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C.l ENVIRONMENTAL AND ECOLOGICAL ASPECTS SPECIFIC TO FAST 
BREEDER REACTORS 

C.l.l Reduced Mining Activities 

Since breeder reactors require significantly less uranium feed per 
unit of electrical output than LWRs, there is a corresponding reduction in 
the environmental effects of uranium mining and milling activities associated 
with breeders for comparable generating capacity. The use of existing stock
piles of depleted uranium as fertile material in breeders would further 
reduce mining demands. The following section summarizes the environmental 
effects associated with the mining and milling activities required co support 
a 1000 MWe LWR as a basis for the discussions of the implications of FBR 
deployment. 

An LWR plant may operate with or without recycle of uranium from the 
spent fuel with reduction in the natural uranium requirement of roughly 20Z 
with recycle. The ore utilized in uranium production is assumed to be 0.1 
percent II3O9. Table C.l-1 contains a summary of Impacts from mining, milling, 
and callings disposal to support a 1000 W e LWR over its 30 year life. 
Quantities relating to ore and uranium concentrate production, overburden 
removal, land commitments, and water use were derived from studies conducted 
by EPA1 and AEC2 (now NRC). A more recent 0R8L report3 reflecting state-of-
the-art control techniques was utilized la the derivation of radiological 
release quantities. The data from these documents were reduced to a consistent 
basis and normalized to the 30 year fuel requirements of the model LWR for 
both "throwaway" and uranium recycle cases. 

The major areas of environmental concern in uranium mining and milling 
are 1) the long-term stabilization of tailings, 2) liquid, particulate, and 
gaseous radioactive emissions from mining, milling, and tailings disposal, 
3) water use, and 4) temporary and permanent land use restrictions. Emissions 
from fossil fuel combustion in mining and milling processes are small compared 
to those from other portions of the LWR fuel cycle and are not discussed in 
this study. 

•» The data in Table C.l-1 summarize the effects from uranium mining, 
milling, and tailing disposal. Over 99 percent of the ore is rejected in the 
tailings along with large quantities of acidic or alkaline leaching solutions. 
Although most of the uranium is removed, long-lived radioactive daughter pro
ducts such as chorium-230 (half life 77,000 yr) and radium-226 (half life 
1620 yr) remain Is the tailings. Radon-222, the daughter of radium-226, has 
a half life of 3.82 days and since it is a noble gas, it say diffuse from the 
tailings to the atmosphere. Emanation of radon continues as long as radium 
remains in the tailings and therefore the tailings are a long-term source 
of radon-222 and lea daughters. 

To reduce the environmental effects of callings, the CSNRC has proposed 
the following criteria for the design of tailings Impoundments: 
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TABLE C.1-1. Summary of Environmental Effects from Mining and Milling 
Necessary to Supply Lifetime (30 yr) Fuel Requirements 

to a Model 1000 M»e LVR 

No 
Uranium Recycle Uranium Recycle 

Uranium Concentrates Produced (MI) 
Ore (0.1Z U30g) Processed (MT) 
Overburden Removed (MT) 

Land Commitments From Mining 
Temporary disturbed (ha) 
Permanent disturbed (ha) 

Land Commitments From Milling 
Temporary disturbed (ha) 
Permanent (Tailings Impoundment)(ha) 

Water Use 
Mine Devatering (m3) 
Tailings Evaporation (a3) 

Radiological Releases 
Operations • 

Mine 
Ra222 (Ci) 7300 5900 

Mill 
B nat (Ci) 
Th-230 (CI) 
Ra-226 (CI) 
Ra daughters (Ci) • 
Rn-220 (CI) 

Tailings Disposal* 
U nat (Ci/yr) 
Th-230 (Ci/yr) 
Ra-226 (Ci/yr) 
Ba-220 (Ci/yr) 

Ra daughters (Ci/yr) 

'Atmospheric emissions from unstabilized tailings pile. 
See Table C. 1,1-2 and text. 

6600 
6.6 x 106 

2.0 x 10a 

510 
61 

8 
36 

1.7 x l O 7 

9.0 x 10* 

5500 
5.5 x 103 

1.6 x 108 

410 
49 

7 
29 

1.4 x 107 

7.4 x I0 a 

1.1 
0.08 
0.12 
0.08 

1.5 x 10* 

1.9 x 10"3 

0.023 
0.0171, 

3.2 x 103 

0.017 

0.5 
0.07 
0.10 
0.07 

1.3 x 10* 

1.6 x lo"9 

0.019 
0.0141 

2.6 x 10J 

0.014 
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Siting and Design 

1. Locate the tailings isolation area reoote from people such 
that population exposures would be reduced to the maximum 
extent reasonably achievable. 

