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1. Introduction 

As a result of the changes in Central and Eastern 
Europe during the last decade, most utilities, 
supported by their government, could have access 
to an open market and nuclear fuel or services can 
be bought in any part of the world. A modern 
nuclear legislative basis is needed in order to use 
this open market including fuel license procedures. 
To get a quick answer to these needs, the national 
regulatory bodies in the countries with WWER 
reactors were obliged to develop clear procedures 
for nuclear fuel licensing in accordance to the  
increased international requirements. Some of the 
countries are finished successfully developing  
and upgrading of their fuel licensing procedures 
(Finland, Czech Republic, Hungary, Slovakia) [1,2,3]. 
Some of the countries are in the process of 
developing of such licensing procedures (Russia, 
Ukraine, Bulgaria, Lithuania, Slovenia, Romania) [3]. 

In the other hand, the process of development 
of fuel licensing procedures was affected by the 
rapid changes of fuel design concepts (changes 
in fuel microstructure and enrichment, final 
burnup, MOX fuel), using of new materials for fuel 
system design (zirconium spacer grids, burnalble 
absorbers) and more aggressive operational 
conditions (extended reloads, followup regimes). 
To account new elements in fuel design and 
operation it must be answered to three important 
questions: 
• If the present fuel safety criteria are in concord 

with the operator needs (extended burnup, 
burnable absorbers, new design of fuel assem-
blies, follow up regimes of operation); 

• How the fuel safety criteria incorporate in the li-
censing process concerning fabrication and uti-
lization of nuclear fuel; 

• If the fuel design in harmony with the fuel gene-
ral design criteria. 

To meet these new challenges in nuclear fuel li-
censing, Eastern Europe in cooperation with IAEA 
and OECD have started programs for determina-
tion of WWER fuel safety criteria and their experi-
mental verification for normal and off-normal con-
ditions. As a result of these efforts, nowadays the 
WWER society has: 
• Fuel design criteria [4]; 
• Fuel safety related criteria [5]; 
• Experimental data bases for fuel behaviour 

under normal and of-normal conditions [6,7,8]. 

2. Main Objectives of Nuclear Fuel 
Licensing Process 

The nuclear fuel licensing process must be add-
ressed to establishing of: 
• Criteria for licensing (fuel safety related criteria); 
• Relationship between safety limits, technical 

specifications and operational conditions. 
And the main objectives of this process are to pro-
vide assurance that: 
1. The fuel system is not damaged as a result of 

normal operation and anticipated operational 
occurrences. This means that: 

• Fuel rods do not fail; 
• Fuel system dimensions remain within opera-

tional tolerances; 
• Functional capabilities are not reduced below 

those assumed in the safety analysis. 
2. Fuel system damage is never so severe as to 

prevent control rod insertion when it is required. 
3. The number of fuel rod failures is not underes-

timated for postulated accidents. 
4. Coolability is always maintained. 
Numerous criteria related to fuel damage are used 
in safety analyses: These criteria may differ from 
country to country. Some are used to minimize 
cladding degradation during normal operation. 
Some are used to maintain cladding integrity du-
ring anticipated transients, thus avoiding fission 
product release. Some of them are used to limit 
fuel damage and ensure core coolability during de-
sign-basis accidents, the other are used to limit the 
public risk from low probability severe accidents. 

It can be difficult to categorize these criteria 
according to event type. Limits are sometimes 
placed on cladding oxidation during normal ope-
ration to ensure good operational performance, 
while in other instances such oxidation limits may 
be linked to cladding mechanical strength for 
LOCA performance. 

 
 

3. Fuel Safety Criteria 

The current safety criteria for light water reactors 
were developed during the late 60-s and early 70-s 
[9] on the base of the: 
• Idea that the consequences of these postulated 

events, which can occur in the nuclear power 
plant are inversely proportional to their proba-
bility. These probabilities were taken into account 
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in the development of fuel safety criteria; 
• Fuel experiments for providing of information 

about fuel and reactor core behaviour for the 
more serious design bases accidents for the 
upper level of the burnup around 40 MWd/kg. 

