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A B S T R A C T   

In this study, we investigated the possibility of employing accident tolerant fuel (ATF) in VVER-1200/V491 
assembly without gadolinium-containing fuel rods using the Monte Carlo code Serpent 1.1.7 with ENDF/B-VII 
cross-section library. The analysis involves assembly design with reflective boundary conditions. To compare 
the neutronic performances, U–5Mo, U-7.5Mo, U–10Mo, and U–15Mo fuels were chosen in addition to ordinary 
UO2 fuel. The concentration of 135Xe, 149Sm, fissile and fertile isotopes with burnup, reactivity feedback with fuel 
temperature variation, and β eff values were calculated. The results indicate that the fuel cycle length increases by 
54.27% for U–5Mo, 32.6% for U-7.5Mo, and 13.8% for U–10Mo, while it decreases by 16.4% for U–15Mo fuel. 
Additionally, the effect of 95Mo content in natural Mo was investigated by reducing the 95Mo concentration. 
According to the results, each proposed fuel’s fuel cycle length extended when the depletion ratio of 95Mo 
increased. Additionally, the calculations for reactivity feedback guarantee safe operating conditions for all U- 
xMo fuels.   

1. Introduction 

Nuclear reactors are now used more frequently for peaceful reasons 
due to their reliability, sustainability, and effectiveness as a source of 
widespread electricity. As a result, research about safety and operational 
characteristics of nuclear reactors has risen, and these features have been 
improved [1–4] Along with these improvements, nuclear fuel—one of the 
key elements of a nuclear reactor—has become safer and more 
cost-effective to handle any potential accidents to which the reactor may 
be exposed. Following the catastrophic events at Three Mile Island and 
Fukushima Daichi, research into accident-tolerant fuel (ATF), which may 
run in the reactor under challenging conditions instead of uranium diox
ide, has risen [4,5]. The primary subjects of these ATF studies are cladding 
and fuel. FeCrAl and SiC have been proposed as new cladding materials as 
a consequence of cladding material investigations. Additionally, it has 
been suggested that coatings containing aluminum, niobium, chromium, 
and/or platinum be used to improve the corrosion resistance of current 
cladding materials, such as Zr alloy [6–9]. High uranium density and high 
thermal conductivity are the general characteristics of ATF fuel that are 
expected in studies focusing on its development. Some fuels with desired 
properties are namely U3Si2, and UN. Neutronic analyzes were performed 
for potential ATF fuels, including UN, U3Si2 ([5,9–11], Sheng Li Chen 
et al., 2020, and [12]). Another ATF option is U–Mo metallic fuel, which 

has a higher uranium density than UO2 fuel and allows for a longer fuel 
cycle to be run at the same enrichment level [13]. U–Mo fuel was chosen 
by Department of Energy, Office of Nuclear Energy (DOE-NE) due to its 
potential to increase fuel utilization and be compatible with fuel assem
blies using UO2 [7]. Furthermore, irradiation studies in reactor fuel 
development programs have demonstrated that U–Mo alloys are the best 
match for the dispersed fuel phase in terms of irradiation behavior; how
ever, fuel-matrix interaction causes extreme swelling behavior in specific 
irradiation circumstances [14]. On the other hand, monolithic U–Mo fuel 
provides highest density; however, corrosion interaction can occur be
tween fuel and Al cladding [7,14]. Another negative characteristic of 
U–Mo is that it has a lower melting point than UO2, but since it has 
considerably higher thermal conductivity than UO2, a lower maximum 
fuel temperature will occur within the core [13,14]. 

Though it has been stated that U–Mo fuels have outstanding prop
erties against radiation, molybdenum content is important in the fuel. 
There are several U–Mo fuel options with different molybdenum content 
are available [14]. The Reduced Enrichment for Research and Test 
Reactor (RERTR-1 and RERTR-2) studies showed that U–Mo fuels con
taining less Mo causes more fission gas driven swelling [15,16], and 
7–10 wt% Mo are the best options [16–19]. U-7.65Mo alloy fuel in 7–10 
wt% Mo range also selected to use in The Kilowatt Reactor Using Stirling 
TechnologY (KRUSTY)[20,21]. In order to investigate different Mo 
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content effect on neutronic behavior, U–Mo fuels with 5, 7.5, 10 and 15 
wt% Mo that are close to 7–10 wt% Mo have been selected in this study. 