2. Locate the tailings isolation area such that disruption and 
dispersion by natural forces is eliminated or reduced to 
the maximtai extent reasonably achievable. 

3. Design the isolation area such that seepage of toxic 
materials into the groundwater system '.s eliminated or 
reduced to the maximum extent reasonably achievable. 

During Operations 

4. Eliminate the blowing of tailings to unrestricted areas 
during normal operating conditions. 

Post Reclamation 

5. Reduce direct gamma radiation from the impoundment area 
to essentially background. 

6. Reduce the radon emanation race from the impoundment 
area to about twice the emanation rate in the surrounding 
environs. 

7. Eliminate the need for an ongoing monitoring and mainten
ance program following successful reclamations. 

8. Provide surety arrangements to assure that sufficient 
funds are available to complete the full reclamation plan. 

Successful implementation of these performance objectives in new or 
existing facilities would result in a decrease in the environmental effects 
of uranium production. Table C.l-2 compares the uncontroled releases from 
the tailings Impoundment (Table C.l-1) and values based on the guidelines 
with the releases from Impoundment areas "stabilized" with 15 cm (O.S ft) 
and 6 m (20 ft) covers of sandy soil. The table reveals chat the "twice 
background" radon emanation criterion represents a very significant decrease 
which Is attainable only with significant effort. The cover thickness may be 
reduced through the use of packed clay In forming a radon diffusion barrier. 
Practical limitations may prevent the universal application of all the above 
criteria to present and future tailings impoundments. In such cases, the 
annual releases of radon would be greater and eventu.nl exposure of the 
tailings by erosion are not precluded. 

For the same overall nuclear energy generation, the deployment of FBRs 
would reduce the total uranium consumption to a few percent of that required 
for LWRs. A mixed system thus requires significantly less uranium than a 
pure LWR system. In terms of the principal environmental effects (land use, 
water consumption, and radiological impacts) the implications of FSR deployment 
are related to the extent of nuclear power utilization and the degree to 

http://eventu.nl
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TA3LE C.l-2. Reduction in Radioactive Ataospheric Emissions 
from Tailings Piles Following Stabilization 

D oat (Ci/yr) 
Th 230 (Ci/yr) 
Ra 226 (Ci/yr) 
Ra daughters (Ci/yr) 
Radon 222 (Ci/yr) 

Rates of Tailings 
to background 
Radon emanation 

No Stabilization* 

0.002 
0.023 
0.017 
0.017 

3.2 * 103 

175 

IS ca Cover 

0 
0 
0 
0 

2.9 x 103 

160 

6 m Cover 

0 
0 

o-
0 
70.4 

i * 

Stabilized 
According to 

SRC 
Guidelines 

0 
0 
0 
0 
36.3 

2 

*Valu*r from Table C.1.1-1 

Assumes low moisture, coarse soil cover 

cAssumes 0.1Z U3O3 are tailings 
Background radon emanation estimated by 

1 pCi Ra-226/ SQ±1 x1.6 pCi Ra-222 x36 ha x loV x 3#15 x lfl7 gec 

_ ha 
pCiRa-266 m -sec 
g soil 

7* 

x 10"12Ci - 18.16 Ci/yr Rn-222. 
pCi 
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which the ta i l ings p i l e s are s tabi l ized. If ta i l ings p i l es are s tabi l ized 
worldwide to the extent indicated by the USNRC guidelines then this problem 
i s reduced to a point where further reductions attributable to FBR deployment 
would pxobably by judged insignif icant. 

The most significant implication of FBR deployment wi l l be on land and 
water use, and possibly other resources required for mining low grade ores, 
particularly i f worldwide nuclear power ut i l i za t ion reaches a leve l that 
requires exploiting much lower grade ores than the 0.1Z U308 assumed in 
Table C. l -1 . Current projections of nuclear power u t i l i z a t i o n and uranium 
reserves indicate that extensive mining of low grade ores could be required 
in the early decades of the next century without FBR deployment. Since the 
technology that might be used in extensive mining of low grade ores i s not 
now available I t i s not possible to quantify the benefits attributable to FBR 
deployment. If one assumes that s ignif icant quantities of low grade ores are 
mined using conventional technology, the reduction in environmental impacts 
from mining attributable to FBR deployment would be substantial. All of the 
assessments presented herein are based upon current U.S. dose l imitat ions . 
These may change within the U.S. and worldwide standards do not yet e x i s t . 

