
  243

Analyses for Licensing of New Fuel Types at Paks NPP 
A. Keresztúri1, S. Bogatyr2, S. Mikó3, I. Nemes3 
1 KFKI Atomic Energy Research Institute, Budapest, Hungary 
2 FSUE VNIINM, Moscow, Russian Federation 
3 Paks NPP, Hungary 

 
1. Introduction 

In the last years Paks NPP initiated several pro-
jects aiming at the introduction of new fuel types 
and resulting in more economic fuel cycles. In-
creased average enrichment, modification of the 
lattice pitch and fuel diameter, profiled enrich-
ment, application of burnable absorber, modifica-
tion of the absorber assembly coupler part can 
lead to higher burnup and maximum allowed re-
actor power, to lower pressure vessel fluency, 
and to more safe subcriticality conditions of the 
transport and storage devices. In the first intro-
ductory part of the paper, the motivations, the 
reasons, and the economic consequences of the 
above modifications are detailed. The application 
of a new fuel type requires the renewal of the 
relevant chapters of the Safety Analysis Report, 
which is necessary not only due to the new fuel 
itself but also because of the modified nuclear 
properties, reloading schemes, power histories, 
thermal-mechanical conditions. The Fuel System 
and Accident Analyses are the most important 
chapters from this point of view. The fulfillment of 
fuel design basis requirements, to be summa-
rized briefly also in the paper, must be investi-
gated during normal and accidental conditions. 
Beside stationary and transient fuel behaviour 
codes, core design, thermal hydraulic and reactor 
physics accident analysis codes are also neces-
sary for proving the fulfillment of the acceptance 
criteria. In the following part of the paper, the 
characteristics of the different codes, the data 
transfer between them are detailed. After, the 
cases of the Normal Operation, Anticipated Op-
eration Occurrence, and the Postulated Acci-
dents, judged as the most relevant ones in case 
of fuel modifications, are overviewed. In the last 
part, selected examples of the licensing calcula-
tions, performed by the above tools are pre-
sented. 

 
  

2. Economic Advantages and Safety 
Aspects of Using New Fuel Types 

The cost of the new fresh fuel necessary for peri-
odic core reloading represents a significant part 
(about 10-20%) of the overall cost of producing 
electricity in the nuclear power plants. The possible 

economic advantages of using new fuel types can 
be summarized as follows: 
• More economic use of uranium by reaching 

higher discharge burnup level; 
• Higher reactor power level; 
• Life time extension by utilizing the lower pres-

sure vessel fluence of the low leakage core de-
sign. 

A general principle concerning the above efforts 
is that these possibilities are strongly restricted 
by the safety limitations. The economic advan-
tages are just originated from the possibility that 
the given safety limits can be reached at more 
advantageous circumstances only if new fuel 
types are used. Therefore, the economic and 
safety aspects can be treated only together as it 
is outlined in the following points. 

 
2.1. More Economic Use of Uranium by 

Reaching Higher Discharge Burnup Level 

Increasing burnup leads to more economic fuel 
utilization in a very simple direct way, namely 
more energy can be produced from a given num-
ber of fuel assemblies. From safety point of view, 
the maximum allowed burnup is limited due to the 
limitations of other safety related thermo-
mechanical parameters (the most important one 
of them is the inner gas pressure). The tendency 
of the increasing maximum allowed burnup level 
is due to: 
• Increasing experience gained from investiga-

tions of fuel pins irradiated in power plants and 
research reactors at normal and accident condi-
tions; 

• More accurate fuel behaviour codes and mod-
els based on the above experiments; 

• New fuel designs (for example increased initial 
gas pressure, chamfered pellet edge, new clad-
ding materials etc.). 