By the mid 80’s, however, changes in the fuel 
pellet microstructure had been observed from a va-
riety of data at higher burup along with the in-
creases in the rate of cladding corrosion. It thus 
became clear that something new was happening 
at high burnup (new operating environment) and 
that continued extrapolation of transient data from 
the existing low burup (traditional operating envi-
ronment) was not appropriate. 

As a response of these new facts the Com-
mittee on the Safety of Nuclear Installations (CNSI) 
and IAEA recommended that: “Fuel damage limits 
should be established for the entire range up to 
high burnup. Limits should be based upon appro-
priate parameters to ensure fuel integrity and 
should consider the full range of possible tran-
sients, including reactivity insertion and LOCA’s”. 
Finally the CSNI and IAEA decided to undertake 
an effort involving a much broader look at fuel be-
haviour and requirements needed to assure app-
ropriate safety margins of modern fuels and core 
designs for LWR and WWER. 

In order to complete fuel safety criteria list for 
each country working with WWER, IAEA started a 
project with 6 countries (Russian Federation, Uk-
raine, Bulgaria, Hungary, Czech Republic and Slo-
vakia) to collect the information on safety criteria 
for WWER fuel. The information should be used to 
determine a list of fuel safety criteria which could 
be affected by new materials, new fuel design and 
manufacturing processes. Such list was 
established and published officially. 

Acceptability of the fuel system design should 
be based on regulations, general design criteria, 
regulatory guides, industry standards, and on inde-
pendent calculations and staff judgements with 
respect to fuel system functions and component 
selections. The materials and dimensions of the 
fuel system must meet predefined specifications, 
tolerances and design criteria in order to operate 
the fuel safely up to maximum design burnup.  

There are differences between classification of 
acceptance criteria used in Western and Eastern 
Europe. Some of the countries from the West 
Europe (France, Belgium, Germany, The Nether-
lands, Spain) use the NRC classification that de-
fine the criteria on the base of the fuel systems that 
might be damaged during normal and off-normal 
operation (system or regulatory approach). The cri-
teria is divided in three groups: 
• Fuel system damage; 
• Fuel rod failure; 
• Fuel coolability. 
The WWER countries use the Russian classifi-
cation based on the physical processes that might 

be reason for violation of the safety margins and to 
cause the fuel damage (physical or scientific ap-
proach). The fuel safety related criteria are divided 
in four groups and use by fuel vendor as accep-
tance criteria for quality control and final accep-
tance of the fuel production. These groups are: 
• Strength (SC); 
• Deformation (DC); 
• Thermophysical (TC); 
• Corrosion (CC). 
The good knowledge of these two classifications 
as it relates to specified fuel safety criteria could be 
helps the utilities and regulatory bodies to under-
stand deeply the mechanism of fuel behaviour, the 
relations between fuel safety criteria, technical 
specifications and operational margins as well as 
the reasons for fuel failures. 

 
 

4. Fuel Behaviour Modelling and 
Relative Computer Codes 

4.1. Assessment of Analysis Methods 
(Computer Codes) 

Code development activities are wide spread, and 
the models and correlations involved in these co-
des are numerous in comparison to the fuel safety 
criteria. The methods emphasis in safety analysis 
is on transients and accidents; however, steady-
state analysis is also needed to establish initial 
conditions. For example, for LOCA analysis it is 
very important to have an accurate value for the 
stored energy of the fuel pellets at the time the 
accident is initiated which can be released during 
the accident: this stored energy comes from a 
steady-state calculation for normal reactor ope-
ration. For deeper understanding of RIA failure me-
chanisms, it is very important to have accurate va-
lues for the fission gas content in grain boundaries 
and porosities at the time of accident initiation. 
These values are very important especially for 
UO2-RIM and MOX clusters which may promote 
fuel swelling and grain separation during the 
accident. The values for fission gas content are ob-
tained from steady-state calculations at normal 
operating conditions. 

Several types of computer codes that are used in 
safety analysis are sensitive to fuel-related parame-
ters. The need for further code development and ve-
rification has been stated on many occasions; new 
design elements, such as different cladding ma-
terials, higher burnup, and the use of MOX fuels, 
can affect the performance of these codes. 