C.1.2 Absence of the Fuel-Cycle Steps Connected with Uranium Enrichment 

So U.S. contribution. 

C.1.3 The U.S. Operating Experience with the Experimental Breeder 
Reactor-II (E3R-II) 

A review of radiation exposures of personnel working at the U.S. 
Experimental Breeder Reactor-II (SBR-II) was made to see what leve ls of 
exposure might be expected in a sodium cooled fast breeder f a c i l i t y . The 
radiation exposures are given in Table C.l-3 for the years 1970 through 
1976. Personnel are di".ded into three categories; reactor operators, 
instrument and control personnel, and a small group who performed maintenance 
primarily on radioactive systems. The exposures are the total measured 
radiation recleved by each of the individuals. The total exposure received 
by each group during a year i s l i s t e d »a tho Total Man-Rem. The minimum, 
maxiumum and average exposure i s also l i s t e d . 

The time, seven years, i s long enough co include a number of special 
operations which significantly influence the personnel exposure including 
the removal, repair and replacement of the No. 1 primary sodium pump, fuel 
unloading machine repair and maintenance, and the removal and replacement of 
instrument thimbles in the primary tank. 

The table shows that the exposures of the reactor operators are 
gradually Increasing. This i s due to the increasing act iv i ty building up in 
al l the reactor components. The exposures of the instrumentation and main
tenance personnel show a wider variation due mainly to the different 
act iv i t ies that are encountered during a particular year. 

The table shows that the exposures received are re lat ive ly low for 
this type of operation. The maximum individual exposure i s l e s s than 
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TABLE C.l-3. Exposure Histories For EBR-II Personnel 

Number 
of 

People 

Individual 
High 

Exposur 
oRea 

Individual 
Low 

Exposure 
tnRem 

Total 
ManRem 

Average 
mRem 

Operations 

1970 
1971 
1972 
1973 
1974 
1975 
1976 

51 
48 
52 
60 
58 
65 
67 

200 
440 
600 
320 
495 
475 
455 

0 
0 
0 
0 
0 
0 
0 

100 
210 
600 
275 
43; 
675 

6.993 

21 
66 
50 
55 
92 
103 
104 

Instrumentation 

1970 
1971 
1972 
1973 
1974 
1975 
1976 

Maintenance 

1970 
1971 
1972 
1973 
1974 
1975 
1976 

13 
13 
18 
14 
26 
31 
34 

5 
5 
4 
3 
5 
6 
6 

500 
740 
675 
350 
1330 
430 
625 

1095 
1420 
965 
865 
715 
1595 
1210 

0 
0 
0 
0 
0 
0 
0 

250 
315 
230 
0 
75 
75 
120 

1.810 
4.120 
6.150 
2.290 
6.840 
4.470 
5.980 

2.995 
4.500 
2.400 
0.945 
1.660 
6.070 
5.160 

139 
228 
341 
163 
263 
144 
176 

591 
900 
600 
315 
332 
1011 
860 
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1600 mRem for a year and the overall average i s 143 mRem per year. All of 
these values are well under the plant manager (Argonne National Laboratory) 
goal of l e ss than 2000 mRem for any individual working in act ive areas. 
This review indicates that the EBR-II radiation exposures have been re la 
t ive ly low and well within current exposure guidelines. 

C.1.4 Comparison of Fabrication and Reprocessing Plant Effluents from FBR 
and LWR Fuel Cycle 

Fuel fabrication and reprocessing operations are not s ignif icant ly 
different for LWR-Pu Recycle and FBR oxide fue l s , and l i t t l e difference 
ex i s t s i n their l iquid chemical ef f luents . The differences which do ex i s t 
derive from the greater degradation of the organic reprocessing solvent re 
sulting from the shorter cooling time of FBR fuel and the l ike ly use of 
hydrofluoric acid in the dissolution of thorium based and/or Fu/U/Zr metal 
fuels . 

