
Improved VVER-1000 fuel cycle 
 

 1

 
IMPROVED VVER-1000 FUEL CYCLE 

 
 

Kosourov Е.К., Pavlov V.I.., Pavlovichev A.M., Spirkin Е.I. 
RRC “Kurchatov Institute”, Moscow, Russia 

 
 
 

ABSTRACT 
 
               

The arrangement of VVER-1000 advanced fuel cycles are examined characterised by 
longer length of stationary loading. Different changes in fuel rod design of U-Gd assembly are 
used to analyse the impact on the parameters of stationary loadings in 12-month and 18-month 
fuel cycles. Increase of fuel bundle length, changes of inner and axial pellet diameter, change of 
cladding thickness – these are the changes that may be related to the change of fuel rod design. 
Increase of fuel enrichment, application of axial edge blankets with low enriched uranium and 
application of arrangement solutions (low leakage load pattern reducing a radial neutron leakage) 
are also examined in terms of their influence on improvement of VVER-1000 fuel cycle.  
 
 

Introduction 
 
 Improvement of VVER-1000 fuel cycles is one of the elements of complicated engineer-
ing process, which closely depends on smart design options of fuel rod and fuel assembly, as a 
whole, technological conditions of their manufacturing, validated and developed safety analysis 
methods. The scope of tasks to be completed for every stated element require additional presen-
tation, as well as the results of these tasks. 
 This presentation is briefly focused on the analysis of fuel rod (VVER-1000) design in-
fluence on certain fuel cycle parameters that are typically used to evaluate its effectiveness. The 
results are demonstrated on the basis of the most representative 12-month and 18-month fuel cy-
cles. Change of natural criteria of fuel management effectiveness is presented in comparison 
with current fuel cycle parameters using FAs of traditional design.  

The fuel cycle used in VVER-1000 designing was a 12-month cycle characterised by bo-
ron cycle length of ~300 EFPD and annual FA refuelling. A 12-month fuel cycle was recently 
developed on the basis of FA with Gd oxide burnable absorber (U-Gd fuel) and zirconium alloy 
constructional materials, and it has been implemented at Russian NPP, Ukrainian and Bulgarian 
NPPs. 

The duration of stationary loading operation of the applied fuel cycle at nominal parame-
ters makes about 300 EFPD, FA disposition term is 4 fuel cycles, extreme FA burnup (averaged 
in FA) makes 55 МWt*day/kgU with allowance for low power operation at the end of fuel cycle 
[1, 2]. The main features of FA that was used as a basis for designing a current 12-month fuel 
cycle are shown in Table 1.  

Proceeding from operating requirements to increase the electrical power output, one of 
the primary tasks is develop and implement the fuel cycles that may ensure at least 310÷320 
EFPD of stationary loading length for VVER-1000 (Kalinin NPP), and 350 EFPD (Balakovo 
NPP). The 18-month fuel cycles are planned to be applied at Balakovo NPP, their length makes 
450÷470 EFPD. The performances for advanced fuel cycles are developed with allowance of 
current and predicted requirements established for VVER-1000 power plants operating in other 
states. 
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One of the main consumer properties of fuel is its capacity to ensure an effective adjust-

ment of energy generation to certain operating conditions, i.e. realisation of fuel cycles of vari-
ous lengths. To increase a loading length and preserve the multiplicity of refuelling is the subject 
of individual task whose success is determined by the possibility to use an FA of increased en-
richment and of increased fuel loading. Table 1 gives parameters of advanced FA with modified 
fuel rod design. Fig. 1 gives examples of fuel rod arrangement within current and advanced FAs.                
 The following changes of fuel rod parameter are investigated: 
- increased fuel enrichment from 4.4% up to 5.0%; 
- increased fuel weight due to increased pellet outer diameter  from 7.57 mm up to 7.60 mm 

and decrease axial diameter from 1.5÷1.4 mm to1.2 mm; 
- increased fuel bundle length from 3530 mm up to ~3700 mm. 

The effect of fuel element of axial edge blankets of low enrichment is examined along-
with above stated design changes. 

New arrangement of fresh and degraded fuel assemblies is an additional measure to im-
prove fuel cycle performance. The considered VVER-1000 fuel cycles are mainly based on FA 
arrangements that imply low radial leakage. The advanced fuel assemblies are arranged in the 
geometries of low radial neutron leakage (LLLP).  