 
4.2. Steady-State and Transient Fuel Rod 

Codes 

These single-rod codes, like FRAPCON, TRANS-
URANUS, COMETHE, METEOR, ENIGMA, 
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START3, calculate thermal quantities such as ra-
dial temperature profile and fission gas release to 
the gap, and mechanical quantities such as creep 
deformation and irradiation growth. These codes 
consist of numerous models and correlations to 
describe gap conductance, material properties 
such as thermal conductivity and specific heat, ra-
dial power profiles, stress-strain equations, mecha-
nical properties, creep properties, fuel swelling, 
fuel densification, waterside corrosion, and hydro-
gen absorption. 

Some models within the codes are need of mo-
dification because burnup effects on the phenome-
na being modelled. These models are: 
• Fission gas release; 
• Fuel thermal conductivity (including effects of 

burnable absorber additions); 
• Fuel swelling; 
• Fuel pellet cracking and relocation; 
• Radial power distribution; 
• Solid-solid contact gap conductance; 
• Cladding corrosion and hydriding; 
• Cladding mechanical properties and ductility; 
• Cladding axial growth. 
Models like corrosion, mechanical properties, 
and growth for different cladding materials would 
be affected by burnup effects. Similarly for MOX 
fuel pellets one would expect changes in radial 
power distribution, fission gas release and ther-
mal conductivity, and also in swelling, cracking 
and relocation. 

The single-rod transient codes also calculate 
thermal quantities and mechanical quantities. The 
range of models and correlations included in 
these codes is quite similar to that for the steady-
state codes. The major differences between the 
transient and the steady-state codes are: 
• Steady-state codes do not include transient 

heat-transfer terms in their solution equations, 
and 

• Transient codes do not include long-term phe-
nomena like creep. 

However, the transient codes need to incorporate 
models, correlations, and properties for cladding 
plastic stress-strain behaviour at elevated tempe-
ratures, effects of annealing, behaviour of oxides 
and hydrides during temperature ramps, phase 
changes, and large cladding deformations such 
as ballooning. The mechanical description of the 
cladding is two-dimensional ideally, but models of 
lower dimension are used as well. Other differen-
ces also come into models like fission gas 
release, which can have long-term and short-term 
components. The transient codes are used for 
analysing fuel rod response to transients and 
accidents like RIA and LOCA and may include 
failure models. 

The nine models affected by high burnup for 
the steady-state fuel codes also identify the impor-
tant phenomena that would need to be modified in 

the transient codes. In some cases, like fission gas 
release, the transient models would be quite 
different from the steady-state models. For burnup 
higher than 40-50 MWd/kg, special attention should 
be devoted to the proper modeling of thermal 
characteristics of the so-called RIM-zone with its 
structural change and the consequent degradation 
of the fuel thermal conductivity. The phenomena of 
non-transient swelling and axial growth may not be 
modelled in the transient code because the transient 
time period is too short for significant non-transient 
swelling or axial growth. Different cladding materials 
and MOX fuel pellets will have similar effects as 
described for the steady-state codes.  

In summary, the need for a revision of the tran-
sient fuel codes is based on the same observati-
ons as applied to the steady-state fuel codes. Es-
pecially for the analysis of fast transients, the pro-
per modeling of the RIM-zone and the MOX clus-
ters should be included in these revision efforts. 

 
4.3. Reactor Kinetics Codes 

Point-kinetics models used in reactor kinetic codes 
need reactivity coefficients, effective delayed neut-
ron fraction, generation time and reactivity of con-
trol rods as input. One- and three-dimensional 
kinetics models need neutron input parameters like 
assembly averaged neutron cross-sections (typi-
cally condensed into two energy groups), delayed 
neutron fractions (typically on a nodal basis) that 
are obtained from reactor static codes. 

Modern (static) nodal codes using two energy 
groups are more capable of handling the sharp 
flux gradients that appear if an assembly con-
taining MOX is placed beside an assembly with 
UO2. This technique is also used for the transient 
codes. For accident conditions such as RIA, it is 
assumed that more neutron energy groups may 
be needed to handle the harder neutron spectrum 
resulting from the increasing fraction of plutonium 
in the fuel (this would as a consequence also 
lead to a multi-group formalism for the reactor 
static codes.) 

Fuel models in these codes are normally not 
very detailed; model extensions could be consi-
dered (e.g. thermal conductivity) for better mo-
deling of high burnup fuel. 

