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ABSTRACT  
To optimize plant operation, reduce scheduled maintenance outage, and increase capacity factor, IRIS is designed to 
enable extended cycles of up to four years. However, due to the enrichment licensing limitation (less than 5% enriched 
uranium oxide) there is a tradeoff between the achievable cycle length and fuel utilization, i.e., the average fuel 
discharge burnup. The longest individual cycle may be achieved with the single-batch straight burn, but at the expense 
of a lower burnup. Considering the IRIS basic performance requirements, a cycle length in the range of three to four 
years is deemed desirable. This paper examines different fuel management options, i.e., the influence of the required 
cycle length on the corresponding reloading strategy, including a two-batch and a three-batch reloading. A reference 
two-batch core design has been developed for the first cycle, as well as for the transition cycles leading to equilibrium. 
Main core performance parameters are evaluated. This core design provides the framework for the safety analyses 
needed to prepare the IRIS safety evaluations. Alternate designs are also considered. 

 
1 INTRODUCTION 
IRIS (International Reactor Innovative and Secure) is a medium-size (1000 MWt) advanced light water 
reactor (LWR) with enhanced safety and attractive economics.[1-4]  Due to its moderate power, IRIS cannot 
rely on the traditional economy of scale. Instead, it offers economy of identical multiples, lower financing 
requirements, and faster response to market needs. Moreover, IRIS economics relies on short construction 
time, optimized maintenance, and high reliability. Maintenance has been optimized so that the period 
between two maintenance shutdowns may be extended up to 48 months.[5]  

With the current average shutdown length of about 30 days and a typical 18-month cycle, outage in present 
PWRs represents ~5.5% of the cycle length, while the same outage when related to a 48-month cycle 
represents only ~2.1% of the cycle length. This reduction in downtime is financially equivalent to reducing 
the plant investment cost (per installed kWe) by more than 3%, a non-trivial amount.   

The expected outage length reduction in IRIS to 20 days or less (consistent with presently top-performing 
PWRs) will further contribute to achieving attractive economics. However, to enable extending the period 
between the maintenance outages up to 48 months, a core configuration capable of supporting this objective 
needs to be devised as well. If the shutdown for refueling is needed more frequently than the shutdown for 
maintenance, the optimized maintenance cannot be utilized to its fullest potential.  

However, the extended fuel cycle also increases some components of the electricity production cost, and the 
optimum can only be obtained by considering together all the relevant competing operational and economics 
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parameters. The optimum is not necessarily a unique point, but it depends on different assumptions and 
market conditions. 

This paper first examines the top-level fuel management decision in terms of the number of batches. Next, 
the two-batch option is examined in more detail. The first cycle, as well as the transition cycles leading to the 
equilibrium cycle, are presented. Finally, alternative options are considered. 

 

2 FUEL MANAGEMENT STRATEGY 
The selection of the fuel management strategy depends on the primary objective(s) as well as on limitations. 
Specifically, IRIS offers the possibility to enhance its proliferation resistance due to extended cycle.  

The objectives impacting the fuel management strategy include: 

- Maximization of fuel utilization (e.g., maximize discharge burnup); 

- Maximization of proliferation resistance, by maximizing cycle length and minimizing access to the 
core; 

- Maximization of safety margins; 

- Minimization of the cost of electricity (COE); 

while limitations impacting fuel management strategy include, among others: 

- Maximum enrichment; 

- Maximum allowed burnup; 

- Maximum peaking power. 

Due to the IRIS schedular objectives regarding design certification (~2010) and deployment readiness 
(~2012-2015), its initial design adopts the current fuel technology and currently approved limits, i.e., use of 
oxide fuel (UO2) enriched below 5% in 235U, with the burnup limit assumed to be 62,000 MWd/tU for the 
lead rod average. However, industry-supported efforts are under way in the U.S. to increase this limit to 
75,000 GWd/tU. The IRIS project will promptly adopt the new burnup limit when it becomes approved by 
the U.S. NRC, and one of the examined options assumes this new limit.  

In discussing the top-level fuel management strategy, the number of fuel batches must be considered first. 
The straight burn with the whole core being replaced/reloaded each time is denoted as the one-batch (or, 
single-batch) reloading, while replacing half the core each time (so that fuel residence time in the core 
amounts to two cycles) is denoted as a two-batch reloading, and so on. Reload schemes with more fuel 
batches improve discharge burnup and fuel utilization, but reduce the length of each individual cycle. The 
cost of electricity (COE) is the ultimate selection criterion, but evaluating COE is complex and partly 
depends on specific market conditions (e.g., cost of replacement energy). Therefore, in this paper we will 
focus on fuel management and reactor physics parameters.  