Radiological effluents from the fabrication and reprocessing operations 
are l imited to atmospheric releases s ince technology i s available to ensure 
essential ly zero release of radionuclides i n process l iquids . A comparative 
study of relat ive airborne Plutonium release from the fabrication and repro
cessing operation in LWR and FBR fuel cycles has been reported in Ref. 4 . 
The comparison was normalized to ug Pu released per MWe-year of energy 
produced. 

The reference LWR-U cycle provides for the fueling of LWRs only with 
s l ight ly enriched uranium, which may be either virgin or recycle. Since no 
Plutonium i s involved in fueling LWR-Us, the fabrication of f inished fuel 
assemblies i s not considered. In th i s cycle, Plutonium bearing spent fuel i s 
processed for the recovery and subsequent recycle of uranium. Plutonium i s 
recovered and stored, and high-level wastes are treated for disposal . Recycle 
uranium i s converted to UFg, re-enriched, converted to U02, and fabricated 
into fuel assemblies. Plutonium i s converted to PuOz at the processing plant 
and i s subsequently shipped to a storage f a c i l i t y . High-level wastes that 
may contain small quantities of transuranium compounds are converted to sol ids 
at the processing plant and are shipped to a disposal s i t e . 

The LWR-Pu cycle differs from the LWR-U cycle in that the separated 
Plutonium at the processing plant undergoes operations designed to recycle 
i t back to a reactor. The Plutonium i s converted to oxide at the processing 
plant. At a fabrication f a c i l i t y designed for plutonlum handling, plutonium 
and s l ight ly enriched uranium are fabricated into mixed-oxide fuel assemblies 
that are subsequently shipped to a reactor. The other portions of the cycle 
are basical ly the same as those for the LWR-U cycle . 

In an FBR cycle, the core, axial blankets, and radial blankets d i s 
charged from an FBR are processed together for the separation of uranium, 
plutonium, and f i ss ion products. Uranium and plutonlum are each converted to 
oxide at the processing plant and then shipped to fabrication f a c i l i t i e s . 
It i s assumed that excess plutonium not needed for the fabrication of reload 
assemblies i s processed and fabricated into mixed-oxide core assemblies for 
use in other reactors. The high-level waste i s converted to so l id form at 
the processing plant and i s shipped to a disposal s i t e . 
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References for the LWR-U and LWR-Pu cores are the 1000 MWe reactors 
described in GESMO5»5 with a capacity factor of 0.8 assumed for both reactors . 
The resulting plutonium mass flows per GWe/year are shown in Table C. l -4 . 
The LWR-Pu described in GESMO i s a 1.15 Self-Generating Reactor (SGR). 
A 1.00 SGR, according to this concept, i s a reactor that i s to ta l ly s e l f -
suff icient on i t s own plutonium. Plutonium i s discharged, processed,and 
returned to the reactor with no additions or removals, except for processing 
and fabrication losses incurred. The 1.15 SGR reactor u t i l i z e s an additional 
quantity of plutonium supplied by other reactors over and above that of i t s 
own recycle plutonium. The plutonium discharge and charge numbers from GESMO 
wi l l thus be somewhat higher than those for an equilibrium 1.00 SGR. 

The LMFBR reactor used as a reference i s the Atomic International 
reference oxide reactor as described in a report from Oak Ridge National 
Laboratory.3 The plant factor i s 0 .8. The annual discharges from the 
core, axial blanket, and radial blanket are 8 .4 , 4.88, and 10 MT, respectively, 
for a total of 23.3 MT. Averaged over a l l of the material discharged, the 
burnup i s equivalent to 32,977 MW(t)d/MT. The stated plutonium content of 
spent fuel i s 85.9 kg/MT, which converts to 2000 kg for Che reactor. If the 
plutonium charged has an isotopic composition equivalent to that discharged, 
the annual charge rate i s 1797 kg total plutonium. The normalized values per 
gigawatt-year of e l ec tr ica l energy are 2500 and 2246 kg, respect ively. These 
values are summarized in Table C.l-4. 

To make allowance for developing technology in effluent control, an 
estimate for each fuel cycle was made for three stages of technology: (a) 
practices of a ir cleaning in plants presently operating; (b) current a i r -
cleaning technology as applied to proposed or hypothetical plants; and (c) 
improved practices based on projected future applications and/or advanced 
technology. The principal form of plutonium release i s airborne particulate, 
of a reasonably well characterized chemical form and part ic le - s ize distr ibution. 
The chemical form depends on the material source and i s so l id plutonium 
dioxide from so l id fuel material and solid plutonium nitrate from the evapo
ration of droplets of process solution. 