 
4.4. Reactor Static Codes 

The results from reactor static codes (fuel assem-
bly burnup programs) are used to select the proper 
burnup-dependent thermal properties in the tran-
sient codes such as thermal conductivity. Accu-
rately predicting the burnup is an important feature 
of the reactor static codes (the proper prediction of 
the isotopic composition of the fuel for a given 
burnup is also important for an accurate prediction 
of the decay heat.). 
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Currently, modern static codes have success-
fully been applied for the analysis of cores that 
contain MOX fuel as part of the core loading. As no 
"new" reactor physics is expected at high burnup, 
an extension of the validation base of these codes 
to higher burnup – especially for improving the 
quality of the prediction of the isotopic composition 
for exposed fuel – appears the only issue of 
importance here (with benchmarking data being 
provided by experimental programs). 

 
4.5. Thermal-Hydraulic Codes 

Large reactor systems codes like TRAC, RELAP, 
CATHARE, ATHLET, and RETRAN are used to 
calculate flow, temperature, and pressure during 
normal operation and transients. 

The fuel rod models in the thermal-hydraulic 
codes will usually include heat transfer correlations 
(cladding to coolant), a constant or variable (dy-
namic gap model) value for gap conductance, and 
average values for thermal conductivity and heat 
capacity. For LOCA analysis, these codes typically 
contain ballooning, burst and oxidation models. 

Although simpler in practice, the fuel models 
in the thermal-hydraulic codes describe the same 
basic phenomena as those in the transient fuel 
rod codes and would thus be affected in a similar 
way by high burnup, changes in cladding ma-
terial, and MOX fuel pellets. A proper selection of 
the thermal properties of both the fuel pellet and 
the cladding for the average and the hot rod 
(mainly burn-up dependence) is considered of 
high importance. In general, these simplified mo-
dels are benchmarked against the detailed tran-
sient fuel rod models. 

There is no obvious need for a revision of this 
type of large reactor system codes due to new 
design elements, however the ballooning and rup-
ture models may be refined in the future. 

 
4.6. Subchannel Codes 

Modern fuel bundle designs with part length rods 
and large water holes pose new challenges to the 
subchannel codes. The proper prediction of the 
void distribution within the bundle, especially near 
the non-heated water rods, may require improve-
ments in the so-called lateral void drift modeling. 

Margin to CPR/DNB is determined using corre-
lations specific to individual fuel-design; thus, new 
fuel designs come with revisions of the CPR/ 
DNBR-correlations. These correlations have fuel-
design specific formulations, in which burnup-de-
pendence is normally not considered. CPR/ DNB is 
determined based on channel averaged parame-
ters. Here, only the conditions at the cladding sur-
face appear to depend on high burnup or other 
new design elements. 

In summary, there is a need for a revision of the 

subchannel codes in the areas of the geometrical 
representation of modern fuel bundles and the 
modeling of the void distribution. 

 
4.7. High Burnup Issues 

The industry greatly focuses on high burnup, which 
is claimed to be the biggest key to better fuel 
economy; therefore, this issue continues to receive 
a lot of attention, especially with respect to tran-
sient/accident behaviour. Licensed burnup limits 
depend on the type of fuel and fuel vendor. The 
licensed limits may refer to local (sometimes 
referred to as “peak pellet”) burnup levels and/or 
rod average burnup levels and/or assembly aver-
age burnup levels. Examples of licensed burnup 
limits are as follows: 
• A maximum rod-average burnup of 62 MWd/kg 

for some fuels in USA; 
• A generic limit for the maximum rod-average 

burnup of 48 MWd/kg in Finland; 
• A generic limit for the maximum rod-average 

burnup of 55 MWd/kg in Russia (WWER-1000); 
• A generic limit for the assembly average burnup 

of 52 MWd/kg in France (recently increased 
from 47 MWd/kg) for UO2 fuel (MOX fuel is 
currently still limited to 3 one-year cycles of 
insertion); 

• A generic limit for the assembly average burnup 
of 40 MWd/kg in Finland; 

• A generic limit for the assembly average burnup 
of 49 MWd/kg in Russia (WWER-1000); 

• Generic limits for the assembly average burnup 
of 48 MWd/kg for PWRs and of 50 MWd/kg for 
BWRs in Japan; 

• Maximum assembly average burnup are  
65 MWd/kg for PWRs and 53 MWd/kg for 
BWRs, for some fuels in Germany; 

• Maximum assembly average burnup of 48 to  
60 MWd/kg, or maximum local burnups of 65 to 
70 MWd/kg for various different fuels in 
Switzerland. 

