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ABSTRACT 

As part of a program proposed by the OECD/NEA Working Party on Physics of Plutonium 
Recycling (WPPR) to evaluate different scenarios for the use of plutonium, fast reactor physics 
benchmarks were developed. In this paper, the fuel cycle performance of the metal-fueled 
benchmark is evaluated in detail. Benchmark results assess the reactor performance and 
toxicity behavior in a closed nuclear fuel cycle for a parametric variation of the conversion 
ratio between 0.5 and 1.0. Results indicate that a fast burner reactor closed fuel cycle can be 
utilized to significantly reduce the radiotoxicity destined for ultimate disposal. 

INTRODUCTION 

Plutonium is the most abundant of the man-made transuranic elements present in nuclear 
reactor spent fuel. A variety of opinions and national strategies exist regarding the nature of 
this by-product of nuclear energy production. Traditionally, plutonium has been considered 
a fuel material capable of extending resource utilization in a closed nuclear fuel cycle. 
However, the current abundance of fissile material (enriched uranium) and the cost for 
development and implementation of fuel recycling technology have led some nations to a 
continuation of existing once-through fuel cycles in the near-term. In a once-through fuel 
cycle, the spent fuel is simply a component of the waste; and the long-lived radiotoxicity of the 
transuranic elements (mostly plutonium) make them a concern for waste management 
considerations. 

Transuranics (TRU) dominate the long-term toxicity of spent nuclear fuel; thus, even if one 
elects to forsake the traditional resource extension rationale it may be desirable to recycle and 
"burn" transuranics from a was- rationale. An intense, sustained neutron flux 
is required to destroy (fission) significant amounts of TRU; all other methods of "disposition" 
amount to storage. Several possible neutron sources (e.g., a nuclear reactor, accelerators with 
spallation targets, etc.) have been proposed. The primary advantage of nuclear reactors 
systems is the already-demonstrated technology of fission reactors coupled to -an efficient 
secondary system for converting the fission energy into electrical power. All fission reactors 
"burn" TRU at the same rate (1 MW,,,-day per gram of TRU fissioned). However, different 
proposed reactor options have differing capabilities to extract all the energy from the TRU and 
thereby minimize the amount sent to the repository. 



Although originally developed to facilitate resource extension, fast reactors can easily be 
reconfigured to be net consumers of TRU (1,Z); and the OECD-NEA Working Party on the 
Physics of Plutonium Recycling has specified a fast burner recycle benchmark to assess the 
efficacy of interposing fast burner reactor recycle between the Light Water Reactor (LWR) 
once-through cycle and the geologic repository as a waste management option. One such 
benchmark is based on a 600 MW, metal fueled fast burner reactor and the pyroprocessing 
(PYR0) recycle technology; the fuel cycle strategy is: 

1. An external feedstream of U and TRU from the LWR cycle is provided to a 
closed fast burner reactor cycle. 

2. The plutonium is repeatedly recycled to the fast burner reactor, allowing 
eventual destruction of all the feedstock; burnups of 10-20 atom% of the reload 
batch can be achieved each fabrication/irradiation cycle, and the external 
feedstream provides makeup. 

3, In the recycle chemistry, all transuranics follow plutonium; all uranium and 
99.9% of all transuranics, are returned to the core; while a majority of the 
fission products and 0.1 % of transuranics go to the waste stream. 

In this paper, the solution to the NEA benchmark is used to evaluate the potential of a fast 
burner reactor closed fuel cycle to operate on LWR once-through spent fuel so as to reduce the 
waste radiotoxicity sent to the repository. The net radiotoxicity flow to the repository is 
evaluated Le., what leaves the fuel cycle vis-a-vis what enters it from the LWR once-through 
spent fuel - which otherwise would have gone to the repository. Radiotoxicity characteristics 
throughout the fuel cycle are evaluated for a parametric variation of the fast reactor core 
configuration; conversion ratios of roughly 0.5, 0.75, and 1.0 are evaluated. In addition, the 
nuclear and safety performance characteristics of these configurations are compared. 

