VVER-1000 reactor, the 
reactivity is determined through the infinite neutron mul-
tiplication factor (k∞) instead of the effective neutron mul-
tiplication factor (keff), which is a certain assumption (Be-
kurtz and Wirtz 1968, Bell and Glasstone 1970, Thomas 
and Belle 2019). The coolant properties were determined 
using the Water Steam Pro software package (Calculator: 
Water Steam Pro).

Changes in the fuel temperature coefficient of reactivi-
ty during the campaign of fuel campaign containing 44% 
of 235U + 56% of 231Ра are shown in Fig. 5.

Negative fuel temperature coefficients of reactivity are 
favorable because they make the reactor self-regulating. 
As we can see in the figure, the fuel temperature coef-
ficient of reactivity for the fuel composition containing 
44% of 235U + 56% of 231Ра at a certain point of the cam-
paign takes a positive value. This does not meet safety the 
requirements. Before burnup reaches 266 GW∙d/t (~ 18 
years for a VVER-1000 reactor), the fuel temperature re-
activity coefficient remains negative, and then it becomes 
positive until burnup reaches 592 GW∙d/t (~ 39 years for a 
VVER-1000 reactor), then it decreases and again remains 
negative until the end of the campaign.

Figure 3. A chain of nuclide transformations starting with tho-
rium (Bowman 2007).

Figure 4. The effect of protactinium on the neutron multipli-
cation factor in the process of fuel burning: 1) conventional 
uranium fuel (4.4% of 235U + 95.6% of 238U); 2) fuel composi-
tion containing 11% of 235U + 83% of 238U + 6% 231Pa; 3) fuel 
composition containing 16% of 235U + 74% of 238U + 10% of 
231Pa; 4) fuel composition containing 26% of 235U + 54% of 
238U + 20% of 231Pa; 5) complete substitution of 238U for 231Pa 
(44% of 235U + 56% of 231Pa).

Figure 5. Changes in the fuel temperature coefficient of reactivity 
during the campaign of fuel containing 44% of 235U + 56% of 231Ра.
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Thus, it is necessary to determine a fuel composition 
containing protactinium which will be characterized by a 
negative fuel temperature coefficient of reactivity throug-
hout the campaign. By means of calculation, it was found 
that the fuel composition containing 16% of 235U + 74% 
of 238U + 10% of 231Ра is characterized by negative re-
activity coefficients in the fuel and coolant temperatures 
throughout the campaign (Fig. 6).

As we can see in the figure, the fuel composition 
containing 16% of 235U + 74% of 238U + 10% of 231Ра 
has a negative fuel temperature coefficient of reactivity 
throughout the campaign and is characterized by bur-
nup of 178 GW∙d/t. The coolant temperature coefficient 
of reactivity for the fuel composition containing 16% 
of 235U + 74% of 238U + 10% of 231Ра also remains ne-
gative throughout the campaign. Thus, the safety requi-
rements put a limit on the maximum protactinium con-
tent, making it impossible to achieve ultra-high burnup, 
as shown in the previous section of this paper. At the 
same time, burnup at the level of 178 GW∙d/t is several 
times higher than the value characterizing conventional 
uranium fuel.

Let us consider the reactivity coefficients for the fuel 
composition containing neptunium (35% of 235U + 65% 
of 237Np). The fuel temperature coefficient of reactivity is 
negative, whereas the coolant temperature coefficient of 
reactivity takes positive values throughout the campaign, 
which does not meet the safety requirements (Fig. 7).

By means of calculation, it was found that the fuel 
composition containing 16% of 235U + 74% of 238U + 
10% of 237Np has negative reactivity coefficients in 
the fuel and coolant temperatures throughout the cam-
paign (Fig. 8).

Thus, the safety requirements that provide negative va-
lues of reactivity coefficients throughout the entire fuel 
campaign, nullify the potential of neptunium in terms 
of increasing fuel burnup – the achievable value is 46 
GW∙d/t, which is comparable to conventional uranium 
fuel for VVER-1000 reactors.