The general trend to increase burnup levels is 
likely to continue in the near future. In the US,  
rod average burnup levels up to 62 MWd/kg have 
been achieved and requests for a peak rod 
average burnup to about 75 MWd/kg have been 
discussed with the USNRC. In France, Japan and 
Germany, utilities aim to increase the maximum 
assembly average burnup from 42-50 MWd/kg to 
52-55 MWd/kg with a corresponding peak pellet 
average burnup of about 65 MWd/kg within the 
next few years. In Switzerland, peak pellet average 
burnup up to 65 MWd/kg have already been 
attained. In Russia peak pellet average burnup up 
to 59 MWd/kg have proposed as a limit for fourth 
year cycle of WWER-1000 fuel. All of these num-
bers differ substantially from the 40 MWd/kg burn-
up level originally expected during the develop-
ment of the criteria. 
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5. Licensing and Quality Assurance 
Requirements for Nuclear Fuel in 
Western and Eastern Countries 

5.1. Licensing of Core Design 

The basic description of the reactor core of a 
nuclear power plant is an important part of the 
Safety Analysis Report in all countries. The main 
neutronics, mechanical, thermo-hydraulic and ther-
mo-mechanical characteristics and properties of 
the core and the corresponding operational limits 
based on a reference core are laid down in the 
construction and operation licenses and the 
technical specifications of the NPP. 

 
5.2. Licensing of Fuel Design 

Within the safety envelope of the core design the 
design of the individual fuel elements is either 
individually licensed or described in the Safety 
Analysis Report, in special Safety Reports, Safety 
Cases, Vendor's Topical Reports or similar docu-
ments. These documents are then assessed by 
the regulatory body. In Belgium, Finland, Sweden, 
Switzerland, Russia, Ukraine, Bulgaria, new type 
of fuel is accepted or licensed on the basis of ex-
perimental results, demonstration projects and 
lead test assemblies respectively. 

 
5.3. Modifications of Core and Fuel Design 

In all countries modifications of core and fuel design 
need regulatory approval for the calculation me-
thods and for operation conditions. Full licensing 
procedures for modification of core lay-out and sig-
nificant modification of fuel and control-rod design 
respectively are required in Belgium, Finland, 
Germany, Hungary, Czech Republic, Slovakia, Italy, 
Japan, the Netherlands, Spain, Sweden, and in 
Switzerland. In France, the Safety Report should to 
be updated. In the USA – only the major modifi-
cations have reviewed by the regulator. 

In the UK, modifications of fuel, core and core 
design are dealt with as all other modifications and 
require formal procedures with involvement of the 
regulatory body. In Belgium and Czech Republic, 
for new calculation methods and codes is required 
an audit of the designer by the regulatory body. 

 
5.4. Quality Assurance of Nuclear Fuel 

The fabrication of nuclear fuel is covered in all 
countries by a quality assurance programme. 
These QA-programmes, in Russia, Finland, Hun-
gary, Italy, Japan and The Netherlands based on 
or in close conformity to the IAEA Safety Series 
50-QA documents, are within the licensee's 
responsibility. Also, requirements from ISO 9000 
have been used, e.g. in Finland, Czech Republic 

and Hungary. The regulatory bodies analyses or 
inspect the QA programmes and perform audits. 
QA-documentation is approved in Finland and 
Germany. The fuel fabrication itself is inspected re-
gularly (Finland, Germany, Japan, Spain, Swe-
den), or only on special occasions, e.g. in following 
up concerns arising from particular reactor fuel 
incidents, (Belgium, UK, Russia), for new type of 
fuel (The Netherlands, Japan, Switzerland, Russia, 
Finland, Hungary, Czech Republic) or once per 
year for qualification of products, processes and 
documentation (France). 