When it comes to U–Mo fuels, there is another topic that needs to be 
examined: the 95Mo isotope ratio. Some molybdenum isotopes, partic
ularly 95Mo, have a comparatively high parasitic thermal neutron ab
sorption cross-section [1]. This causes fuel to have higher negative 
reactivity. According to ([1,22]; Chen, He and Yuan, 2020) decreasing 
the 95Mo content in natural molybdenum can reduce the absorption rate 
and results in negative reactivity reduction in fuel. Therefore, the impact 
of the 95Mo isotope for U–Mo compositions should be investigated to 
ascertain its effect on possible U–Mo fuels. 

With the aim of reducing corrosion in U–Mo fuels, a corrosion- 
resistant layer diffused on the fuel surface has been proposed. In this 
layer, a corrosion-resistant coating material such as aluminum, niobium 
or chromium is diffused onto the fuel rod, and then a cladding material 
such as FeCrAl or Zircaloy material is used. Studies have shown that 
coating materials used in small amounts can reduce metal-water re
actions, consequently corrosion [7]. In order to investigate the feasi
bility of U–Mo in VVER-1200 core, we should investigate the U–Mo fuel 
with the proposed multi-layer cladding model. 

As it has been mentioned by (Chen, He and Yuan, 2020) and [22] 
that 95Mo depleted fuel elongates the fuel cycle length in LWRs because 
of its higher thermal neutron capture cross-section. In this study, four 
proposed U–Mo fuels with different natural molybdenum composition 
were examined to investigate the effect on fuel cycle length for 
VVER-1200 assembly. Furthermore, 95Mo compositions in proposed 
fuels changed to investigate the 95Mo effect on fuel cycle length. Addi
tionally, to effectively integrate the U–Mo metallic fuel into the 
VVER-1200 assembly, two fuel models incorporating niobium coating 
were applied to the U–Mo metallic fuel. One utilized FeCrAl cladding, 
while the other employed E110 alloy cladding. The utilization of (Nb) 
was chosen due to its substantial impact on the development of inno
vative cladding alloys[6,8,23]. Hence, Serpent 1.1.7, a continuous en
ergy Monte-Carlo code created by the VTT Technical Research Centre of 
Finland, was used to examine these potential fuels [24]. The following 
procedures have been followed to demonstrate the results of U–Mo fuel 
compositions: (1) Serpent 1.1.7 with ENDF 7.0 cross section library used 
to compute the burnup of the VVER-1200 assembly using each proposed 
fuel, including UO2 as a standard. Additionally, different U–Mo fuels 
with varying Mo compositions are used for multi-layer cladding model 

using FeCrAl and E110 alloy cladding materials to assess the impact of 
the proposed model on fuel cycle length. (2) Proposed U–Mo fuel 
compositions were used instead of UO2 in the VVER-1200 assembly to 

Fig. 1. Radial view of a) guide tube (upper left) b) fuel rod (lower left) c) VVER-1200 assembly (right).  

Table 1 
The VVER-1200 (V-491) assembly and material description (IAEA, 1995; Dien 
and Diep, 2017 [10]; Hafez et al., 2021)).  

Parameter Value 

Reactor thermal output 3200 MWth 
Power Plant Output 1200 MWe 
Average fuel power density 36.80 kW/kgU 
Coolant, Moderator Purified water + boric acid 

Fuel Assembly (FA) 
FA Shape Hexagonal 
Fuel assembly number in the core 163 
FA flat-to-flat size 23.42 
Gap between fuel assemblies 34 cm 
Pitch between fuel elements 1.275 cm 
Number of fuel elements in FA 312 

Fuel Element (FE) 
Fuel Type UO2 

Enrichment Up to 5 wt %235U 
FE shape Rod 
Height of fuel 375 cm 
Diameter of fuel pellet 0.76 cm 
Diameter of central hole 0.12 cm 

VVER-1200 Fuel Clad Properties 
Material E− 110 alloy 
Density 6.515 g/cm3 

Outer diameter 0.91 cm 
Inner diameter 0.773 cm 
Alternative Fuel Clad Material Density FeCrAl: 7.10 g/cm3 