Given cycle length and reactor core power de-
termine the reloading ratio and average dis-
charge burnup level, only relatively low modifica-
tion can be achieved by using different reloading 
strategies. In case of equilibrium cycle for signifi-
cant increase of the discharge burnup level, the 
increased contribution of the fuel assemblies to 
the core reactivity is necessary. This goal is 
achieved usually by the increased enrichment but 
other fuel modifications, like for example more 
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advantageous H/U ratio, can also be utilized.  
Due to the increased initial reactivity the follow-

ing safety problems can raise: 
• The fulfillment of the subcriticality condition of 

the fuel transport and storage devices can be-
come problematic. 

• Increased reactivity reserve requires larger 
boron concentration at BOC that leads to a 
less negative moderator temperature coeffi-
cient. 

• Larger reactivity contribution of the fresh fuel 
assemblies can lead to larger assembly-wise 
power peaking factors. 

Increased reactivity reserve concerns the fulfill-
ment of the required subcriticality during the re-
loading. 

All the above problems can be avoided or miti-
gated by the application of small amount of burn-
able poison. In this case, smaller boron compensa-
tion of the larger reactivity reserve is necessary at 
BOC. Burnable poison ought to burn out already in 
the first cycle. 

 
2.2. Higher Reactor Power Level 

There are two possible economical benefits  
originated from the increased reactor power. If the 
lifetime of the power plant is determined by the 
pressure vessel lifetime then the produced energy 
cannot be increased but a faster return of the in-
vestment is possible. The economical benefit is 
larger if the power lifetime is determined by other 
component. In this case, more energy can be pro-
duced. 

The most concerned safety parameters are the 
local limitations of the linear heat rate and the sub-
channel outlet temperature. From this point of 
view, the advantageous modifications of the fuel 
are as follows: 
• Shielding the coupler part of the control assem-

bly in order to avoid the large power peak in the 
vicinity of this region; 

• Enrichment profiling to decrease the pin-wise 
power peaking factor inside the assembly; 

• Increasing the lattice pitch to increase the sub-
channel flow area and to decrease the heat-up. 
This latter modification can also lead to more 
advantageous mixing inside the assembly in 
certain cases; 

• Application of burnable poison can also de-
crease the larger power peaking factors prevail-
ing at BOC. 

At given cycle length, larger core power level re-
quires larger reactivity reserve at BOC which 
must be compensated by increased initial boron 
concentration and it leads to a less negative 
moderator temperature coefficient. Application of 
burnable poison in this case is useful in solving 
this problem as it was detailed in point 2.1. 

If the fuel type and the cycle length have not 

been changed, the larger reactivity reserve can be 
achieved only by larger refueling ratio, which leads 
to smaller discharge burnup and decreases eco-
nomic benefit of the power increase. Therefore, 
increase of the enrichment is also an advanta-
geous modification in case of power uprate and in 
this case the same benefits (e.g. burnup increase) 
and safety problems arise which are outlined in 
point 2.1. 

 
2.3. Life Time Extension by Utilizing the Lower 

Pressure Vessel Fluence of the Low 
Leakage Core Design 

Lower pressure vessel fluence can be utilized in 
two ways. If the lifetime of the power plant is de-
termined by the pressure vessel then the produced 
energy can be increased. If the lifetime of the 
power plant is determined by other component 
(e.g. steam generator) then the cost of the meas-
ures in connection with the pressure vessel age 
management, like annealing or decreasing the 
safety injection temperature, can be reduced. 

The pressure vessel fluence is basically deter-
mined by the flux level of the assemblies located at 
the core periphery. The flux and power in these 
assemblies can be decreased by using reloading 
patterns leading to low power at the edge of the 
core. However, these reloading patterns are usu-
ally disadvantageous from the assembly-wise 
peaking factor and consequently from the local 
power limitation standpoints. Lower power peaking 
values inside the assembly allows larger assembly 
wise power peaking which allows the application of 
reloading patterns leading to lower power assem-
bly wise power at the core periphery. Therefore, 
profiled assemblies are advantageous also for re-
ducing the pressure vessel fluence. 