 
 

6. Regulatory Inspection Programme 
During NPP Operation and 
Refuelling Outages 

6.1. Pre-Inspection of Each Delivery Batch of 
New Fuel 

In all countries the licensee inspects fresh fuel on 
delivery. This is mainly a visual inspection; the 
regulatory body inspects the programs. Direct 
involvement of the regulatory inspectors is found in 
Finland, Germany, Italy and Mexico (once per 
delivery campaign or batch), in the USA (by the 
resident inspector), and in Belgium, Hungary, 
Spain, and UK (occasionally) [10]. 

 
6.2. Composition of New Core in the Next 

Operating Cycle 

In all countries the parameters of the new core after 
fuel exchange and reload are to be calculated in 
advance and a corresponding Safety Evaluation 
Report submitted to the regulatory body or the resi-
dent inspector (USA) for review [10]. Timing requi-
rements range from one to three months before 
refuelling. The regulator verifies the validity of the 
used computer codes (Belgium, The Netherlands, 
Spain, Switzerland,) or conducts independent cal-
culations by itself or by expert organizations on 
each reload (Germany, Japan, Czech Republic). In 
the USA, independent calculations are carried out 
for new design fuel. In Finland, Hungary and Swit-
zerland, control analyses of the calculation code or 
strategy or on special occasions are performed by 
independent experts in case of modifications. 

In the UK, where most of the NPP have Gas 
Cooled Reactors with fuel reload procedures during 
operation, it is part of the operators absolute res-
ponsibility for the safety of operation to specify and 
justify the composition of the core against pre-set 
criteria. This justification is subject to peer review. 

 
6.3. Inspection of Nuclear Fuel Operation 

For verification of the calculated core properties, 
tests and physical measurements during start-up 
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are required in all western countries. The start-up 
and testing programs normally are included in the 
Safety Evaluation Report of the reload and 
reviewed by the regulator. The tests will be carried 
out by the licensee and verified or observed by 
regulatory inspectors (Italy, Mexico, Spain, USA). 
In other countries, the results are checked by the 
regulatory body (Belgium, Hungary, The Nether-
lands, UK, Finland, Czech Republic), or the regu-
latory body or its experts directly supervise these 
tests as part of the Periodic Inspection Program 
(Germany, Japan, Switzerland). 

 
6.4. Operating NPP with Fuel Defects 

In all countries specified contamination limits for the 
reactor coolant are laid down in the technical spe-
cifications. These limits are calculated for accident 
conditions and normally not intended to regulate 
operation with fuel defects. As a common policy, 
NPPs need not to be shut down as a fuel defect 
occurs, as long as other safety considerations are 
not affected or evidence of systematic failures is not 
obvious. In Finland, Bulgaria, Czech Republic, Ru-
ssia, Ukraine and other WWER countries limiting 
conditions for operation for the reactor coolant con-
tamination are derived from the permissible amount 
of untight (1%) or failed (0.1%) fuel elements. In 
Switzerland, a maximum allowable activity concen-
tration of 131I in the reactor coolant has been speci-
fied; operation with defective fuel is permitted below 
these limits; also, an intermediate shut-down must 
be considered in cases, where an increase of 239Np 
reactor coolant activity indicates fuel failures with 
significant Uranium wash-out. On the other hand, in 
most countries leaking or mechanical damaged fuel 
must not be reloaded. In France, fuel elements may 
be reloaded, if the equivalent leak diameter is less 
than 35 µm. 

In the UK, Gas Cooled Reactors are allowed to 
return to power with known failed fuel present in 
the core, provided that the release is within speci-
fied limits. Regulatory inspection on this is within 
the routine work by the site inspector. 

 
6.5. Fuel Inspection after Unloading the Core 

Sipping tests are conducted regularly, if the conta-
mination of the reactor coolant or pre-sipping mea-
surements during unloading give suspect for fuel 
defects. Regulatory prescribed limits for the reactor 
coolant contamination to mandate a full core sipp-
ing test are given in Japan (based on Iodine iso-
topes). 

In most countries, the regulatory body reviews 
any fuel inspection programs and current results, 
difficulties or problems and may prescribe additio-
nal tests if necessary. In some countries, an exten-
sive fuel inspection program (including e.g., visual 
inspections, oxide layer measurements, eddy cur-

rent tests of control rods), is carried out regularly 
and supervised by the regulatory body or its ex-
perts as part of the Periodic Inspection Program 
(Germany, Japan). 

