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reduced waste. In particular, a very long cycle or even a nuclear battery concept (core lifetime 
equal to module lifetime) was initially envisioned to maximize its proliferation resistance. 
However, as its design progressed at a faster pace than originally planned, and as it quickly 
became an attractive commercial entry for a near-term deployment, it became clear that only the 
present, licensed fuel technology is compatible with this accelerated deployment schedule.  
 
Thus, the reference core design, relies on uranium oxide fuel with current limitations on 
enrichment (below 5% enriched in 235U, and within the current regulatory burnup limit). The 
cycle length is between 30 and 48 months, compatible with this fuel, while providing adequate 
proliferation resistance, and optimizing economic performance, as discussed later in this paper.  
 
Other fuel management strategies and fuel options are also discussed in this paper. However, it 
should be noted that they may require lengthy and expensive fuel irradiation testing program. 
Therefore, they are not considered within the current licensing process, but are pursued 
separately as part of a long-term IRIS development for future upgrades. 
 
This distinction between: 

1. the reference core design, based on the licensed fuel technology, and considered in the 
licensing process, and,  

2. research of more advanced and more aggressive fuel management options and their 
possible future implementations, which is not part of the current licensing, 

cannot be emphasized strongly enough, and it should be kept in mind throughout this paper.   
 
The paper will introduce and discuss various fuel management challenges, options, approaches 
and solutions considered in the IRIS reactor.  

 
 

2. THE REFERENCE CORE DESIGN AND FUEL MANAGEMENT 
 

2.1. IRIS Reference Core Design 
 

IRIS core has a rated thermal power of 1000 MWt and consist of 89 fuel assemblies, arranged in 
the configuration shown in Fig. 1a. Fuel assemblies employ a standard 17x17 layout, as shown in 
Fig. 1b. 
 
The reference core design (that is used in the licensing process) relies on oxide fuel (UO2) with 
235U enrichment up to 5%. IRIS has been optimized so that maintenance shutdowns are not 
needed more frequently than every four years[5], thus enabling cycle length of up to 48 months. 
Moreover, economic evaluations indicated relatively small variation in fuel cycle cost for the 
cycle length in the range of 30 to 48 months, thus, this range was considered acceptable. 
 
A two-batch reloading strategy (i.e., replacing half the assemblies with fresh fuel enriched to 
4.95% at each refueling) has been developed, consistent with this objective. It provides cycle 
length of ~3.5 years and good fuel utilization, i.e., the discharge burnup approaches the allowed 
limit imposed through the regulatory requirement in U.S. that lead rod average burnup remains 
below 62 GWD/tU. A checkerboard loading pattern of the fresh and once burnt fuel is employed, 
as shown in Fig. 2.  
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Figure 1. (a) IRIS core configuration                     (b) Fuel assembly 17x17 lattice 
(position of control rods shown)            (guide and instrumentation tube positions indicated) 
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Figure 2. Two-batch fuel loading pattern 
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Erbia (Er2O3) is used as an integral burnable absorber, mixed with fuel, in four different 
concentrations as denoted by “Erbia 1” through “Erbia 4” in Fig. 2. It enables reducing soluble 
boron concentration to ~1000 ppm (at HFP and EqXe) in spite of the extended cycle length. Main 
core performance parameters during the cycle, i.e., critical boron concentration and peaking 
factors (radial, axial and total) are shown in Figs. 3 and 4. All analyses have been performed 
using standard licensed Westinghouse core physics codes [6,7]. 
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Figure 3. Critical soluble boron concentration 
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Figure 4. Peaking factors (radial, axial and total) 
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2.2. Measures to Improve Fuel Utilization 
 

While relying on current fuel technology, IRIS implements several measures to improve fuel 
utilization. These include: 
• Use of enhanced moderation. Compared to a typical PWR, fuel lattice pitch to fuel rod 

diameter ratio is increased in IRIS by several percent, to p/d=1.4. The resulting increase in 
reactivity, illustrated in Fig. 5, results in cycle length extension and fuel cost reduction around 
6%. 