 
 

3. Brief History of Fuel Modernization 
at Paks NPP 

Similarly to the other WWER-440 power plants, at 
the beginning Paks NPP used the standard 3.6% 
(and 2.4%, 1.6%) enriched Russian fuel without 
profiling. The modified new fuel types, detailed in 
the following points, will be presented in compari-
son to this fuel type. 

 
3.1. First Modifications: Increased Initial Inner 

Gas Pressure, Chamfered Pellet Edge 
Resulting in More Advantageous Thermal-
Mechanical Conditions, Zircaloy Spacer, 
Assembly Wall Thickness 

3.2. Licensing of BNFL Type Fuel 

• Profiled normal assemblies (3.9%, 3.05%), (fol-
lower assemblies without profiling); 
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• Burnable poison in three central fuel pins; 
• Decreased fuel pin outer diameter (9.1 mm → 

8.9 mm), increased subchannel flow area and 
reactivity; 

• Missing central hole, larger uranium content 
(120 kg → 126 kg); 

• Zircaloy-4 cladding. 
 

3.3. Licensing and operation with the TVEL 
profiled fuel 

The differences in comparison to the fuel type 
given in 3.1 are as follows: 
• Slightly increased average enrichment of the 

normal assemblies (3.6% → 3.82%); 
• Enrichment profiling of the normal assemblies 

(4.0%, 3.6%, 3.3%); 
• Follower assemblies of 3.6% enrichment (with-

out profiling). 
A feasibility study proved that maximum 4% in-
crease of the original 1375 thermal power can be 
achieved by using this fuel. Larger power uprate is 
impossible due to the safety limits of the maximum 
linear heat rate at the vicinity of the absorber-
coupler part and the maximum subchannel en-
thalpy rise. 

Additionally, the economic benefit of the power 
uprate is reduced due to the lower discharge bur-
nup which leads to a 2% increase of the fuel con-
sumption. Fuel modernization plans were foreseen 
in line of the above results. These plans are de-
tailed in points 3.4 and 3.5. 

 
3.4. Licensing of "Intermediate" TVEL Fuel Type  

The aim of this developing of this fuel type is  
to make an 8% power uprate possible. The  
licensing process has been started, the majo- 
rity of the safety analyses has been per- 
formed. 

The differences in comparison to the fuel type 
given in 3.3 are as follows: 
• Increased lattice pitch in order to decrease the 

fuel enthalpy rise (12.2 mm → 12.3 mm); 
• Application of Hf absorber plate in the coupler 

part of the follower assembly. 
The performed analyses proved that an 8%  
increase of the original 1375 thermal power could 
be achieved by using this fuel. Further  
(not planned) power increase with this fuel  
type would be impossible because of the safety 
limits of the negative moderator reactivity  
coefficient at BOC and the subcriticality during  
the refueling. Similarly to the case of fuel type  
detailed in point 3.3, the economic benefit of the 
power uprate is reduced due to the lower  
discharge burnup which leads to a 4% increase of 
the fuel consuming. Therefore, a more serious 
modification is planned in the future according to 
point 3.5. 

3.5. Planned TVEL Fuel Type 

• Increased average enrichment; 
• Application of burnable poison in a few fuel 

pins; 
• Profiling. 

 
 

4. Analyses Necessary for Licensing 

4.1. The Basic Technical Documents of the 
Licensing 

There are two basic documents of the licensing: 
1. Design Requirements (in case of the BNFL fuel 

Preliminary Design Basis Report), which con-
tains the following information: 

• Set of the fuel design criteria (cladding maxi-
mum hoop stress, temperature etc.). The entire 
list    used in the course of the TVEL fuel licens-
ing is shown in Appendix 1; 

• Aim and reason of using each criterion; 
• Experimental (or theoretical) basis of each cri-

terion and limiting value; 
• Method of proving the fulfillment of each crite-

rion, calculations and codes to be used in the 
analyses, the reactor states and transients  
concerned by the given criterion to be investi-
gated; 

• The list of the reactor-physical frame parame-
ters (reactivity coefficients, power peaking  
factors, subcriticality conditions etc., see Ap-
pendix 2). The use of these limitations allows 
not repeating all the safety analyses before 
each reloading. (3D space dependent tran-
sients must be repeated if the reshuffling 
strategy changed the distributions to a great 
extent). 