Maps of 12-month and 18-month stationary fuel loads of current and advanced fuel cy-
cles are shown in Figs. 2 and 3, respectively. The maps show an onset FA burnup, and give FA 
identifications that contain the fuel enrichment value multiplied by 10. Moreover, the fifth sym-
bol in FA identification stands for the number of U-Gd rods (for example, figures 6, 9, 2, 8, 1 
stand for rods 6, 9 12, 18, 21). 

Nowadays, some of above mentioned design change is reflected in various FA modifica-
tions that operate at Kalinin and Balakovo power plants as lead test assemblies.  

The performances of 12-month and 18-month VVER-1000 fuel cycles satisfy the follow-
ing main conditions: 
- nominal power cycle length are 250÷470 and more EFPD; 
- maximal fuel enrichment, excluding technological inaccuracy -  5.0%; 
- onset coolant coefficient in hot condition at zero power and with all control rods fully ex-

tracted – is negative; 
- power peaking factor of fuel rods in stationary loadings of advanced and current fuel cycles 

does not exceed 1.57 and 1.50, respectively.  
U-Gd burnable absorbers (up to 24 pcs. per FA) are used in order to achieve a negative 

value of coolant coefficient in hot condition with all control rods extracted, and to equalise the 
power distribution.   

The calculations performed used verified RRC KI computer codes TVS-M, BIPR-7A and 
PERMAK-A [3, 4] that have a certification of Russian nuclear regulatory service.  

 
 

1.  Influence of fuel enrichment on the performance of stationary fuel cycles 
 

Let us take the current design FA and examine the influence of mean fuel enrichment 
(3.0÷5.0%) on parameter behaviour of stationary loadings with various numbers of refuelled FAs 
(from 39 to 85).  

Similar core geometries with fresh and burnout fuel assemblies were used at development 
of stationary loadings, such as: 
- 18 fuel assemblies of the last year were arranged in the core periphery, fresh FAs were 

placed in all other cells; this is a geometry characterised by low neutron radial leakage;  
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- the less degraded FA of those unloaded was arranged in the central cell;  
- all other FAs were arranged in the core centre in such a way that the maximal relative power 

value of fuel rods did not exceed 1.54. 
The analysis outcomes demonstrate that with FAs operating a second or a third term and 

with fuel enrichment of ~5 % the maximal cycle length makes approximately 475 EFPD. Aver-
age burnup amounts to 50 MWt*day/kgU, and maximal burnup amounts 57 MWt*day/kgU. Fur-
ther cycle length extension is only possible with low parameter operation at cycle outset.  

The stationary loading operation for 250 EFPD is ensured by feeding up of 36 FAs (mul-
tiplicity of refuelling is about 4.5) and with average fuel enrichment ~4.2%. At that the average 
burnup of unloaded FAs reaches 47 MWt*day/kgU, and the maximal burnup makes approxi-
mately 52 MWt*day/kgU (excluding the central FA burnup).  

Fig. 4 shows the change of ratio between the multiplicity of refuelling and the length of 
boron campaign achieved by the increase of maximal FA enrichment from 4.4% to 5.0% for a 
current FA. With similar multiplicity of refuelling the anticipated effect may amount to 40 
EFPD, if fuel enrichment increases to 5.0% and the burnup of unloaded FAs increases up to 55 
MWt*day/kgU. 

Figs. 6 and 7 demonstrate the effect produced by the increase of fuel enrichment on the 
behaviour of natural parameters of stationary fuel cycles: specific demand in natural uranium 
(gUnat/МW*dayth), specific scope of SWU (SWU/МW*dayth), specific demand in FAs 
(FA/МW*dayth) and enriched uranium (gU/МW*dayth).  

At present 36 fuel assemblies with 4.95% of maximal enrichment operate at Kalinin NPP, 
and 6 of them operate for a third term. The decision to increase fuel enrichment was made for the 
purpose of operating requirements to extend the length of boron campaign up to ~310 EFPD and 
increase or keep the similar multiplicity of refuelling.  

The increase of fuel enrichment up to 5.0% is also expected at Balakovo NPP alongwith 
18-month fuel cycles and feedup of 60÷72 fuel assemblies. 