Availability of protactinium and 
neptunium for core loadings of 
high-power light-water reactors
Currently, the IAEA estimates that spent nuclear fuel con-
tains about 165 tons of neptunium worldwide (Status and 
Trends 2018). If we rely on the proposed fuel compositi-
ons with high neptunium contents, then these resources 
for loading a single VVER-1000 will be enough for only a 
few decades. Therefore, there is no question of large-scale 
nuclear power generation involving neptunium.

And since protactinium is practically absent in nature, 
the question arises of its production in significant quanti-
ties. There are two methods applicable for this purpose. 
The first method is to irradiate 230Th available in uranium 
ores in power reactors. The disadvantage of this method 
is the low content of 230Th in uranium ore only 16 g/t. At 
the current level of uranium production in the world (ap-
proximately 50,000 t/y), this means that it is possible to 
produce less than a ton of protactinium per year; however, 
this option was successfully used in the USA in the 50s 
and 60s of the 20th century.

Figure 6. Changes in the reactivity coefficients for the fuel com-
position containing 16% of 235U + 74% of 238U + 10% of 231Ра 
during the campaign: 1) fuel temperature coefficient of reactivi-
ty; 2) coolant temperature coefficient of reactivity.

Figure 7. Changes in the reactivity coefficients forf the fuel 
composition containing 35% of 235U + 65% of 237Np during the 
campaign: 1) fuel temperature coefficient of reactivity; 2) cool-
ant temperature coefficient of reactivity.

Figure 8. Changes in the reactivity coefficients for the fuel com-
position containing 16% of 235U + 74% of 238U + 10% of 237Np 
during the campaign: 1) fuel temperature coefficient of reactivi-
ty; 2) coolant temperature coefficient of reactivity.
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The second method is to irradiate 232Th with high-energy 
thermonuclear neutrons in a blanket of a hybrid thermonu-
clear reactor. The rate of protactinium production in the 
thorium blanket of such a reactor is about 1 kg/t/y. The au-
thors evaluated the possibility of producing protactinium 
in a thorium blanket surrounding an ITER thermonuclear 
reactor (thermonuclear power of 500 MW): it amounts up 
to 800 kg of protactinium per year.

In conclusion, it should be noted that, due to their limi-
ted reserves, the use of protactinium and neptunium will 
apparently be more attractive in small-scale power gene-
ration: at NPPs for remote areas, at floating NPPs or as a 
power sources in spaceships.

Conclusions

Fuel compositions containing protactinium and neptuni-
um are characterized by increased burnup. In addition, 
protactinium is preferable to neptunium due to the best 
neutron-physical characteristics of 232U and 233U formed 
from protactinium as compared with the neutron-physical 
characteristics of 238Pu and 239Pu formed from neptunium.

The introduction of protactinium into fuel compositions 
ensures ultra-high burnup (624 GW∙d/t) and a low neutron 
multiplication factor throughout the campaign; however, 

fuel with significant contents of protactinium is characteri-
zed by positive fuel temperature coefficients of reactivity.

The fuel composition containing 16% of 235U + 74% of 
238U + 10% of 231Ра is characterized by negative reactivity 
coefficients for the fuel and coolant temperatures throug-
hout the campaign. The achievable burnup value in this 
case is 178 GW∙d/t, and the campaign is ~ 12 years (for a 
VVER-1000 reactor). The production of protactinium is 
possible in hybrid fusion reactors (Krumbein et al. 1980; 
Kuteev and Khripunov 2009; Shmelev et al. 2015).

The introduction of neptunium into fuel compositions 
ensures high burnup (82 GW∙d/t), but fuel with significant 
contents of neptunium is characterized by positive cool-
ant temperature coefficients of reactivity.

To ensure negative reactivity coefficients throughout 
the campaign, the content of neptunium in the fuel must be 
reduced to such an extent that its potential to increase bur-
nup is nullified, i.e., up to 46 GW∙d/t, which is comparable 
to conventional uranium fuel for VVER-1000 reactors.
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