2. Fulfilment of the Design Requirements (in case 
of the BNFL fuel Final Design Basis Report, 
which contains the following information:  
Design criteria; 

• Methods, calculations and codes used in the 
analyses, the investigated reactor states and 
transients for proving the fulfillment of each cri-
terion; 

• Results of the analyses concerning the given 
criterion, evaluation of the results; 

• The calculated frame parameters, which in-
cludes the uncertainty of the calculations and 
the foreseen variation of the given parameter 
due to the different reloading patterns. The ob-
tained frame parameters are used as envelop-
ing boundary conditions in the above safety 
analyses. 

The fuel design criteria roughly can be divided 
into two groups. The first group comprises the 
criteria aiming at avoiding merely the fuel failure 
and they must be fulfilled at Normal Operation 
and Anticipated Operational Occurrences (the 
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frequency of which is greater than 10-2 1/year). 
More serious consequences (mainly due to the 
fuel failure), which lead to blockage of the cooling 
channel or to hinder the absorber motion, are not 
allowed even in case of the less frequent group of 
Postulated Accidents. 

 
4.2. The Investigated Transients of the DBA 

Analysis and the Normal Operation 

Analyses of Chapter 4 "Fuel System" and Chap-
ter 15 "Design Basis Analyses" of the Safety Re-
port can be supplemented with information origi-
nating from the two documents detailed in point 
4.1. The results of Analyses for Postulated Acci-
dent and partially Anticipated Operational Occur-
rences are mainly contained by Chapter 15, while 
Chapter 4 comprises the results of Normal Op-
eration and partially Anticipated Operational Oc-
currences. 

For licensing of a new fuel type not all the 
safety analyses of Chapter 4 and 15 must be re-
peated but a limited set can be selected after a 
careful investigation. The given set must be ana-
lyzed due to the following reasons: 
• The fuel material and geometric data could be 

changed consequently the thermal-mechanical 
properties could be different from the original 
safety investigations. In these cases at least the 
fuel behaviour calculations have to be re-
peated; 

• Refueling pattern and consequently the 3D bur-
nup, flux and power distributions could be 
changed to a significant extent. In this case the 
analysis of the space-time dependent initial 
events (e.g. control rod ejection) have to be re-
peated; 

• On the basis of core design reactor physics 
calculations, the "frame parameters" had to be 
modified. The thermal hydraulic calculation us-
ing point kinetic approach, which are sensitive 
to the given "frame parameter", must be re-
peated. 

Beside the above considerations, also the  
two following standpoints must be taken into ac-
count: 
• Calculation of initial events having very mild 

consequences according to the earlier analyses 
are not to be repeated; 

• Due to the power peak in the vicinity of the ab-
sorber coupler part and the possible fuel modi-
fications at this region, the calculations charac-
terized by large local power changes must be 
repeated for investigation of the consequence 
of the PCI (Pellet Clad Interaction) process and 
the fatigue of the cladding.  