Clad thickness 0.046625 cm 
Nb thickness 0.021875 cm 

Control Rod Properties 
Number of guide channels in FA 18 
Guide channel outer diameter 1.29 cm 
Guide channel inner diameter 1.09 cm 
Clad material SS alloy 12H18N10T 
Clad density 7.85 g/cm3 

Central tube 1 
Outer diameter 1.29 cm 
Inner diameter 1.09 cm  
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examine the fuel cycle length and change in the concentration of heavy 
metals that are important to evaluate the optimum fuel. (3) To assess the 
95Mo effect in fuel, the 95Mo isotopic abundance in natural Mo in four of 
U–Mo fuel has been modified. (4) In view of fuel cycle length, 95Mo 
content for U–Mo fuel has been assessed and compared with the con
ventional VVER-1200 assembly that is loaded with UO2. 

2. Materials and methods 

2.1. VVER-1200 assembly description 

The VVER-1200/V491 is a Generation III + type reactor which is 
developed by enhancing the VVER-1000 reactor characteristics. Purified 
water is used both as moderator to moderate the neutrons and coolant to 
absorb the heat produced by the UO2 fuel. The VVER-1200 has more 
power and a longer lifespan (60 years) through improvements made to 
the VVER-1000. The reactor consists of 163 hexagonal fuel assemblies 
and is placed on a hexagon grid. Each assembly contains 312 fuel rods, 1 
central tube and 18 guides tube[25] Water is contained in the geo
metry’s guides and central tube. The schematic illustration (radial view) 
of the VVER-1200/V491 fuel assembly used in this study is shown in 
Fig. 1. Also, standard fuel assembly and alternative fuel cladding pa
rameters are listed in Table 1. 

To assess the effects of the multi-layered cladding material model, 
the proposed model was initially examined on the FeCrAl cladding 
material [7]. To enable a comparison with the existing protective ma
terial, the same model was also applied for the E110 alloy cladding 
material[23]. In this study, the thickness of niobium was selected to 
align with the average value within the recommended thickness range, 
while the cladding thickness was chosen to match the outer radius of a 

typical fuel rod. 
In terms of strong irradiation performance and a sufficiently high 

intrinsic uranium density, the RERTR-1 and RERTR-2 studies showed 
that U–Mo fuels containing 7–10 w% Mo are the best options [16]. 
Therefore, in this study, U–5Mo, U-7.5Mo, U–10Mo, U–15Mo are 
selected to investigate the neutronic behavior in VVER-1200. Addi
tionally, UO2 fuel has also been taken into consideration in order to 
compare the VVER-1200 assembly with the proposed U–Mo fuel. The 
characteristics of discussed fuels are given in Table 2. The mentioned 
VVER-1200 assembly does not contain any gadolinium loaded fuel, and 
all fuel utilized in assemblies has the same 235U enrichment ratio of 4.79 
wt% to study the Mo composition effect [26]. The VVER-1200 core was 
defined using the Monte Carlo code Serpent 1.1.7 with ENDF/B-VII 
cross-section library[27]. Calculations were performed with 10000 
source neutrons, 500 active and 50 inactive cycles, resulting in a 
maximum statistical error of 35 pcm. To avoid neutron leakage, a 
reflective boundary condition is utilized at the assembly boundaries. 

3. Results 

3.1. Fuel burnup 

To evaluate the status of the assembly by utilizing different fuels, the 
infinite multiplication factor (k∞) has been considered. Based on the 
effective full power day (EFPD), Fig. 2 a shows the k∞ behavior for each 
of the five fuels. At the first look of Fig. 2 a, there are two noticeable 
results: the k∞ value at the beginning of the cycle (BOC), and the trend of 
U–Mo fuels. Though U–Mo fuels have a greater uranium density as given 

Table 2 
Properties of proposed fuels[14,26].  

Fuels Density [g/cm3] Uranium enrichment [ wt%] 

Uranium The others Total 

UO2 9.210 1.24 10.45 4.79 
U–5Mo 17.10 0.90 18.00 
U-7.5Mo 16.30 1.30 17.60 
U–10Mo 15.50 1.70 17.20 
U–15Mo 14.10 2.50 16.60  

Fig. 2. Variation of a) k∞ in VVER-1200 assembly with reflective boundary condition, b) keff in VVER-1200 fuel assembly with vacuum boundary condition, c) k∞ for 
multi-layer cladding model with FeCrAl d) k∞ for multi-layer cladding model with E110 alloy for the proposed fuel assemblies with EFPD. 