BRIEF DESCRIPTION OF CORE CONFIGURATIONS 

As shown in Fig. 1, the geometric model for the burner core benchmark with a transuranic 
conversion ratio near 0.5 contains 420 hexagonal driver subassemblies and 30 control 
subassemblies in an annular arrangement with an internal reflector and an external reflector 
plus shield. The driver active core height is only 45 cm so as to enhance the leakage of 
neutrons which, in conventional designs, are captured by UZ8. 

A second configuration with a transuranic conversion ratio near 0.75 uses essentially the same 
layout as the above burner configuration; however a 15 cm thick blanket region is located 
below the fueled section of each driver subassembly. This design is here denoted as the 
moderate burner (or CRg0.75) core. 

A fissile self sufficient configuration with a transuranic conversion ratio slightly greater 1.0 
uses a layout similar to the burner design except additional blankets are used. As shown in 
Fig. 2, an internal blanket and an radial blanket are allocated. The driver active core height 
is still 45 cm. Below the active core in each driver subassembly is a thick (45 cm) blanket 
region. This design is called the converter (or CR=1.0) core in this paper. 

The power level of these core designs is 1575 MW,; and one third of the core is refueled each 
cycle. The cycle length is one year with an 85% capacity factor. Fresh assemblies are fueled 
with a blend of fmt reactor recycle material and makeup transuranic feed coming from LWR 
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Figure 1. Benchmark Burner Core Configuration 
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spent fuel. Specified ex-core processing intervals and recovery factors are indicated in Table I. 
In the fuel refabrication, transuranics recovered from the fast reactor recycle are fully utilized 
in the blending, and the LWR transuranics are used only as required for make-up. In the 
fabrication step, 99.9% of all TRU isotopes are recycled back to the reactor; and 0.1% go to 
the waste stream. In addition, 5% of the rare-earth fission products are recycled in the fuel 
cycle model. 

Table I. Fuel Cycle Assumptions 

Reactor Segment of Cycle 

Cycle Length 
Capacity Factor 
Power Rating 
Core Driver Refueling 
Blanket Refueling 

Recycle Segment of Cycle 

Cooling Interval 
Chemical Separation 
Blending & Fabrication 
Re-insertion into Reactor 

Chemical Partitioning Factors 

All TRU Isotopes 
Rare Earth Fission Products 
(excluding Y, Sm, and Eu) 

All Other Fission Products 

365 days 
85 % 
1515 MW, 
l/3 per cycle 
'15 per cycle 

365 days 
done on day 1 of second year 
done on day 184 of second year 
done on day 1 of third year 

% A Q B d W L  

99.9% 
5% 

0% 

0.1% 
95 % 

100 % 

CORE PERFORMANCE AND SAFETY RESULTS 

The neutronic and safety performance Characteristics for all three designs were evaluated for 
the equilibrium recycle case. In addition, a once-through case (no recycle and all TRU from 
LWR feed) was evaluated for the burner design. phis case indicates the startup situation 
before the TRU isotope composition has evolved to its steady-state distribution.) 

The neutronic and safety performance characteristics of the three recycle cases are compared 
to the once-through results in Table 11. As expected, the CR=0.5 core consumes transuranic 
at the quickest rate (255 kg/y);* the consumption rate of the CR=0.75 design is roughly '15 this 
rate, and the converter design has a net transuranic production of 10 kg/y. The burner 
(CR=0.5) configuration requires a higher recycle enrichment (increase from 26 to 30% 
TRU/HM) as compared to the once-through case; this increase is attributed to a build-up of 
P U * ~  in the recycle isotopics (3). In addition, the burnup swing is significantly lower (4.3%ak 
as compared to 5.3 %ak) in the recycle case, because Pu240 is a superior fertile material. The 
enrichment requirement steadily decreases to 22.5% as the conversion ratio is increased. The 
reduced enrichment requirement of the CR=0.75 and CR= 1.0 designs improves the internal 

*At 600 MW, and 85% capacity factor, the maximum theoretical rate of a CR=O core 
is 490 kg/y based on one gram of TRU fissioned per MW,, day. 



conversion ratio, and reduces the burnup reactivity swing from 4.3%ak in the CR=0.5 recycle 
case to roughly 3.5%ak. 