According to the latter argument and after a careful 
analysis of the entire list of the possible events, the 
following list was selected for checking the fulfill-
ment of the PCI requirement: 

• Loading up to the nominal power after refuel-
ling; 

• Operation in the100-0-100% power range; 
• Operation in the100-50-100% power range; 
• Variation of the power in the 10% range; 
• Inadvertent opening of one closed loop; 
• Control rod withdrawal. 
As an illustration of the performed analyses, the 
most important results of the transient “operation 
in the100-50-100% power range” are shown in 
Figures 1-5. The core burnup dependent 3D 
power distribution was calculated by the KARATE 
code according to the core power and absorber 
group positions shown in Figure 1. The conse-
quences of the PCI depend on the cladding ten-
sile hoop stress, which is limited according to the 
fuel design criteria. The largest values of the 
hoop stresses are obtained for the two and three 
year old fuel assemblies. The maximum linear 
heat and hoop stresses are presented in Figures 
2-3 and Figures 4-5, respectively.  Larger hoop 
stresses are obtained for the three year old fuel 
pins, in spite that the maximum linear heat rates 
are smaller for these pins. 

In the analyses of point 3.3 (TVEL profiled fuel) 
beside the above transient, the following initiating 
events were analyzed: 
• Large break loss of coolant accident; 
• Control rod ejection; 
• Inadvertent withdrawal of a control rod group 

without scram (ATWS); 
• Inadvertent withdrawal of a control rod group; 
• Malfunction of the boron and volume control 

system; 
• Steam line break; 
• Inadvertent closure of 6 MSIVs; 
• Seizure of one MCP rotor; 
• Stuck control rod in upper and lower position; 
• Inadvertent connection of one closed loop; 
• Erroneous loading of one fuel assembly; 
• Erroneous loading of one fuel pin (enrichment 

profiling). 
As another illustration of the performed analyses, 
the results of the Control Rod Ejection accident 
are presented in Figures 6 and 7. The 3D cou-
pled reactor kinetics -thermal hydraulic calcula-
tion of the asymmetric power burst was per-
formed by the KIKO3D code [3]. Using the results 
of this calculation, the fuel pins were classified 
into several groups depending on their power his-
tories and burnup. For each group accident fuel 
behaviour calculations were performed by the 
RAPTA-5 code [7] using the power histories and 
thermal hydraulic boundary conditions calculated 
by KIKO3D. In Figure 6 the time dependent linear 
heat rate, while in Figure 7 the cladding tempera-
tures for one of the most loaded fuel are shown at 
the different axial layers. In the middle core axial 
positions boiling crisis is observed and as a con-
sequence the cladding temperature rise is much 
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larger than that for the other layers. The criterial 
parameters of the hottest pin are as follows: 
• Maximum fuel centreline temperature: 1517°C; 
• Maximum radial averaged enthalpy: 77 cal/g; 
• Maximum cladding temperature: 699°C; 
• Maximum local oxidation: 0.031%. 
In spite of the boiling crisis, inhermetization of the 
fuel pin is not expected according to the RAPTA-5 
results. 

 
4.3. Codes and Methods Used 

The used codes and data transfer between them is 
presented in Figure 8. 

As it was discussed in point 2, the use of a new 
fuel type usually leads to modified reloading 
schemes and reactor physics properties of the 
core. Consequently, in the first step of the analy-
ses, the reactor physics core design calculations 
had to be performed by the KARATE code system 
[1]. The power peaking factors, reactivity coeffi-
cients etc. and their enveloping values, the so 
called “frame parameters” were obtained from 
these calculations. Classical DBA analyses were 
performed starting from the results of the core de-
sign calculations by using the ATHLET [5], RELAP 
[6], KIKO3D [3] and SMATRA [4] codes. The 
steady fuel behaviour calculations aiming at the 
investigation of the fuel design criteria of the  
Normal Operation and certain AOO events were 
using the power histories calculated by KARATE. 
The START-3 code [2] was used for this purpose. 
The hot channel calculations built in the DBA 
analysis code [3-6] were satisfactory for evaluation 
of the fuel design criteria in many cases, but in the 
most serious cases (Control Rod Ejection, Large 
Break LOCA, ATWS), the RAPTA-5 [7] transient 
fuel behaviour code had to be applied for this pur-
pose.  