Broadly, we can identify the following three top-level objectives for the fuel management: 

1) Maximize proliferation resistance, by extending the cycle length as much as possible, and 
minimizing fuel shuffling and manipulation. In the case of IRIS, it is feasible to consider the 
extended cycle length of 4 years, together with a single-batch (straight-burn) core. Note that this may 
be achieved in IRIS with <5% enriched fuel, due to its moderate average linear heat rate.  

2) Improve fuel utilization by multi-batch reloading as much as possible, while respecting the current 
burnup limit of 62,000 GWd/tU for the lead rod average burnup. For IRIS, this roughly corresponds 
to a two-batch reloading scheme. 

3) Further improve fuel utilization by allowing the expected future limit of 75,000 MWd/tU. For IRIS, 
this roughly corresponds to a three-batch reloading scheme. 

Main parameters for the three scenarios are given in Table 1. 
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Table 1.  Refueling options for the current IRIS core design. 

 EMPHASIS ON 
PROLIFERATION 

RESISTANCE 
(Specific markets) 

REFERENCE 
OPTION 
(Used for  

Design Basis) 

HIGH BURNUP 
OPTION  

(When Licensable) 

Nominal  
reload strategy 

Single-Batch 
(Straight Burn) 

“Two”-Batch 
(Partial Reload) 

“Three”-Batch 
(Partial Reload) 

Number of  
fresh fuel assemblies 89 40-45 28-33 

Actual number  
of batches 1 1.98-2.22 2.70-3.18 

Fuel assemblies with 
4.95% 235U enrichment 69 40-45 28-33 

Fuel assemblies with 
reduced 235U enrichment 20 -- -- 

Cycle length  
(Years) 4.0 3.0-3.5 2.4-3.0 

Average discharge burnup 
(MWd/tU) 38-40,000 48-53,000 54-60,000 

Lead rod average burnup 
(MWd/tU) <50,000 <62,000 <75,000 

 

The first option, while maximizing the cycle length, leads to relatively poor fuel utilization represented by 
the discharge burnup of <40,000 MWd/tU, and consequently increased COE. It may be considered under 
specific conditions or for special markets, but generally it will not be pursued. 

The second option improves fuel utilization and increases discharge burnup, while respecting the current 
burnup regulatory limitations. The cycle length is somewhat reduced, i.e., less than full 4 years, but still 
notably more than in current PWRs.  

Finally, the third option further improves fuel utilization and discharge burnup, but the cycle length is further 
reduced. Implementation of this option may be considered only if and when the new burnup limit becomes 
approved, and then the economic evaluation will answer whether the improved fuel utilization justifies the 
reduced capacity factor (due to shorter cycle). Results of a preliminary economic analysis are shown in 
Figure 1. Some approximate as well as some generic assumptions have been employed, thus, the results 
should be taken qualitatively rather than quantitatively, but they still reveal main trends. 

The COE is depicted as a function of the number of batches, expressed relative to the straight-burn COE. 
The figure confirms the unfavorable economics for the straight-burn option, and indicates that going to two 
or more batches is desirable. There is a broad and rather flat optimum for reload schemes employing between 
two and three batches. Due to the very small difference in COE in this range, comparable to uncertainties 
due to assumptions, other considerations (e.g., lead rod burnup, or, spent fuel pool capacity) may become 
decisive factors instead.  

Therefore, the second option (two-batch reload), satisfying current burnup limitations, is currently selected 
as the reference option. It is not necessarily the optimum solution, but it offers a basis for performing an 
analysis of the core operational characteristics, transient behavior, safety performance, and economics 
evaluation. A configuration that offers some space for future optimization is in fact desirable at this stage of 
the project, since it includes some margin for small design modifications, if necessary, and thus provides a 
conservative basis for evaluations. 
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Figure 1.  Preliminary evaluation of COE vs. number of batches (relative to straight-burn). 

Finally, for the long-term design upgrades, which are outside the scope of this paper, IRIS is keeping open 
the possibility to use MOX fuel, as well as fissile content beyond 5%, and in the long-term even more 
advanced options (e.g., epithermal spectrum core) may be considered.  

It must be emphasized that the current IRIS licensing efforts are limited solely to the use of <5% UO2 fuel.  