Table II. Burner pl 

/I 
~ 

Conversion Ratio 

Enrichment, %TRU/HM 

Burnup Swing, %Ak 

TRU Consumption, kgly 

Recycled TRU, kg/y 

Blending Ratio 
(Recycle/Total TRU Feed) 

I HM Loading, kg/y 

Delayed Neutron Fraction 

Doppler Coefficient, 

Sodium Void Worth,' 

Tdk/dT * 

%Ak/kk' 

Active Core 

Above-Core Plenum 

Total 
a. for voiding of flou 

Jtronic Perfom 

Burner 
Once-Thru 

0.46 

26.4 

-5.3 

244 

- 

0.00 

5785 

3.51E-3 

-1.06 

0.61 

-0.80 

-0.19 

nce Charactc 

Burner 
Recycle 

0.45 

30.2 

-4.3 

255 

1502 

0.86 

5833 

3.15E-3 

-0.67 

1.10 

-0.73 

0.37 
g sodium in the drivers only. 

istics Comi 

Moderate 
Burner 

0.67 

26.9 

-3.6 

148 

1416 

0.91 

8018 

3.25E-3 

-1.31 

1.00 

-0.73 

0.27 

rison 

Converter 

1.04 

22.5 

-3.5 

-10 

1316 

1-00 

15,499 

3.33E-3 

-1.56 

0.80 

-0.77 

0.03 

Variations in the safety characteristics are also observed for the parametric variation of the 
conversion ratio. The Doppler coefficient increases in magnitude from -1.35 X 10-3Tdk/dT in 
the CR=0.5 design to -1.8OX 10-3Tdk/dT in the CR=l.O design; this change is attributed to 
the higher UZ8 concentration in the reduced enrichment fuel and blanket zones. In a similar 
manner, the lower enrichment requirement for the once-through burner design leads to a 
significantly higher Doppler coefficient. The sodium void worth values given in Table I1 are 
for the driver regions alone; the blankets are assumed to remain flooded. Thus, the void worth 
is slightly reduced in the cR=0.75 and CR=1.0 designs as the blanket power fraction 
increases. A significant increase in the void worth (OS%AWkk') is observed between the 
once-through and recycle results; this change is caused by the buildup of Pu240 in the TRU 
inventory with recycle (see Re$ 3). Isotopic changes between the designs € a d  to small 
variations in the delayed neutron fraction. 

TOXICITY FLOW RESULTS 

The mass flow results were converted to toxicity units. The toxicity factors are constructed 
using the methodology described by Bernard L. Cohen, in "Effects of the ICRP Publication 30 



and the 1980 BEE Report on Hazard Assessments of High Level Waste," Health Physics, 42, 
N0.2, pp. 133-143, (1982) @&4) but using data from ICRP Publication 30, part 4, 1988 and 
BEIRIII, 1980. 

These isotopic toxicity factors quantify the fatal cancer doses per gram injected orally. They 
denote the hazard of the material rather than the risk because they do not include any account 
of pathway attenuation processes, but simply assume total oral ingestion. 