 
 

2. Effect produced by increased weight of fuel bundle, axial edge blankets and fuel loading 
geometry 

 
The fuel bundle weight may be increased by the simultaneous increase of outer diameter 

of fuel pellet to 7.60 mm, decrease of axial diameter to 1.2 mm and a ~150 mm increment of fuel 
bundle length. 

The LLLP are used in addition to the increase of fuel bundle weight. In this kind of ge-
ometries the degraded FAs are arranged in the cells adjacent the reactor vessel, but not in cell 7 
(a 60˚ symmetry) that has one common facet with a deflector. Thus, only one facet belongs to a 
fresh FA out of those 15 FA facets that make a boundary between the core and the deflector (see 
Fig. 3). In the more current loads (see Fig.2) 7 facets belong to a burnt out FAs out of those 15 
FA facets that make a boundary between the core and the deflector. This arrangement reduces 
the maximal value of neutron flux to ~30%, as compared to those geometries, where only fresh 
FAs are arranged in the periphery row.  

Table 2 shows the effect of geometry produced (installation fresh FA in core) on the main 
neutronics parameters of stationary loadings of 12-month and 18-month VVER-1000 fuel cycles 
based on FA of current design.  

Table 3 gives the main parameters of stationary loadings of current and advanced 12-
month and 18-month fuel cycles that have a larger weight of fuel bundle, a fuel loading LLLP 
and axial edge blankets.  
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In a 12-month cycle the stationary loading feedup consists of 42 FAs that have average 

fuel enrichment ~4.3 % (current cycles) and 36 FAs that have average fuel enrichment ~4.6 % 
(advanced cycle). Six U-Gd fuel rods are arranged in every FA. 

The design feedup of an 18-month fuel cycle based on the FA of current design consists 
of 66 FAs that have the average fuel enrichment ~4.4%. The average number of U-Gd rods in 
one FA is 15. The content of gadolinium oxide in U-Gd rods makes 5% or 8% weight. The de-
sign feedup of a 18-month fuel cycle based on the FA of advanced design consists of 66 FAs that 
have the average fuel enrichment ~4.7%. 

In the above mentioned cases the fuel rod of blanket area consists of fuel of 0.714% en-
richment, the height of upper and lower blanket makes  ~50 mm and  ~100 mm, accordingly. 

The introduction of fuel loading LLLP results in change of neutronics characteristics of 
stationary loading of 12-month and 18-month fuel cycles, such as:  
- the average cycle FA power decreases by ~30% in the periphery row; 
- cycle length increases by ~2.5 and ~0.5%, respectively; 
- recurrent criticality temperature decreases by 15 and 35 °С, respectively; 
- relative fuel rod power increases by ~2 and ~5%, respectively; 
- fuel rod linear heat demand increases by ~4 and ~5%, respectively.  

The decrease of neutron flux to reactor vessel, decrease of recurrent criticality tempera-
ture and increase of cycle length result in increased peaking of power distribution. The applica-
tion of LLLP and FA of high enrichment (~5%) compensate the inevitable mitigation of scram 
effectiveness and the increase of recurrent criticality temperature. Selection of fuel loading ge-
ometry is defined by the conditions of an individual power unit.  

With implementation of a 18-month fuel cycle the critical boron concentration in the 
coolant significantly increases. However, coolant coefficient only slightly changes due to the in-
creased number of U-Gd rods and its value remains negative within the range of advanced cycle 
length. The value of unloaded fuel burnup, power distribution parameters and recurrent critical-
ity temperature have only a slight change.  

Both the increased enrichment and the increase fuel weight make it possible to reduce the 
number of fresh FAs in feedup, which results in the increase of power density peaking by 1-3%. 
 The increase of fuel bundle length up to ∼3700 mm results in the change of main parame-
ters of fuel loadings, such as:  
- average value of specific power and average/ maximal fuel rod linear heat demand reduce by 

~4.2%, the value of stationary xenon poisoning and fuel temperature also reduce; 
- stationary loading length, average fuel burnup and FA power output increase by approxi-

mately 5, 0.6 and 5.5 %, respectively; 
- reactivity coefficients of coolant temeperature and coolant density remain practically un-

changed; 
- the failure of control rod absorbers to reach the core bottom increases to ~170 mm (with fuel 

byndle length of 3530 mm this value makes ~70 mm); 
- maximal value of scram efficiency decrease at nominal power due to the above failure makes 

1.7% (abs.); 
- maximal core subcriticality decrease in hot condition (280°С, at zero power) and after scram 

actuation due to the above failure makes 0.7% (abs.).   
Increase of fuel bundle weight due to increased length allows to increase thermal power and 

elaborate fuel cycles with low number of fresh feedup fuel assemblies, with lower leakage and 
higher peaking of power density. In the latter case the fuel effectiveness increases and neutron 
flux to reactor vessel reduces.  