 

3 TWO-BATCH CORE CONFIGURATION 
In the rest of this paper we focus on the two-batch loading strategy, i.e., about half the fuel assemblies (either 
44 or 45 out of 89) are replaced each cycle. Additionally, we consider use of erbium as burnable absorber 
(BA), in the form of erbia, Er2O3 directly mixed with the UO2 fuel. Figure 2 depicts the reactivity 
suppression when erbia or boron (in the form of IFBA) burnable absorbers are employed, showing that Erbia 
provides a more constant, longer-lasting suppression, but at the price of a residual reactivity penalty.  
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Figure 2.  Reactivity control obtained using erbium and boron as burnable absorbers. 

The two-batch core configuration, shown in Figure 3, employs a checkerboard pattern of fresh and once 
burnt fuel. Enrichment of the fresh fuel is 4.95 w/o. Erbia mixed with fuel is used as BA, in four different 
concentrations (denoted as Erbia 1 through Erbia 4) ranging from 1.95 to 0.40 w/o. The axial fuel stack is 
composed of the main central part with erbia, a short 4.95 w/o enriched region without erbia, and the top and 
bottom axial blankets employing reduced 235U enrichment (2.10 w/o).  
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Figure 3.  Two-batch core configuration. 

 

All core analyses presented in this study were performed using standard Westinghouse computer codes for 
PWR core design, including the two-dimensional transport theory assembly code, PHOENIX-P[6] and the 
advanced nodal code, ANC[7]. 

 

3.1 First Cycle 
In cycle 1 all the fuel is fresh; therefore, once-burnt fuel with 4.95 w/o initial enrichment is replaced by fresh 
fuel of reduced enrichment (2.1 w/o). Main operating characteristics of cycle 1 are presented in Figs. 4 and 5. 
Figure 4 shows critical soluble boron concentration, SB, while Figure 5 depicts peaking factors as a function 
of burnup. 
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Figure 4.  Critical soluble boron concentration. 
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Figure 5.  Peaking factors (radial, axial, total). 

 

3.2 Transition to Equilibrium cycle 
Following cycle 1, a self-generating shuffling pattern is applied, i.e., the same loading of fresh fuel and 
shuffling of once-burnt fuel is executed over subsequent cycles, until two successive cycles are practically 
identical. This is the equilibrium cycle corresponding to the selected self-generating pattern. Main 
parameters for the first 6 cycles and the equilibrium cycle are shown in Table 2. 

Table 2.  Main core parameters in transition cycles toward equilibrium 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Equilibrium 
Cycle 

Cycle Length 
(GWd/tU) 24.68 22.55 23.92 23.39 23.59 23.53 23.54 

Difference to 
Equilibrium Cycle (%) 4.84% -4.21% 1.61% -0.64% 0.21% -0.04% --- 

Boron Concentration 
(BOC-noXe, ppm) 1292 1042 1187 1149 1164 1158 1160 

Boron Concentration 
(peak, ppm) 1112 854 971 930 945 939 941 

Total peaking factor 
FQ (BOC-noXe) 1.956 2.138 1.957 2.002 2.002 1.993 2.000 

Total peaking factor 
FQ (peak) 1.916 2.047 1.842 1.872 1.851 1.863 1.858 

Radial peaking factor 
F∆H (BOC-noXe) 1.466 1.499 1.511 1.527 1.521 1.524 1.523 

Radial peaking factor 
F∆H (peak) 1.454 1.512 1.492 1.527 1.501 1.503 1.502 

 

It may be observed that all cycles are reasonably close, and all parameters approach their equilibrium cycle 
values through a form of “damped oscillations”. Already cycle 1 is not too different, cycle 4 is very close, 
and cycle 6 is the same to the equilibrium cycle for all practical purposes.  

 

3.3 Equilibrium cycle 
As shown in the table and in Figure 6, the soluble boron and cycle length are somewhat reduced after the 
first cycle and in the equilibrium cycle, because of the effect of residual erbium being transferred from cycle 
N to cycle N+1, whereas the fresh fuel of reduced enrichment in cycle 1 does not contain any erbium.   
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Figure 6.  Critical soluble boron concentration, first and equilibrium cycle. 
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Figure 7.  Total Peaking Factor, Fq vs. BU, first and equilibrium cycle 
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Figure 8.  Radial Peaking Factor, FdH vs. BU, first and equilibrium cycle 
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Examining in some detail the safety parameters, including the total and radial peaking factors given in Table 
2 and shown in Figs. 7 and 8, we can observe that already cycle 1 is similar to the equilibrium cycle. 
Moreover, the residual erbium and reduced soluble boron make the moderator temperature coefficient, MTC, 
more negative in the equilibrium cycle. Thus, cycle 1 may be used in preliminary analyses as a reasonable 
representation of the transition cycles and equilibrium cycle. Moreover, such use is conservative from the 
standpoint of safety analyses. 

