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ABSTRACT 

The feasibility study, which evaluates the impacts of the transition to the 18-month 
cycle on plant design bases, operational and maintenance requirements, long-term economics 
of the operation, is performed.  Activities, which have to be implemented for adopting 18-
month cycle, are presented.  The study shows that implementation of 18-month cycle is 
possible with some investments through transition 15-month cycle. 

1 INTRODUCTION 

The NPP Krško started the commercial operation in 1983, now is considering the 
extension of the plant fuel cycle to 18 months. At present most nuclear power plants in the 
United States have been extended operating cycles beyond the original 12-month cycle length 
to 18-month cycle, some of them increased the cycle length to 24 months [5].  

The continuous emphasis on improvement of plant capacity factor as a major means to 
make nuclear energy more cost-competitive motivates interest for adopting 18-months cycle. 
Longer operating cycles can potentially lessen total power generation costs.  Outage 
frequency is reduced, the capacity factor is improved, providing an operation and 
maintenance cost benefit. Radiation exposure to site personnel and other costs associated with 
reload core design and licensing are also reduced for longer operating cycles. On the other 
hand, fuel with higher enrichment is required, and fuel fabrication costs go up.  

It is reasonable to implement longer cycle when technical capabilities of the 
equipment and fuel are assured. In the NEK technical capabilities were reached by 
replacement of main equipment (Steam generators), implementation of ZIRLO cladding 
material and already performed safety analyses for new operating conditions (Steam generator 
replacement and power uprate). A key factor for decision to extend operating cycle is the safe, 
reliable and steady operation.  

Current level of nuclear safety, condition of the equipment and operational results 
motivate us to evaluate implementation of 18-month cycle. For complete evaluation is 
necessary to perform detail examination of different factors, which play role in the evaluation, 
but some factor is more important than others are. Analyses of extended cycle, which 
includes:  

• Technical capabilities and economics of nuclear fuel,  
• Licensing and engineering costs (analyses),  
• Condition of the equipment and maintenance programs,  
• Operational reliability,  
• Long-term economics of the operation and market circumstances. 
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Indicate that adoption to 18-month cycle is possible with some investment through transition 
15-month cycle. 

2 METHODOLOGY 

The evaluation is done by NPP Krško personnel, using similar evaluation and 
comparison in the world. It is analysed influence of transition to 18-month cycle on core 
design and safety parameters, safety analyses, reliability of the equipment, operations and 
economics circumstances. Extending the fuel cycle will in the first place to affect the core 
operating and safety parameters, since fuel management will change to provide higher core 
reactivity at the beginning of each cycle and increased fuel average burnup at the end of the 
cycle.  
For evaluation were used work reports already performed for the modernisation project, and 
other literature, which threats that subject: 
• SSR-NEK-4.2 Integrated Core Design 

The fuel loading strategy was determined for the reload transition of Krško to the uprated 
core conditions. Two different fuel management schemes were followed to develop the 
pseudo-equilibrium 12-month and 18-month cycles. The nuclear design requirements for 
the fuel assemblies and components including number of assemblies and their 
enrichments, burnable absorbers (IFBA) and loading patterns were developed for all 
specified cycles. The 3D models were generated which provide the basis for the analysis 
of the key safety parameters and input support to the thermal-hydraulic designer, nuclear 
safety and fluid system groups and fuel rod analysis. The report also gives calculated 
results and the assumed limits for the analyzed safety related parameters.  

• WENX 92-17 Krško NPP Eighteen Month Fuel Cycle Feasibility Study Report 
Investigates the impact of the transition to the 18-month cycle on plant design bases, 
operational and maintenance requirement. 

• Work reports SSR-NEK 
During the modernisation project were performed analyses to show that plant is capable to 
operate safe per new operational condition (uprate). Reports, which analyse safety 
parameters on which lengthen cycle has impact, are considered. 