 
 

5. Conclusions 

• Modifications of the WWER fuel, namely in-
creased enrichment, application of burnable fuel 
pins, modified geometry make more economic 
fuel cycles (larger discharge burnup, power up-
rate, reduced pressure vessel fluence) possible; 

• Further step (increased enrichment, burnable 
poison) of the fuel modernization at NPP Paks 
is necessary for more economic fuel cycles and 
fuel consuming; 

• Sound basis of licensing methodology, safety 
analysis, and necessary computer codes for the 
WWER fuel modernization is available. 
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Figure 1. The time dependent relative core power and axial position of the control assembly group №6 in 

case of 100-50-100% power regime 
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Figure 2. Burnup dependent maximum linear heat rate in the entire cycle of the two year old fuel pins in case 

of 100-50-100% power regime 
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Figure 3. Burnup dependent maximum linear heat rate in the entire cycle of the three year old fuel pins in 

case of 100-50-100% power regime 
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Figure 4. Burnup dependent maximum hoop stress in the entire cycle of the two year old fuel pins in case of 

100-50-100% power regime 
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Figure 5. Burnup dependent maximum hoop stress in the whole cycle of the three year old fuel pins in case 

of 100-50-100% power regime 
 

 
 
 
 
 
 
 
 
 

 
Figure 6. Time dependent linear heat rate for the hot pin in case CRE at EOC at the different axial layers 
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Figure 7. Time dependent cladding temperature for the hot pin in case CRE at EOC at the different axial 

layers 
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Figure 8. The used codes and data transfer between them 
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Appendix 1. FUEL DESIGN CRITERIA 

Criteria For Normal Operation (NO) 
and Anticipated Operational 
Occurrences (AOO) 

Fuel Pin Design 

Stability criteria 

• Stress corrosion cracking of the cladding 

• Ultimate stress of cladding 

• Fuel rod collapse (maximum pressure of 
coolant) 

• Cladding fatigue 

• Linear heat rate ramp 

Deformation criteria 

• Cladding diameter reduction 

• Cladding elongation 

Thermal criteria 

• Fuel temperature 

• Fuel rod internal pressure 

• Linear heat rate (only for NO) 

• Radial averaged enthalpy 

Oxidation of cladding outer surface 
(corrosion criterion) 

Fretting corrosion 

Hydride concentration of cladding 
 
 

Criteria for Normal Operation, 
Anticipated Operational Occurrences 
and Postulated Accidents 

Stress Criteria for the Other Structural 
Components (Assembly Wall, Spacers etc.); 
Different Safety Factors for NO, NO + LOCA,  
NO + Earth Quake  

Thermal Hydraulic Design 

Critical heat flux 

Avoiding assembly lift off 

Hydraulic stability 

Reactor Physics Design (Only for NO) 

Maximum pin power  

Isothermal reactivity coefficient 

Differential control rod reactivity worth 

Subcriticality of the storage and transport 
devices 

Shut down margin 

Burnup (pellet, pin, assembly) 
 
Safety Criteria for Postulated 
Accidents 

Maximum Cladding Temperature 

Oxidation of Cladding 

Radial Averaged Enthalpy 

 
Appendix 2. FRAME PARAMETERS OF THE SAFETY ANALYSES  

• Maximum core inlet temperature 

• Minimum flow rate 

• Maximum linear heat rate 

• Maximum pin power 

• Maximum assembly power 

• Maximum burnup of pellet, pin and  
assembly 

• Moderator temperature reactivity coefficient 

• Fuel temperature reactivity coefficient 

• Boron concentration reactivity coefficient 

• Maximum reactor power 

• Shut down margin 

• Excess reactivity at BOC 

• Maximum reactivity of one control assembly 

• Maximum and minimum reactivity of the 
working control rod group 

• Recriticality temperature 

• Minimum rod drop time 

• Minimum scram reactivity 

• Effective delayed neutron fraction 

 