 

4 ADDITIONAL FUEL MANAGEMENT ALTERNATIVES  
Several additional fuel management options have been considered, aiming at further improving the two-
batch reload scheme presented in Section 3. 

 

4.1 Core configurations with reduced amount of erbia 
One of the original objectives was to reduce soluble boron concentration during the cycle, and thus minimize 
the amount of liquid waste. For the reference two-batch design, erbia BA is used to control power 
distribution and reduce boron concentration, which (at full power, equilibrium xenon conditions) peaks in 
first cycle at 1112 ppm. This is a relatively low value considering the cycle length over 3 years. However, 
the associated erbium reactivity penalty is non-trivial. By reducing the concentration of erbia in fuel, this 
reactivity penalty may be reduced, but the peak boron concentration is higher. A modified core configuration 
with reduced erbia content was devised, satisfying the peaking factor requirements. Critical boron 
concentration of the original and modified core configurations are compared in Figure 9. The modified 
configuration extends cycle length by ~3%, potentially offering COE reduction, but the peak boron 
concentration is increased by ~230 ppm. Further analyses are needed to evaluate whether the less negative 
MTC is acceptable from the safety standpoint, and to assess economic impact of the increased liquid waste. 
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Figure 9.  Critical Boron Concentration (ppm) vs. BU (GWd/tU) for nominal and reduced Er content  

 

4.2 Use of isotopically modified erbium 
Another possibility to reduce the reactivity penalty is to use isotopically modified erbium. This option was 
examined in some detail in the companion paper.[8] If the required processes prove to be technologically and 
economically viable on a commercial scale, it would be possible to extend the cycle length by 3-7%. One 
specific comparison is given in Fig. 10; in this case, the cycle length is extended by ~6.6%, while the critical 
boron concentration increase (at peak value) is only a moderate 90 ppm.  
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Figure 10.  Critical Boron Concentration (ppm) vs. BU (GWd/tU) for natural Er isotopic composition and for pure 167Er  

 

4.3 Three-batch reloading scheme 
As already presented in Table 2, switching from a two-batch to a three-batch scheme would allow increasing 
the discharge burnup by ~10-15%. (Based on the simple linear reactivity model, this increase is ~12%.) 
However, the improved fuel utilization will be partly offset by the reduced capacity factor (due to a shorter 
cycle and more frequent outage). Additionally, the lead rod burnup would exceed the currently approved 
burnup limit.  Therefore, full evaluation of this option has for now been postponed. 

 

4.4 Use of 235U enrichment above 5%, or MOX fuel with increased fissile content 
To fully exploit the IRIS optimized maintenance, and at the same time improve fuel utilization, a core design 
enabling a 4 year long cycle together with a three-batch reloading scheme is desirable. However, this 
requires not only the increased allowed burnup, but also use of fuel with fissile content beyond 5%, utilizing 
either UO2 or MOX fuel.  

Limited, preliminary studies have been performed to assess this option. The results indicate basic viability 
and demonstrate that the enhanced p/d in IRIS facilitates achieving this objective.  

It must be emphasized that this approach is completely outside the current licensing efforts, but it is of long-
term interest for potential future IRIS design upgrades. 

 

5 CONCLUSIONS 
The IRIS reactor with its optimized maintenance enables an extended operating cycle, up to 48 months. A 
tradeoff between the achievable cycle length and fuel utilization was examined, together with several top-
level fuel management alternatives. The single-batch straight burn provides the longest cycle (4 years and 
longer) and highest proliferation resistance. However, fuel discharge burnup is low limiting this approach to 
specific markets.  Partial reloading (e.g., two- and three-batch refueling strategy) is preferred from the 
economics standpoint. A two-batch reference core configuration was developed, providing cycle length 
between 3 and 4 years. A self-consistent loading pattern was applied to generate the equilibrium cycle, and 
its main operating parameters were examined. It was shown that the first cycle provides a reasonable 
representation of the equilibrium and transition cycles; moreover, it is conservative from the standpoint of 
safety analyses. Thus, the first cycle core configuration is adopted in preliminary analyses to represent the 
range of conditions. Several alternate fuel management strategies have been considered as well. 
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