Repair or refurbishment of fuel elements, de-
pending on the facilities available, is reviewed and 
approved by the regulatory body in most countries. 
In the UK, some selected Gas Cooled Reactor fuel 
is subjected to extensive in-cave Post Irradiation 
Examination in line with an agreed program. 

 
6.6. Fuel Handling 

In all countries fuel handling by the licensee follows 
written operational procedures. These fuel handling 
procedures are inspected by the regulatory body as 
are all other relevant operational procedures. Im-
portant modifications need regulatory approval, e.g. 
in Finland, Russia, Hungary, Slovakia, Bulgaria. 

The handling itself including storage of new fuel 
is spot-checked or observed occasionally by the 
regulatory body or the resident inspector. Prob-
lems during unloading or loading the fuel are to be 
discussed with the regulator’s expert for additional 
inspection needs (Belgium, Germany, Hungary). 
Functional tests of the fuel handling machine or of 
other handling equipment are required, in some 
countries as part of the Periodic Inspection Prog-
ram (Germany, Italy, Japan, Russia, Slovakia, 
Ukraine, Bulgaria). In some countries, inspection of 
shipment of spent fuel is conducted by the 
regulatory body or its experts (Belgium (spot-
checks), Germany, Italy, UK). 

 
6.7. Policy of Evaluations of Inspection 

Findings 

Safety related inspection findings are considered 
reportable events in most countries. Core anoma-
lies and fuel defects or anomalies related to fuel 
manipulations have to be reported to the regulatory 
body in Belgium, Finland, Hungary, Italy, Spain, 
Russia, Bulgaria, Czech Republic, Slovakia and 
Ukraine. In Finland, Germany, Japan, Russia, 
Czech Republic, Slovakia and Bulgaria massive 
fuel defects, systematic failures of fuel bundles or 
mechanical damage of the fuel skeleton and spa-
cer grids are to be reported and evaluated for 
corrective actions. It is common to all regulatory 
inspection authorities to require root cause analy-
ses and appropriate corrective actions depending 
on the safety significance of inspection findings. 

 
 

7. Future Trends 

7.1. Fuel Safety Criteria 

It may be considered that the current framework 
of fuel design criteria remains generally appli-
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cable being largely unaffected by the “new” or 
modern design elements. But some levels in the 
individual fuel safety criteria may, however, 
change in accordance with the new fuel and core 
design features. Some of these levels have al-
ready been adjusted. A level adjustment of seve-
ral other criteria (RIA, LOCA) also appears to be 
needed, on the basis of experimental data and 
the safety analysis. 

 
7.2. High Burnup 

In recent years more information has become 
available on the behaviour of highly burnt fuel. This 
has provided additional basis for the fuel/core ope-
ration for burnup level up to those currently 
licensed. However, there is a need for further re-
search to: 
• Experimentally verify the validity of safety cri-

teria for high burnup, in particular for burnup 
levels beyond those currently licensed, and  

• Further develop and benchmark the analytical 
models used to define and monitor high burnup 
safety criteria.  

Generally, it is important that all aspects related to 
high burnup are adequately covered (fuel and core 
design, choice of materials, goodness of analytical 
methods). In this respect the fuel vendors will bear 
most of the responsibility, for basic qualification of 
their respective fuels; independent verification by 
the utilities (probably as a joint effort, via interna-
tionally sponsored R&D programmes at national or 
international research centres) will have to be 
added, while selecting the experimental test cases 
appropriately and carefully. 

 
7.3. Core Management 

The fuel cycle costs (FCC) is an important part of 
the cost for plant operation. Utility strategies to 
reduce FCC have increased the activity in the 
core management area; as a result of optimized 
core management, such as higher fuel discharge 
exposure, the loading strategies have changed. 

About 15-20 years ago the loading strategy in-
cluded the loading of fresh fuel into the centre of 
the core and then, as a function of exposure, to 
move the fuel toward the edge of the core with 
each reload (“low leakage” loading pattern, or “in-
out-out”). For this type of loading strategy the 
LHGR power history curves showed a monotonous 
decrease against fuel burnup. 