• Use of low leakage loading pattern. Placement of low reactivity fuel at the core periphery 
(Fig. 2) to reduce neutron leakage is a standard practice in Westinghouse core designs. 
However, it is of special importance in IRIS due to its relatively small core size, hence, it is 
implemented as much as practical in IRIS fuel management.  

• Use of a radial stainless steel neutron reflector. Radial reflector further reduces neutron 
leakage and improves neutron economy, and, for the same reason as the low leakage loading 
pattern, is of special importance for the IRIS core. The reflector enables extending the cycle 
length by ~3%, improving fuel utilization and reducing fuel cost by a similar amount.  

• Increased fuel rod plenum volume. To accommodate increased fission gas release and thus 
enable higher burnup, as well as helium formation in the case of increased boron-based 
absorber loading, IRIS fuel incorporates a notably larger plenum volume. Due to the integral 
vessel configuration, sufficient space is available axially for such design solution, i.e., it is 
achieved in IRIS without the need to increase vessel height.  
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Figure 5. Gain in reactivity due to enhanced moderation 
 
 

2.3. Alternative Options Employing Current Fuel Technology 
 

 
In addition to the two-batch reference fuel management strategy, other approaches are possible, 
and the choice will depend on the primary reactor deployment objectives.  



B. Petrovic and F. Franceschini, Fuel Management Approach in IRIS Reactor 
 

 
Memorias CIC Cancún 2004 en CDROM 6/9 Proceedings IJM Cancun 2004 on CDROM

 

 
To maximize proliferation resistance, the cycle length should be extended as much as possible, 
while fuel shuffling and manipulation is minimized. In this case it is feasible to achieve cycle 
length of 4 years employing a straight-burn core (i.e., single batch, full core reload). Note that 
such cycle length in IRIS is feasible even with <5% enriched fuel, due to its moderate average 
linear heat generation rate. This option, while maximizing the cycle length, leads to relatively 
poor fuel utilization represented by the discharge burnup of <40,000 MWd/tU, and consequently 
increases cost of electricity. It may be considered under specific conditions or for special markets 
(geographically remote, isolated regions), but it will not be pursued for general market. 
 
On the other end, based on fuel cost considerations, we may aim to further improve fuel 
utilization by increasing the discharge burnup toward the expected future limit of 75,000 
MWd/tU. This requires a three-batch reloading scheme, whereas the cycle length is somewhat 
reduced as well. Implementation of this option will be considered only when the new burnup 
limit becomes approved, and then the economic evaluation will indicate whether the improved 
fuel utilization justifies the reduced capacity factor (due to shorter cycle).  
 
Summary of the main parameters for the three options using current fuel (UO2 with enrichment 
below 5%) is given in Table I. The second option is the reference one that improves fuel 
utilization and increases discharge burnup, while respecting the current burnup regulatory 
limitations. The cycle length is less than full 4 years, but it is still notably more than in current 
PWRs.  
 
 

Table I. Fuel management options employing current fuel technology.  
 

 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 
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Additional flexibility is provided by the possibility to employ different burnable absorbers. While 
the core configuration presented in Section 2.1 uses erbia, alternative designs employing 
gadolinia or boron (in the form of a thin ZrB2 pellet coating) are also feasible, based on 
preliminary analyses. It is worth noting that all three burnable absorber technologies are in use in 
current PWR core designs.  

 
 

3. LONG-TERM FUEL MANAGEMENT ALTERNATIVES 
 

Additional fuel management alternatives are considered for possible future implementation. They 
are pursued as part of long-term research efforts, and span a range from moderate modifications 
to more radical changes in design.  
 
3.1. MOX Core Design 
 
Preliminary analyses demonstrate that it is possible to devise fuel cycle with characteristics 
similar to the reference cycle while utilizing MOX fuel instead of UO2 fuel, with a similar fissile 
content of MOX to that of UO2 fuel, i.e., ~5% fissile Pu. There is a demand in some market 
segments to consider use of MOX fuel to address the long-term fuel supply availability. 
Moreover, with its enhanced moderation, IRIS is ideally suitable for effective use of reactor-
grade Pu, as well as for disposition of weapon-grade Pu. Further discussion on the effect of 
moderation is given in the next section. 
 