Fuel effectiveness evaluations show that increased fuel enrichment may be used as a 
principal measure for increasing the energy capacity of fuel loading, and should this resource be 
exhausted or the burnup limit be reached, it is feasible to increase the fuel bundle length. The  
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order of economical effect produced by the increase of fuel bundle length does not exceed one 
percent, as compared to current fuel cycles, and its value depends on approximations used in 
comparative calculations, for instance on the assumed dependencies between FA cost and fuel 
weight/fuel enrichment and on fuel cost structure.  

In addition to reduction of scram effectiveness the failure of CR absorbers to reach the 
core bottom also results in formation of notable thickness fuel layer that cannot be covered by 
the absorbent on scram actuation. Insertion of low enrichment uranium in the lower blanket of 
fuel assembly compensates this effect, but also reduces the average FA enrichment and slightly 
decreases fuel effectiveness.  

Effectiveness evaluation of edge blankets shows that the most optimal blanket size is 
~150 mm, as compared to uranium demand, and the value of fuel enrichment in blankets is close 
to enrichment value of natural uranium. With increase of fuel bundle length up to ∼3700 mm and 
with the above sated blanket size the main core parameters change in the following manner:  
- maximal fuel rod linear heat demand slightly increases;  
- reactivity factors of coolant temperature and coolant density remain practically unchanged; 
- scram effectiveness and the core subcriticality (coolant temperature 280°С and 200°С) change 

slightly, therefore, blanket application (at least in the lower edge part) practically compensates 
the loss of scram effectiveness caused by the CR absorber failure;  

- specific demand in natural uranium reduces by ~2%. 
Main factors that have an impact on economic effectiveness of blanket area are fuel cost 

in the blanket and the expenditures for removal of burnable FA from plant site. The order of ef-
fect produced by application of blanket zones in FAs of larger length is little and may be ex-
pressed in percentage fragments. Final conclusion on effectiveness of blankets may be only 
made on the basis of detailed calculations using actual cost data.  

Figs. 6 and 7 give the measured values of required change of natural uranium demand, 
specific scope of SWU, specific demand in FA and enriched uranium caused by the stated fuel 
rod design modification. 
 
 

Conclusion 
 

This presentation gives main parameters of stationary loadings of 12-moth and 18-month 
advanced VVER-1000 fuel cycles using fuel assemblies of various design modifications. Using 
the data presented it is possible to draw the conclusion, as follows:  
- VVER-1000 fuel cycles developed on the basis of current U-Gd fuel assembly ensure flexi-

ble fuel cycle length;  
- Realisation of various core load pattern is available, which depends on operating require-

ments. This may be a low leakage load pattern, which ensures a reduced neutron flux on the 
reactor vessel and increased fuel effectiveness.  

Application of advanced fuel cycles makes it possible: 
- create fuel loadings that may operated up to 600 EFPD, which enhances operation flaxibility; 
- reduce the specific demand in fuel assemblies by ~21-24%, the specific demand in enriched 

uranium by ~7-20%, the specific demand in natural uranium by ~6-9% and specific scope of 
separate working unit by ~3-6%; 

- reduce the share of fuel cost in energy price by ~12%. 
As a result of advanced fuel cycle operation the average and maximum FA burnup in-

creases up to 60 and 65 МWt*day/kgU, respectively, while the relative power of FA and fuel rod 
increases by 3-6%. 