The in-reactor toxicity working inventory and the toxicity flow rates at several points in the 
closed fuel cycle are summarized in Table III. Using the CR=0.5 recycle case to illustrate the 
toxicity flow, it is seen that the feedstream has a toxicity of 3.51E7 CD units which is totally 
dominated by the toxicity of the TRU component. Within the reactor, the beginning of 
equilibrium cycle (BOEC) working inventory has a total toxicity of 2.25E9 CD units, and the 
end of equilibrium cycle (EOEC) inventory has a total toxicity of 2.30E9; the toxicity of the 
fission products component increases significantly during the cycle as more fission products 
(FP) are formed, while the TRU toxicity is relatively constant due to the competing effects of 
inventory reduction (burning) and a temporary mass increase of short-lived highly toxic 
isotopes (e.g., Cm244). Roughly, of the TRU inventory and 95 of the FP inventory are 
discharged from the reactor each year. However, the vast majority (99.9%) of the discharged 
TRU toxicity, 6.32E8, is recycled back to the reactor; with only 6.32E5 lost from the cycle 
to the waste stream, and the short-lived FP component (1.48E7) dominates the waste toxicity 
flow of 1.54E7. Thus, the outflow from the burner cycle is 55% less than the inflow. 

Table III. Comparison of Toxicity Flows 
(all toxicities in 

Feed Stream, CD/y 
Uranium" 
Transuranics 

BOEC Inventory, CD 
Uranium 
Transuranics 

Long-lived FP 
Short-lived FP 

EOEC Inventory, CD 
Uranium 
Transuranics 
Short-lived FP 
Long-lived FP 

Recycled Feed, CD/y 
Transuranics 

Waste Stream, CD/y 
Transuranics 
Short-lived FP 

lancer Dose Un 

CR=0.5 
Once-Through 

6.54E2 
2.06E8 

4.06E1 
6.57E8 
1.90E7 
1.29E2 

6.65E1 
1.04E9 
3.72E7 
2.50E2 

- 

3.22E8 
1.53E7 

Long-lived FP 1.03E2 
a. includes toxicity of equilibrium d 

mill tailings 

5 CDperther 

CR=0.5 
Recycle 

6.34E2 
3.51E7 

1.40E2 
2.23E9 
1.84E7 
1.20E2 

1.87E2 
2.26E9 
3.58E7 
2.40E2 

6.32E8 

6.32E5 
1.48E7 
1.00E2 

ighters (e.g.7 E 

$hod of Cohen) 

CR =0.75 
Recycle 

9.87E2 
2.03E7 

1.24E2 
1.54E9 
1.90E7 
1.25E2 

1.56E2 
1.57E9 
3.67E7 
2.43E2 

4.39E8 

4.39E5 
1 S3E7 
1.02E2 

2147 which are 

L 
CR=l.O 
Recycle 

2.18E3 - 

1.29E2 
4.11E8 
2.02E7 
1.32E2 

1.38E2 
4.25E8 
3.90E7 
2.56E2 

1.21E8 

1.21E5 
1.62E7 
1.07E2 

irnped in the 



A comparison of the toxicity flow data for the various cases reveals several features: 

1. For the burner designs, the toxicity flow to the waste stream is significantly 
smaller than that which is inflowing from the LWR once-through cycle - which 
otherwise was destined for the repository. For the CR=0.5 case, the toxicity 
flow to the repository can be reduced to roughly half and for the CR=0.75 
design, the toxicity is reduced by 25 % . 

** 

2. The toxicity working inventory in the reactor is more than 100 times higher 
than the annual feed or waste toxicities flows, and is dominated by the TRU 
component. The asymptotic TRU composition depends on the core conversion 
ratio, and become PuZ9 rich as the conversion ratio approaches 1.0; as a result, 
the in-core toxicity is significantly lower (factor of 5) in the CR=1.0 and 
once-through systems than in the recycled burner design. 

3. For the CR=l.O design, the toxicity flow to the waste is higher than the toxicity 
feed rate. This is because in the CR=l.O case no TRU is present in the feed, 
only uranium feed is required, and the toxicity factors for the uranium isotopes 
are much smaller than those of TRU (by over four orders of magnitude). 