Table 3 
Thermal neutron absorption cross-sections for 16O and Mo isotopes[27].  

Isotope Thermal absorption cross-section (barn) 

16O 0.00019 
92Mo 0.02076 
94Mo 0.34035 
95Mo 13.5676 
96Mo 0.59556 
97Mo 2.19665 
98Mo 0.13001 
100Mo 0.19908  
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in Table 2, k∞ value for UO2 is the highest at the BOC among all fuels. 
This is due to the absorption cross-section of 16O in UO2 fuel being 
significantly smaller than Mo isotopes in U–Mo fuels, as given in Table 3. 
The maximal fuel cycle lengths for UO2, U–5Mo, U-7.5Mo, U–10Mo, and 
U–15Mo are calculated to be 715, 1102, 947, 813, and 597 days, 
respectively. These values were calculated based on when k∞ value 

reaches criticality value in burnup. According to the results, fuel cycle 
length increases by 54.27% for U–5Mo, 32.6% for U-7.5 and 13.8% for 
U–10Mo while it decreases by 16.4% for U–15Mo fuel at criticality. In 
Fig. 2 b, keff value for VVER-1200 assembly burnup has calculated using 
vacuum boundary conditions. Here, keff value is in subcritical level. 
Since the neutron leakage rate is effective here, UO2 with the least 
density has the minimum keff value. In Fig. 2, sections c and d sequen
tially demonstrate the application of a multi-layered cladding model, 
where Nb serves as the coating material, and FeCrAl and E110 alloys are 
utilized as cladding. It has been evaluated that average cross-section 
values of the utilized isotopes in FeCrAl and E110 alloys are so closely 
aligned that the resulting values appear highly similar. 

3.2. The effect of 95Mo isotope 

To investigate the 95Mo depletion effect on fuel cycle length in pro
posed U–Mo fuels, five different 95Mo depleted fuel compositions for each 

Table 4 
U–Mo fuel properties[28].  

Isotope 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo 

Abundance (%) 14.65 9.19 15.87 16.67 9.58 24.29 9.74 

New Fuel Compositions 
U–Mo (10 wt%) 16.11 10.109 13.486 16.67 9.58 24.29 9.74 
U–Mo (20 wt%) 17.58 11.028 11.102 
U–Mo (30 wt%) 19.04 11.947 8.718 
U–Mo (40 wt%) 20.51 12.866 6.334 
U–Mo (50 wt%) 21.97 13.785 3.95  

Fig. 3. Variation of effective multiplication factor for different depleted U-xMo fuel assemblies with EFPD.  

Fig. 4. Concentration variation of 235U as a function of the depleted U-xMo fuel types.  
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proposed fuel were considered. 95Mo depletion is feasible in two ways: 
either increasing the proportion of heavier isotopes (96Mo, 97Mo, 98Mo, 
100Mo) than 95Mo or increasing the proportion of lighter isotopes (92Mo, 
and 94Mo) than 95Mo while total mass of Mo is constant [22]. In this study, 
95Mo isotope depletion is obtained by increasing the lighter isotopes that 
have lower absorption cross-sections while decreasing 95Mo isotope while 
total mass of Mo is constant. The content of 95Mo is reduced by 10, 20, 30, 
40 and 50 wt% and resulting new compositions are listed in Table 4. 

The 95Mo depletion effect on k∞ with EFPD is shown in Fig. 3 for all 
proposed and depleted fuels. These results indicate that as depletion 
ratio increases, fuel cycle length elongates for each proposed fuel. In the 
previous section, U–15Mo fuel cycle length (597 days) was found to be 
shorter than standard UO2 fuel cycle length (715 days) due to the 
parasitic effect of 95Mo. It has been concluded that in U–15Mo fuel with 
20 wt% depleted Mo, fuel cycle length increases approximately 20 % 
and reaches the same fuel cycle length as UO2 fuel. 

Figs. 4 and 5 shows the 235U and 238U concentration as a function of 
EFPD for all investigated fuels. The composition of U–5Mo has a 
maximum atomic density of 235U at the BOC. Since only molybdenum 
(5, 7.5,10 and 15) content is changed for proposed ATFs, the production 
of 235U and 238U have similar trend as a function of burn-up. 