• NF-NEK-02-111, NF-NEK-02-139 Risk Assessment Checklists 
Consider the potential fuel performance and plant operational impact of the intended core 
loading pattern. The nuclear, thermal-hydraulic and fuel performance characteristics of the 
loading pattern are evaluated for their influence on key operational issues, including 
quadrant power tilt, axial offset anomaly, axial xenon stability, hot leg streaming, fuel 
performance and control rod incomplete insertion. Any plant-specific design requirements 
or considerations are addressed in the assessment. 

 

3 ANALYSES, EVALUATIONS AND ASSESMENT 

3.1 Core Design and Nuclear Fuel 
 
The purpose of this evaluation is to identify any reload core characteristics which might 

be adversely affected by the longer cycle length in order to judge whether more detailed and 
accurate methods need to be employed in any critical areas. Approximate methods and 
standard trending technologies were used to determine the likely behavior of following 
parameters under lengthened operating cycles: 
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• Increased excess reactivity 
• Increased number and enrichment of the fresh fuel 
• Fuel economics 
• Increased boron concentration and number of Integrated Fuel Burnable Absorbers 
• Peaking factors 
• Moderator temperature coefficient 
• Shutdown margin 
• Transition loading pattern 
• Fuel integrity  
• Discharge burnup 
• Axial offset anomalies 
• Storage of the burned fuel 
• Core design  

 
Transition cycles are mostly not economic and could be more limiting than the 18-

month cycle for one or more core parameters. For economic evaluation are compared 
equilibrium cycles [4] for three years period (three 12-month cycles or two 18-month cycles). 
Direct cost of the fuel for 18-month cycle is approximately for 10-11 millions $ greater than 
for the 12-month cycle (the same energy production). Extra cost, like storage of the burned 
fuel is not included in this amount. 

Higher excess reactivity, caused by increased number and enrichment of fresh fuel 
assemblies, requests more Integrated Fuel Burnable Absorbers (IFBA) and higher value of the 
boron concentration at the beginning of the cycle, which is compensated with additional 
number of IFBA, so the cost for the fuel is increased. Peaking factors are higher if it would be 
used only one enrichment feed batch, but it is expected to use split or more enrichment feed 
batches to decrease peaking factor, what again increases fuel cost. Moderator temperature 
coefficient (MTC) becomes more positive if the boron concentration is high. It can be reduced 
using additional number of IFBA or with repositioning of control rods (rodded MTC). The 
experience from previous cycles shows that greater number of IFBA and higher burnup non-
homogeneity in the region, higher maximum value of the burnup and high duty index, can 
change fuel integrity for the worse. Average discharge burnup is reduced, but maximum fuel 
assembly burnup is increased. Maximum fuel rods burnup are close to limit value of 60000 
MWD/MTU. Gradients in the fuel and in the core are higher. Increased production of 
discharged fuel makes cost for storage higher (4-8 fuel elements in three years). The 
documentation (“Core Design”) is reduced, what does not affect the price, because this cost is 
included in the fuel price. In the years after 2006 it can be expected usage of the fuel of 
second generation (16NFG), which has less uranium in comparison with current fuel, what 
means higher duty index.  

Westinghouse already performed alternative loading patterns for the first 18-month 
cycle [7]. They are not the same as above analysed equilibrium cycles [4] but give us 
information about possible problems in the design of 18-month cycles (positive MTC if 
current IFBA are used, or implementation of new IFBA, 1.4xIFBA instead of the current 
1.0xIFBA). Westinghouse has established a systematic process, called the Loading Pattern 
Risk Assessment for considering the potential fuel performance and plant operational impact 
of the intended core loading pattern. The nuclear, thermal-hydraulic and fuel performance 
characteristics of the loading pattern are evaluated for their influence on key operational 
issues, including quadrant power tilt (QPTR), axial offset anomaly, axial xenon stability, hot 
leg streaming, fuel performance and control rod incomplete insertion. The QPTR is higher 
than 2 %, but when rotation of once twice or more burnup fuel will be accomplish for the 
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preliminary loading pattern it is not expected that HFP QPTR will exceed 2 %. The loading 
pattern for 18-month cycle do not result in an increased susceptibility to axial offset anomaly, 
even mass evaporation rate is higher, with assumption that primary water chemistry is 
unchanged from previous cycles. Alternative loading pattern for 18-month cycle has an 
increase susceptibility to axial xenon instability. Hot leg streaming is at a low risk of the 18-
month cycle alternative loading pattern. Fuel performance-fuel rod design criteria are closer to 
limiting value, but still bellow it. The fuel assemblies, which suppose to be used in the 
following cycles has ZIRLO cladding. Based on the studies [4] ZIRLO clad fuel should meet 
the rod internal pressure and corrosion limit up to 60000 MWD/MTU. Since the maximum 
rod burnup (58168 MWD/MTU) is bellow this value it is expected that the corrosion and rod 
internal pressure limits will be met with enough margins. DNB Propagation is not going to be 
un issue.    