Modern loading strategies with a smaller 
amount of fresh reload bundles on account of the 
higher fuel discharge exposures will reload a 
smaller number of fresh bundles, leading to 
higher power peaking due to higher reactivity of 
fresh fuel bundles. Safety criteria, notably LHGR, 
SDM and DNB/CPR, must however still be met; 
as a consequence, fuel bundles with very high 

burnup may now have to be loaded into a center 
of the core adjacent to fresh fuel bundles. This 
implies that reaching maximum fuel burnup 
levels is no longer limited to those bundles at the 
core periphery. 

 
7.4. MOX Fuel 

MOX insertion is taking place or is being planned 
in a number of countries, and is therefore of 
concern with respect to safety criteria. Various 
designs were and are being considered; presently 
the "all-MOX" type of design with the largest 
possible amount of Pu in the smallest possible 
number of assemblies appears economically to be 
the most attractive (with burnable absorber still 
blended with UO2 only). In general, the perfor-
mance of MOX fuel is less characterized than for 
UO2 fuel, especially at high burnup. Experiments 
will continue to be needed to confirm the operatio-
nal regimes in which MOX fuels are compliant with 
safety criteria, considering also that MOX perfor-
mance can be affected by the fabrication route and 
by the total plutonium content in the fuel (and 
Pufissile/Putotal ratio). 

Safety related effects of MOX (as compared to 
standard UO2) insertion might be summarized as 
follows: 
• In general, a lower boron and control rod worth 

is to be expected due to the different isotopic 
and spectral characteristics; 

• For the same reason, a more negative Doppler 
and moderator temperature coefficient is gene-
rally observed; 

• Decay heat characteristics are slightly different 
(smaller short-term, but larger long-term 
effects). 

This results in a lower SDM and faster transient 
response. From radiological point of view, the 
different decay heat response will mitigate the 
accident response but decrease long-term (e.g. 
storage) behaviour. These effects are mainly coun-
teracted by fuel and core design, analogous to the 
introduction of new fuel types. In particular, the 
design and subsequent safety analysis takes the 
specific characteristics of MOX into account, and 
ensures that the existing safety limits are met. 
Results of transient/accident analysis. 

 
7.5. Mixed Cores 

With the introduction of new fuel types (advanced 
designs, MOX, etc.) a mixed core, i.e. a core 
consisting of more than one particular design, 
automatically comes to pass. The fuel and core 
design must ensure that the newly introduced fuel 
is compatible with the residing fuel from a physics 
and thermal-hydraulic point of view; fuel and core 
safety limits are principally unchanged, but may 
have to be adapted to the mixed core situation. 
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Each fuel type comes with a set of specific 
safety criteria, such as LHGR, oxidation or PCI. 
These limits are established by the respective fuel 
supplier, and must be met whether the core is 
mixed or not. Other limits, such as the safety limit 
CPR or SDM, which relate to the entire core, must 
be analysed by the responsible safety analysis en-
gineer (usually at the fuel supplier). 

The mixed core situation is thus basically co-
vered by an appropriate design and analysis, 
which should cover the following areas: 
• Neutronic and thermal-hydraulic compatibility, 

examples: local and global reactivity level, bun-
dle flow characteristics (e.g. risk of flow star-
vation in neighboring bundles by low pressure 
drop for BWRs, or axial flow variations due to 
local flow redistribution for PWRs and WWERs); 

• Development of safety limits, both for each 
individual fuel type and for the mixed core; 

• Safety analysis (FSAR type) in which the mixed 
core features and incompatibilities are taken 
into account as appropriate. 

 
 
8. Conclusions 

The safety goals for the design of nuclear power 
plants are to contain and control all sources of 
radioactivity on the plant site, to ensure the safety 
of site personnel and the public, and to keep 
radiation exposure within the limits specified by the 
regulatory body. Core design has a significant 
effect on achieving of these goals. Consequently, 
as the burnup of nuclear fuel elements is being 
increased in order to reduce the price of the fuel 
cycle, than the final core design needs to be 
reviewed, and if it need, modified accordingly. That 
means to pass through all stages of a comprehen-
sive nuclear fuel licensing procedure keeping in 
mind the subjects, mentioned above. 
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