In the feedstream from LWR spent fuel, the toxicity is dominated by the TRU component 
which for the most part are long-lived isotopes; whereas, the waste stream toxicity from the 
fast reactor cycle is dominated by the short-lived FP component. Thus, the net toxicity flow 
(toxicity of the fast burner reactor waste stream as compared to its feedstream) will be 
significantly altered by radioactive decay subsequent to discharge. The components of the 
time-dependent toxicity of the waste and feedstreams for decay times up to 1E6 years are 
shown in Figs. 3, 4, and 5 for the recycle CR=0.5, 0.75, and 1.0 cases, respectively. It is 
seen in Fig. 3 that the toxicity of the FP-dominated waste stream decays by three orders of 
magnitude over the first 500 years. Over the same time period the toxicity of the 
TRU-dominatedfeedstream from the LWR cycle - which otherwise would have been sent to 
the repository - would have decayed by only one order of magnitude. These results show that 
whereas an immediate factor of two net reduction is achieved, the truly beneficial payoff occurs 
in the nearly two orders of magnitude net reduction in lmgk~-term tmicity achieved by 
interposing a fast burner reactor cycle between the LWR cycle and the repository. Figure 4 
shows similar favorable net flows for the CR=0.75 fast burner design. 

Figures 3 and 4 display a little-appreciated result; once both the short-lived fission product and 
TRU toxicities have decayed sufficiently, the net toxicity flow to the earth's crust is negative 
as the legacy of nuclear power; -- Le. , the toxicity removed in uranium ore and its daughters 
exceeds that which is returned in long-lived fission products (4,5). The potential for 
ecologically-beneficial energy production via a closed fast reactor fuel cycle thus rests on an 
assured means to sequester the short-lived fission products for the 500 years required for them 
to decay to a toxicity below that of the long-lived fission products and a sufficiently small 
leakage rate of the TRU out of the fuel cycle. In all cases considered (including the CR= 1.0 
case ), the waste stream toxicity falls below the uranium toxicity at roughly 50,000 years. A 
lower TRU loss rate to the waste stream (factor of 15 improvement in the 0.1 % used in this 
study) would be required for net negative return of toxicity at a < 1,000 year decay interval. 

** 
The impact on repository heat loading subsequent to several decades would be 

similarly impacted, but is not the focus of this paper. 





In any case given the already-existing TRU inventory from LWRs, the results show that a fast 
burner reactor closed fuel cycle has a net negative toxicity flow per unit energy benefit and 
could be used in symbiosis with LWRs to counteract the net positive toxicity generation per 
unit energy of existing once-through fuel cycles and thereby reduce the radiotoxicity destined 
for the repository. 

REFERENCES 

(1) M. Salvatores, I. Slessarev, and M. Uematsu, "A Global Physics Approach to 
Transmutation of Radioactive Nuclei, ' I  Nuclear Science and Engineering, 116, 1 (1994). 
(2) J. E. Quinn, P. M. Magee, M. L. Thompson, and T. Wu, "ALMR Fuel Cycle Flexibility, " 
Proc. American Power Conference, 55, 1079 (1993). 
(3) R. N. Hill, D. C. Wade, J. R. Liaw, and E. K. Fujita, 'Physics Studies of Weapons 
Plutonium Disposition in the IFR Closed Fuel Cycle, Proc. Topical Mtg. On Advances in 
Reactor physics, Knoxville, Tennessee, April 11-15, 1994, Vol. I,  p .  43. 
(4) B. L. Cohen, "Efects of ICRP Publication 30 and the 1980 BEIR Repon on Hazard 
Assessments of High-Level Wmte, ' I  Health Physics, 42, 133 (1982). 
(5) H. Sekimoto, "Physics of Future Equilibrium State of Nuclear Energy Utilization," 
Proceedings Inmnaionul Gmfirence on Reactor Physics and Reactor Compumions, Tel-Aviv, 
Israel, Jan. 23-26, 1994. 