 
3.2 Safety analyses 

 
The 18-month fuel management will impact the current core operating and safety 

parameters in two significant ways. First, to achieve the longer operating cycle, more 
reactivity will have to be loaded in the core at the beginning of the cycle, by increasing the 
number and enrichment of the fresh fuel assemblies. This will affect design limits of the 
loading pattern, primarily the radial peaking factors, which will in turn affect the control rod 
worth, the core shutdown margin and other design characteristics. Also the increased 
reactivity at the beginning of the cycle will increase the soluble boron required to control the 
reactivity. Second, the longer cycles will result in higher core average burnups at the end of 
the cycle, which influences the some physics parameters (moderator temperature coefficients, 
delayed neutron fractions). These have influence especially on the following accidents: 

• Boron dilution accident 
• Rod withdrawal 
• Rod misalignment 
• Rod ejection 
• Steam line break 
• LOCA 
• Radiological consequences 

Current safety analyses performed for modernization project covered also 18-month cycle. In 
the case that during the design of the new cycle any safety related parameter is changed, it is 
necessary to make additional analyses. 

The whole licensing process is already done through the modernization project, and all 
the changes in the licensing documents (Technical Specifications, Updated Safety Analyses 
Report, Precautions, Limitations and Setpoints) are already performed.  

The Surveillance Requirements Cross-Reference document was reviewed and there 
were suggested some actions for transition to 18-month cycle. These are mostly changes in 
the procedures. It is also necessary to change program for testing containment isolation 
valves, and diesel fuel has to be purchased during the operations (for testing). It is also 
necessary to adjust frequency requirements for instrumentation calibration. According to that, 
in the future must be evaluated the effects of an increased calibration interval on instrument 
errors in order to confirm that drift will not result in instrument errors that exceed the 
assumptions of the safety analysis [3].   
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3.3 Equipment reliability 
 
Stable operation without unplanned scrams shows on good condition of the main 

equipment and on the quality of maintenance and surveillance program. Reactor vessel and 
internals are verified for lengthen cycle during analyses performed for steam generator 
replacement and uprate. New steam generators are in good condition and checked for 
operation in longer cycle. The other components, which represent pressure boundaries of the 
primary system, are controlled in accordance with In-Service Inspection (ISI) program. 
Additional inspection which comes from the industrial experience is performed with modern 
methods, by means of non-destructive methods (NDE), and the results showed no deviations 
or relevant indications. Reactor coolant pumps were checked in last years. Their motors will 
be additionally inspected. Low pressure turbines are checked and will be replaced in outage 
2005(6). The main generator does not indicate significant aging problems and is capable for 
transition to lengthen cycle. Safety equipment are verified through surveillance program. 
Functional aging or modifications are corrected through maintenance program and equipment 
replacement.  

In the case that outage duration is not increased, it is necessary to perform more testing 
and maintenance with plant on-line. In the NPP Krško already exists “Online maintenance 
program” (OLM) in accordance with adequate procedure. Any unavailability of the 
equipment because of the testing of maintenance is evaluated with probabilistic estimation of 
the risk.  