3.2. Increased Fissile Content and Cycle Length 
 
A long-term objective of IRIS development is to further extend cycle length, to 8 years or even 
longer. The 8-year fuel cycle may be implemented even with the current 4-year maintenance 
schedule, whereas there would be a short maintenance outage without fuel reload in the middle of 
each fuel cycle, only to perform the necessary maintenance activities. Eventually, maintenance 
schedule could be extended to allow for 8 years of operation without outage. 
 
A scoping study was performed to optimize fuel lattice parameters in this case. Achievable 
discharge burnups (assuming a single batch, straight burn depletion) are shown in Fig. 6 as a 
function of the p/d parameter, for UO2 and for MOX fuel, in each case for two different fissile 
contents. An economic optimum is achieved by balancing fuel utilization (requiring large p/d) 
and core volume (requiring small p/d), which in practice leads to selecting a p/d close to the 
discharge burnup plateau region. It may be observed that increased fissile content favors 
increased p/d, additionally, MOX fuel may require larger p/d than UO2 fuel to achieve similar 
fuel utilization. This requirement for a variable p/d may be fulfilled by keeping the lattice pitch p 
constant, and thus maintaining the interchangeability of fuel, while reducing the fuel rod 
diameter, d, to modify the ratio. Table II illustrates possible solutions for ~8 years straight burn 
cores, based on UO2 and MOX fuel. The fissile content is increased to ~7-8% 235U (for UO2) and 
to ~9-10% fissile Pu (for MOX), together with a p/d ratio increase from 1.4 to ~1.45 (UO2) and 
~1.7 (MOX). The 8-year long cycle also leads to increased discharge burnup, which may require 
fuel irradiation and testing program, especially for MOX fuel.  
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Figure 6. Achievable discharge burnup (in straight burn mode),  
as a function of p/d, for UO2 fuel (left) and MOX fuel (right) 

 
 
 

Table II. Fuel management options to enable 8-year cycle 
 

 Reference Core Future UO2 Upgrade Future MOX Upgrade 
Fuel Type UO2 <5% fissile UO2 >5% fissile MOX >5% fissile 

Fissile Content 4.95% ~7-8% ~9-10% 
Core Lifetime 
(straight burn) 

~4 years ~8 years ~8 years 

P/d 1.4 1.45 1.7 
Vm/Vf 2.0 2.2 3.7 

 
 
3.3. Epithermal Core Design 
 
An entirely different core design and fuel management approach is offered by considering 
epithermal cores. In this case, a very tight fuel lattice is employed, i.e., with p/d close to unity. 
This may potentially accomplish two objectives: 
(1) Tight lattice enables increasing the heavy metal loading as well as the heat transfer surface, 

within the same core volume, which may enable longer cycle and/or thermal power uprate.  
(2) In case of a very tight lattice, increased conversion ratio may be achieved as well, thus 

improving fuel utilization. In practice however, tightening the lattice (reducing p/d) will 
initially lower the achievable burnup, and it may not be feasible to design extremely tight 
lattices. 

 
Thus, a potential economic benefit in practice may be expected primarily from the power uprate, 
if such a design change is feasible. Due to the associated thermal-hydraulic design issues, a tight, 
epithermal lattice design is also a long term development item, separate from the mainstream 
development. An extensive study to evaluate this approach is reported in Ref. 8. 
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4. CONCLUSIONS 

 
Fuel management approach in IRIS has been presented and discussed. The reference fuel 
management strategy relies on the present, licensable fuel technology and respects current 
regulatory limits on maximum allowed burnup. It provides improved fuel utilization and enables 
extended fuel cycle of three to four years, thus contributing to favorable economics. This 
reference strategy is considered in the licensing process. However, additional options are 
considered separately as part of long-term research efforts for possible future implementation. 
These options may provide significant further benefits, but may also require significant 
development efforts and fuel irradiation testing program.  
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