The numerical estimates of airborne plutonium release were based on 
a select ion of the best available plant data in the l i terature , for plants 
under construction, and for state-of-the-art proposed plants. Basic perfor
mance data for HEPA f i l t e r s with respect to col lect ion efficiency were derived 
from LASL t e s t s . 7 Factors of judgment were applied to allow for degradation 
in service and to alternative reference designs with an additional stage of 
f i l t ra t ion . The resulting release fraction for current practice, current 
technology capability, and projected technology capability are shown in 
Table C.l-5. 

Assuming equal fractions of plutonium released in equivalent fuel 
cycle f a c i l i t i e s , the results of combining the mass flows of Table C.l-4 
wish the release fraction of Table C.l-5 are shown in Table C. l -6 . 

The plutonium release [per GW(«;-yr of generated power] for l i ght 
water reactors with plutonium recycle i s about twice that for l i ght water 
reactors with uranium fuel , and the release for LMFBRs i s about four times 
that for l ight water reactors with plutonium recycle. 
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TABLE C.l-4. Hcnaalized Plutonium Flows in 
Three Reference Reactors 

Reactor Type 

LWR-0 

LWR-Pu 

LMF3R 

Stream 

Charge 
Discharge 

Charge 
Discharge 

Charge 
Discharge 

Normalized Plutonium 
Flow [kg/G»(e)-yr] 

0.0 
344.7 

731.2 
716.2 

2246 
2500 
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TABLE C.l-5. Summary of Reference Values for Plutonium 
Releases in Processing and Fabrication 

Plants for Various Time Periods 

Reference Fractional Releases 

Processing Fabrication 

Current practice 1 x ior« • l x i<r9 

Current technology 
capability 1 x 10-10 1 * 1 0 - 1 2 

Projected technology 
capability 1 * 10 r i * 1 x io - 1 5 
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TABLE C.l-6. Source Term for Plutonium Releases 
from Three Ex-Reactor Cycles 

Reactor Cycle 

LWR-U 
Fabrication 
Processing 

URt-Pu 
Fabrication 
Processing 

LMFBR 
Fabrication 
Processing 

Current 
Practice 

3,447 

3,447 

731 
7.162 

7,893 

2,246 
25.000 

27,246 

Plutonium Release (ug/GW(e)-yr) 

Current Technology 
Capability 

34.5 

34.5 

0.73 
71.62 

72.35 

2.2 
250.0 

252.2 

Projected Technology 
Capability 

0.O03 

0.003 

C.O007 
0.0072 

0.0379 

J. 002 
0.025 

3.027 
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The biological toxicity of the plutonium released depends on the i s o -
topic nix (Pu2**1 i s a S emitter while a l l others are a emitters) 
and on the particle s ize distribution. When expressed in curies of <x radiation 
the data of Table C.l-6 are as shown in Table C.l-7. 

To supplement the plutonium aerosol release information given i n 
Table C.l-6, data are provided in Tables C.l-8 and C.l-9 for overall a i r 
borne radioactivity release from the reprocessing and waste so l id i f icat ion 
steps of FBR and LWR fuel cycles based on Ci/year per tonne heavy metal pro
cessed. The assumptions In the calculation for the FBRS and LWR* releases 
are discusaed in the references and are characteristic of current practice 
In each type although not entirely consistent with each other. Although 
spent fuel cooling times for an FBR are expected to be considerably shorter 
than for an LWR, Table C.l-8 and C.l-9 are both given for 150 day cooling to 
permit a comparison of the fuel composition e f fec t s . 

The values of Tables C.l-8 and C.l-9 are based on the release fractions 
reported i n Ref. 3. However, in the time frame that coranercial FBR repro
cessing plants might be bui l t , s ignif icant reductions in the atmospheric 
effluent release fractions are considered to be attainable without severe 
cost penalt ies . 5 

C.1.5 Comparison of Reprocessing Waste Characteristics and Waste Management 
Considerations for FBR and Thermal Reactor Systems 

Significant variations occur in the composition of high-level 
wastes (ELW) generated by the various reactor concepts presently available 
because of differences aoo*<<r types of fuel , neutron energy spectra and 
flux l eve l s , length of fuel irradiation, and overall fuel eff iciency. 
Several analyses*-11* have compared the compositions and radioactivit ies of 
wastes generated by l ight water reactors (LWRs), fast breeder reactors (FBRs), 
and thermal converter reactors. These reactor types are characteristic of 
enriched 2 3 5 U, 239Pu, and 233U fuel burners respectively, which can be repre
sented by the present designs for pressurized water reactors (?WRs), l iquid-
metal fast breeder reactors (LMFBRs), and high-temperature gas-cooled reac
tors (ETGRs). 