To avoid unplanned shutdowns is necessary to do more on diagnostic maintenance 
(measuring vibration, temperature, oil characteristics, visual inspection). One of the aspects 
needed to be specially exposed is human sources. Some equipment can be tested or 
maintained only during the shutdowns, for what is necessary to assure adequate number of 
qualified personnel. About this problem is needed to think now and to take some actions. 
For determination the reliability of the critical equipment is necessary to: 

• Review inspection history data, corrective work orders for the last five years, and the 
results of the latest preventive activities, 

• Verify additional possibilities for diagnostic maintenance and availability of the spare 
parts. 

For critical equipment is important to plan reasonable quantity of spare parts, because is 
difficult to get them quickly in the case of unplanned failure. Longer unavailability can 
reduce positive economic effects of the 18-month cycle. 

Maintenance programs like Preventive maintenance program, Outage planning and 
conducting, Maintenance role program, and In-service inspection program must be reviewed 
and revised for 18-month cycle conditions. 

   
3.4 Operational circumstances 

 
In the last five years operation was very stable. In the cycle 14 (year 1997) was one 

scram (Close of the Main Steam Isolation Valve due to mechanical failure). The cycle 15 
(year 1998) was without scram. In the cycle 16 (year 1999) was one scram because of the 
equipment failure (feedwater control valve, which was replaced during feedwater system 
modification). The cycle 17 (year 2000) was without scram. In the cycle 18 was one manual 
shutdown because of instrumentation error (temperature indicator was failed). From these 
points can be concluded that even with transition to 18-month cycle safe and capable 
operation can be achieved from outage to outage, without unplanned scrams caused by failure 
of the key equipment. This is achieved through good and quality surveillance, maintenance 
and technical support.  
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Transition to 18-month cycle has influence on radioactive waste management and 
radiological protection because of different isotopic composition. This was already considered 
in the USAR [26] and in the work reports [16, 17, 21, 22, 23, and 24] performed through 
modernization project. Concentration of the fission products increases proportionally with 
power increase. Concentration of tritium is increased also according to lengthen cycle. 
Concentration of the active corrosion products stay on the same level. Systems for handling 
with radioactive waste are designed conservatively and are capable for longer operational 
cycles. Dose to the surrounding population, due to liquid and gasses releases are left on the 
same values, because before was calculated very conservatively. 

Shielding was designed very conservatively, and it was demonstrated it is appropriate 
also for power increase and longer operational cycle. Only in two cases it was calculated that 
shield thickness is close to limiting value (spent fuel pit demineralizer, letdown chiller heat 
exchanger). 

The concentration of the tritium in the RCS will be increased. For maintaining design 
value in the RCS (3.5 µCi/g) and SFP (2.5 µCi/g) is anticipating that 3.6 system mass of RCS 
per cycle is discharged [26]. Higher concentration of the tritium can limit liquid effluents with 
tritium (limit activity is 20 TBq per calendar year or 8 TBq per calendar quarter [27]). 

In the reports, which deal with isotopic composition, concentrations of active corrosion 
products are not change according to 12-month cycle. This can be achieved under condition 
that control of the chemical composition of primary cooling system is not changed (pH, B/Li). 
According to higher boron concentration on the beginning of the cycle is needed also higher 
concentration of lithium, what fuel manufacturer restricts. This has to be reviewed more 
detailed. 

Collective annual dose is expecting to decrease, because of smaller outage frequency, 
duration of the outage would not be changed essentially. 