Fig. 5 gives evaluation of unloaded FA burnups for current and advanced fuel cycles.  
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The next step in development fuel cycle is based on use FA with increased fuel weight 

due to increased pellet outer diameter from 7.60 mm up to 7.80 mm and elimination of axial ori-
fice. Results of these researches will be given in the subsequent presentation. 
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List of nomenclature 
 

CR   control rod 
EFPD   effective full power days 
FA   fuel assembly 
LLLP   low leakage load pattern 
RRC KI  Russian research centre “Kurchatov institute” 
NPP   nuclear power plant 
SWU    separate working unit 
  
 

Table 1. VVER-1000 fuel assembly and fuel cycle trends  
 

 
FA parameters 

Current FAs and fuel 
cycles 

  

Advanced FAs and 
fuel cycles 

Constructional material  Zirconium alloy 
Burnable absorber Gadolinium oxide 
FA grading by enrichment applicable/not applicable not applicable 
Pellet orifice diameter, mm  1.4 1.2 0 
Outer pellet diameter, mm 7.57 7.60 7.80 
Fuel bundle length, mm 3530 3680 
Maximal fuel enrichment, % 4.40 4.95 
Extreme design FA burnup, 
МW*day/kgU 

55 60÷65 

Number of  fresh periphery FAs, % ~60 0÷30 

Multiplicity of FA refuelling 4÷2 5÷2 
Duration of reactor operation between re-
fuellings, EFPD 

300÷450 300÷550 
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Table 2. Main parameters of steady load patterns with various arrangement of 12-month and 
18-month fuel cycles of current FA 

 
Current fuel cycle 

Load leakage pattern Low load leakage 
pattern 

Parameter 
 

12-month 
fuel cycle

18-month 
fuel cycle 

12-month 
fuel cycle

18-month
fuel cycle

Number of loaded fuel assemblies, pcs. 42 72 42 72 
Averaged FA enrichment,  % 4.3 4.5 4.3 4.5 
Number of  U-Gd rods in the loaded FA, pcs. 252 990 252 1386 
Loading length, EFPD 298 466 306 468 

average 49.5 45.1 50.7 45.3 Burnup of unloaded FA, 
МW*day/kgU maximal  53.0 52.4 52.2 54.4 
Fuel rod maximal relative power, rel. 1.49 1.43 1.52 1.50 
Fuel rod maximal linear heat demand, W/cm  295 296 306 310 
Average relative power of periphery FA, rel. 0.74 0.73 0.51 0.53 
Boron acid critical concentration at cycle onset, 
ppm 

1170 1500 1280 1350 

Reactivity factor versus coolant temperature, 
pcm/°C 

-4 <0 -3 <0 

Recurrent criticality temperature 185 190 170 155 
 
 

Table 3. Main parameters of steady load patterns of current / advanced 12-month and 18-month 
VVER-1000 fuel cycles with larger weight fuel bundle and low load leakage pattern 

 
 

Fuel cycle 
current advanced 

Parameter 
 

12-month 
fuel cycle

18-month 
fuel cycle 

12-month 
fuel cycle

18-month
fuel cycle

Number of loaded FAs, pcs. 42 66 36 60 
Averaged FA enrichment,  % 4.3 4.4 4.6 4.7 
Number of  U-Gd rods in the loaded FA, pcs. 252 1044 216 900 
Cycle length, EFPD 328 471 315 465 

FA, average 50.8 46.5 56.9 50.6 
  FA, maximal  52.4 53.9 65.0 58.7 
  fuel rod, maximal 60.3 62.5 68.2 62.6 

Burnup, 
МW*day/kgU 

 pellet, maximal 67.7 70.0 75.6 70.1 
Fuel rod maximal relative power, rel. 1.54 1.52 1.56 1.56 
Reactivity factor versus coolant temperature, 
pcm/°C 

-2 < 0 -4 < 0 

Recurrent criticality temperature 174 173 188 175 
Demand in natural Uranium  0.95 0.95 0.93 0.93 
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Fig. 1. Maps of current and advanced FA  
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Fig. 2. Maps of stationary fuel loads of current design fuel cycles 
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Fig. 3. Maps of stationary fuel loads of advanced design fuel cycles 
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Fig. 4. Comparison of length range of current and advanced fuel cycles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Comparison of unloaded FA burnups for current and advanced fuel cycles 
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Fig. 6. Change of specific demand in natural uranium  and specific scope of SWU 
in various options of fuel rod design   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Change of FA specific demand and demand in enrichment uranium in various options of 

fuel rod design 
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