Since proposed fuel types have 238U as fertile material, it is important 
to investigate the 239Pu production in fuels given in Fig. 6. Due to high 
amount of 238U in U–5Mo fuel, 239Pu production in this fuel higher among 
all proposed fuel. At the BOC, 239Pu concentration increases rapidly in all 
fuels and increase rate slowly decreases since produced 239Pu undergoes 
fission. As for all proposed U–Mo fuels, 239Pu production does not reach 
equilibrium due to high 238U concentration. For each U–Mo fuel, as 95Mo 
depletion increases, 239Pu production decreases due to net absorption 
cross-section decrease of neutron. Since U–15Mo fuel contains more Mo, 
this effect is more prominent among proposed U–Mo fuels. 

It is crucial to consider some fission products such as 135Xe and 149Sm 

Fig. 5. Concentration variation of 238U in the depleted U-xMo fuel types as a function of EFPD.  

Fig. 6. Concentration variation 239Pu of in depleted U-xMo fuel types as a function of EFPD.  
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during the burn-up of their large thermal neutron absorption cross- 
section. Figs. 7 and 8 shows variation of 135Xe and 149Sm concentra
tion of with EFPD. 

Due to its smallest 235U density among proposed fuels, UO2 fuel 
produces significantly lower 135Xe than U–Mo fuels. Moreover, for UO2, 
135Xe concentration decreases after EFPD of approximately 200 days 
since 235U concentration decreases beyond this point. 

Unlike 135Xe , 149Sm can only be produced via the decay of fission 
product 149Nd. Since 149Sm is a stable isotope, it prolongs the time to reach 
maximum concentration as shown in Fig. 8 and can only be consumed by 
neutron capture. For UO2 fuel, 149Sm reaches maximum and its concen
tration decreases after this point (approximately 800 days) with burnup 
since 235U concentration decreases with burnup. 149Sm concentration in
creases continuously throughout burnup for U–Mo fuel. 

3.3. Reactivity feedback 

Reactivity feedback calculations are made for selected fuels in 300 
K–1800 K temperature range. Fig. 9 displays the Doppler coefficients 
determined by Eq. (4) for U–Mo fuel compositions including 5, 7.5, 10, 
and 10 Mo. On the x-axis of this figure, temperatures are represented by 
the T2 value that was utilized in the reactivity feedback calculations. 
Since the fuel temperature for Doppler coefficient values are estimated 
starting from 300 K with 300 K increments, the T2-T1 value for this study 
is always equivalent to 300 K. 

αF =
1

k1k2
×

k2 − k1

T2 − T1
(4) 

The reactivity feedback mechanisms in BOC and EOC appear to be 
different when we look at Fig. 9. In BOC, U–Mo fuels provide more 
negative reactivity to the system than UO2 at low temperatures (~600 
K–900 K). At moderate temperatures (900 K–1500 K), U-7.5Mo fuel has 

Fig. 7. Concentration variation of 135Xe in depleted U-xMo fuel types as a function of EF.  

Fig. 8. Concentration variation of 149Sm in depleted U-xMo fuel types as a function of EFPD.  

S. Daydas and A. Tiftikci                                                                                                                                                                                                                     



Nuclear Engineering and Technology 56 (2024) 2625–2632

2631

less negative reactivity than UO2 fuel at some temperature points, 
particularly around 1200 K. All of the U–Mo fuels that have been pro
posed demonstrate greater negative reactivity at high temperatures 
(1500 K–1800 K). In EOC, all U–Mo fuels, except those around 1200 K 
(only for U–10Mo), give more negative reactivity to the system. Here, 
the factors affecting the reactivity include the decrease in the neutron 
absorption cross section of Mo depending on the temperature and its 
consequent effect on the system as some positive reactivity as the tem
perature increases, and the change of the fuel moderator ratio according 
to the U–Mo composition. 

Fig. 10 shows the reactivity feedback results obtained for the VVER- 
1200 fuel assembly using U–Mo fuels formed with depleted Mo. 
Although there are no significant variations in reactivity values in BOC, it 
can be noticed that U-7.5Mo fuel exhibits the most negative reactivity at 
temperatures about 1200 K in EOC. Accordingly, U–Mo fuels made with 
depleted Mo are appropriate and reliable for use in the VVER-1200 reactor 
since they also create negative reactivity during burn-up (typically more 
than UO2). 