    
3.5 Economic circumstances 

 
Electricity market is opening across national border, competition becomes harder, what 

influences on the price of electricity. Option of the lengthen cycle becomes more interesting 
because it means lower cost of electricity production. In prediction of the cost price are 
comparing 12-month and 18-month cycles, from the date 1.1.2002 to the end of the year 
2023. All costs are evaluated based on fixed prices on the date 1.1.2002 for whole period, 
included 2023. Operational department gives information about planed electricity production 
and outages per years and months. Based on pseudo equilibrium cycles for 12 and 18 months 
and transition 15 month cycle [4] are determined fuel costs. For evaluation of 18-month cycle, 
two different strategies were calculated. Strategy 1 is based on equally scope of continual 
services per year. Strategy 2 supposes that in years without outage, more continual and non-
outage services are performed.  
Economic effects of the transition from 12-month cycle to 18-month cycle for period 2002-
2023 are: 
 
• Strategy 1 in comparison with economic effects of 12-month cycle has positive effect, 

which amounts cumulatively 10 %.   
• Strategy 2 in comparison with economic effects of 12-month cycle has positive effect, 

which amounts cumulatively 2.5 %. 
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4 CONCLUSIONS 

Detailed evaluation of implementation 18-month cycle showed that it is possible, with 
some investment, through transition 15-month cycle. Regarding to the fuel cost, is less 
economic, fuel performances are closer to limit values. The whole licensing program is 
already done. In the case that for design of particular cycle any safety related parameter is 
changed is necessary to make additional analyses. Some works have to be done on 
surveillance and maintenance programs and human resources. Additional evaluation has to be 
done in controlling the chemical composition of the primary cooling system.  

It would be made every effort to preserve high level of nuclear safety and possibility of 
further improvement. Total economic effects showed positive results for the anticipated useful 
life.    

 
REFERENCES 

 
[1]  WENX 92-17, revision 1, Krsko Nuclear Power Plant Eighteen Month Fuel Cycle 

Feasibility Study Report, Westinghouse 
[2] WENX 91-42, October 1992, Krsko Nuclear Power Plant Study of Power Uprate 

Feasibility Report, Westinghouse  
[3] Generic Letter 91-04, Changes in Technical Specification Surveillance Intervals to 

Accommodate A 24-month Fuel Cycle, 1991 
[4] SSR-NEK-4.2, revision 2, Integrated Core Design, Westinghouse 
[5] Nuclear Power Plants In The World, ISSN 0289-9817, December 2001, Japan Atomic 

Industrial Forum 
[6] NF-NEK-02-139, November 2002, Krsko Cycle 20 (15-months) Risk Assessment 

Checklist for the Final Loading patterns 
[7] NF-NEK-02-111, September 2002, Krsko Cycle 21 (18-months) Risk Assessment 

Checklist for the Alternative Loading Patterns 
[8] SSR-NEK-4.3 "EOL MTC relaxation elimination" 
[9] SSR-NEK-6.1 "Margin to DNB" 
[10] SSR-NEK-6.2 "LOCA Margins" 
[11] SSR-NEK-6.3.1 "Steam Line Break Core Response" 
[12] SSR-NEK-7.1 "Increase in heat removal" 
[13] SSR-NEK-7.4 “Reactivity and Power Distribution Anomalies" 
[14] SSR-NEK-7.5 "Increase in RCS Inventory" 
[15] SSR-NEK-7.7 “Anticipated Transients without Scram” 
[16] SSR-NEK-7.10.3 "Source Terms Calculation" 
[17] SSR-NEK-7.10.4 "Dose Calculation" 
[18] SSR-NEK-9.1 "Safety Injection System" 
[19] SSR-NEK-9.4 "Reactor Makeup Water System" 
[20] SSR-NEK-16 »Operating Point Optimization« 
[21] SSR-NEK-9.15.1«Source Term of Radioactive Waste Management« 
[22] SSR-NEK-9.15.2 »Source Term for Radiation protection« 
[23] SSR-NEK-9.15.3 »Uprate of KRK USAR Chapters 11 and 12.2, Realistic source 

Term and Dose Assessment« 
[24] SSR-NEK-9.15.4 »Power Uprate Shielding Assessment for Normal Operation" 
[25] ADP-1.1.232 “Surveillance Requirements Cross-Reference document”  
[26] USAR, rev 8 
[27] NPP Krško Technical Specifications  

 


	INTRODUCTION
	METHODOLOGY
	ANALYSES, EVALUATIONS AND ASSESMENT
	CONCLUSIONS