MTC=αM =
1

k1k2
×

k2 − k1

T2 − T1
(5) 

One of the important parameters for reactor control is the βeff value. 
When a new fuel is recommended, this parameter should also be 
examined. Therefore, in this study, βeff values for the VVER-1200 fuel 
assembly were obtained for UO2 standard fuel and U–Mo fuels 
throughout the burn-up process and they are presented in Table 5. The 
table shows that βeff values for U–Mo ATF fuels are slightly higher than 
for UO2 fuel, thus, this is a benefit of using ATF fuel in VVER-1200. This 
can be explained by the fact that there is significantly less prompt 
neutron-absorbing material for UO2 fuel than for U–Mo fuel when fuel 
burnup starts. Since Mo absorbs some of the prompt neutrons, βeff values 
for U–Mo fuels are higher than those of UO2 fuel when the fuel starts to 
burn. However, as this effect diminishes toward the fuel EOC, βeff values 
for all fuels reach comparable levels. Analyzing moderator temperature 
coefficient (MTC) is crucial as the reactor might encounter an increase in 
moderator temperature. In this context, MTC denotes the rate of reac
tivity change due to variations in moderator temperature. MTC values 
were estimated starting from 300 K to 600 K with 300 K increment at 
BOC. Here, the reactivity is influenced by several factors. The decrease 
in the neutron absorption cross-section and density of the moderator at 
higher temperatures increases the negative reactivity in the system. 
Here, due to higher neutron absorption in U–Mo fuels compared to UO2 

Fig. 9. Variation of Doppler coefficient at BOC (left) and EOC (right) with fuel temperature for all proposed U–Mo fuels.  

Fig. 10. Variation of Doppler coefficient at BOC (left) and EOC (right) with fuel temperature for all proposed U–Mo fuels with 50 wt% depleted 95Mo.  
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fuel, the MTC is lower. When examining both U–Mo fuels and fuels 
containing 50% depleted Mo-95, an increase in Mo content has led to a 
decrease in the moderator temperature coefficient due to the corre
sponding increase in neutron absorption in the fuel. As we consider 
U–Mo fuels and 50% U–Mo fuels with the same Mo ratio for all proposed 
fuels, the reduction in Mo-95 content has resulted in a decrease in 
parasitic neutron absorption in the fuel, leading to a slight increase in 
the moderator temperature coefficient. 

4. Conclusion 

Neutronic evaluation of accident tolerant fuel U–Mo was performed 
for VVER-1200/V491 type assembly using the Monte Carlo method. The 
results were also obtained for standard UO2 fuel. A comparison for the 
cycle length, the content of 135Xe, 149Sm, fissile and fertile isotopes with 
burnup, reactivity feedback with fuel temperature change and β eff 
values were made. 

This study examined the neutronic behavior of U–Mo fuels with 
various Mo contents (U–5Mo, U-7.5Mo, U–10Mo, and U–15Mo) in 
comparison to UO2 fuel in the VVER-1200 core. According to the burn- 
up dependent k∞ results, U–5Mo fuel has the longest fuel cycle length 
among the proposed U–Mo fuels with natural Mo composition, while 
U–15Mo has the shortest fuel cycle length and ensures an even shorter 
fuel cycle length than UO2 fuel. 95Mo isotope amount in natural U–Mo 
fuel also examined to see its effect on fuel cycle length. As expected, 
while 95Mo isotope depletion ratio increases fuel cycle length increases 
and maximum fuel cycle length evaluated when 95Mo depletion rate is 
50 wt% for all proposed fuels. 

For all U-xMo fuels, the reactivity feedback calculations guarantee 
safe operating conditions. U-7.5Mo in BOC and U–10Mo in EOC provide 
slightly less negative reactivity to the system than conventional UO2 fuel 
at moderate temperatures (about 1200 K). Regarding fuel Doppler co
efficient, it may be said that U–Mo fuels are generally safer than UO2 
fuel. Additionally, in β eff calculations, it was seen that all U–Mo fuels 
had greater β eff values than UO2. This can be shown as another 
advantage of these fuels in terms of reactor control. 
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