Calculated estimates of the radioactivity of significant radionuclides 
in BLW generated by reprocessing fuel from each of the above reactor concepts 
are presented i s Table C.l-10. This table l i s t s the Curie content of each 
waste type at 10 and 1000 years after fuel reprocessing, on a per GWe-year 
basis . The data given are for typical fuel burnup conditions for each fuel 
type, based on the assumption that a l l of the tritium and noble-gas f i s s ion 
produces and 99.9% of che iodine and bromine f i ss ion products are separated 
from the RLW during the reprocessing s tep. In addition, the leve ls of a c t i -
nides in the waste are based on the assumption that 0.5% of the uranium and 
Plutonium in the FWR and LMFBR fuels , 0.5% of the thorium and uranium in 
the HTGR fuel , and 100% of a l l other actiaidss in the fuels at Che time of 
reprocessing are present in the waste. Reference 6 should be consulted for 
other assumptions going into the calculations. 

While the waste from the three fuel types are basically similar, the 
most significant differences in the radionuclide content between the three 
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TABLE C.l-7. Source Term for Plutonium Releases 
from Three Ex-Reactor Cycles 

Reactor Cycle 

LWR-D 
Fabrication 
Processing 

LWR-Pu 
Fabrication 
Processing 

LMFBR 
Fabrication 
Processing 

Plutonium Release (uC. (a Radiation)/GW(e)-yr) 

Current 
Practice 

1.517 

1,517 

522 
5.114 

5,636 

642 
7.150 

Current Technology 
Capability 

15.2 

15.2 

0.52 
51.14 

51.66 

0.6 
71.5 

Projected Technology 
Capability 

0.001 

0.001 

0.0005 
0.0051 

0.0056 

J. 001 
0.007 

7,792 72.1 0.009 
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TABLE C.l-8. Radionuclides Released To the Atmosphere 
From An FBR Fuel Reprocessing, Conversion, 

and Waste Solidification Facilities 

Nuclide Ci/yr/MTHM 

% 

i*c . 

flSRr 

9 0 S r 

I29i 

131-, 

U*Cs 

I37C s 

238P u 

239pu 

2 * 0 ^ 

2^Pu 

Mim 

2 « G D 

2<»«»ca 

1 .1 

3 .0 

8.S 

9.5 

2 .0 

3.S 

5 .2 

2 .5 

9 .4 

1.9 

2 .6 

3 .0 

4 .8 

8 .6 

3 .0 

3 
x 10 

3 
x 10 

3 
x 10 

5 
x 10 

_3 
x 10 

J. 
x 10 

_5 
x 10 

x 10" 
_5 

x 10 
_5 

x 10 
_5 

x 10 
_3 

x 10 
. 6 

x 10 
_5 

x 10 
J> 

x 10 

BASIS: 150-day cooling 
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TABLE C.l-9. Radionuclides Released To The Ataosphere Fron An 
LWR "uel Reprocessing And Waste Solidification Facility 

Nuclide Ci/yr/MTHM Nuclide Ci/yr/MTHM 

H-3 

C-14 

Kr-85 

Sr-85 

Sr-90H> 

Y-90 

Y-91 

Zr-95+D 

Hb-95 

Ru-103 

Ru-106 

Ag-llCm+D 

Sb-125+D 

Te-127nH-D 

Te-129nri-D 

1-129 

1-131 

7.7 

4 .7 

9 .6 

1.5 

1.3 

1.3 

2 .6 

4 .8 

9 .3 

8 . 1 

5 .2 

6.7 

1.9 

1.7 

4 . 4 

2 .0 

2 .4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10* 

10" 1 
3 

10 

10"* 

10"* 

10** 

10"* 

lo-* 
10"* 

10"5 

10"* 

10" 5 

10'5 

1 0 ' 5 

10" 5 

10"3 

10*2 

Cs-134 

Cs-137+D 

Ce-141 

Ce-144+D 

Pn-147 

Eu-154 

Eu-155 

Pu-238 

Pu-239 

Pu-240 

Pu-241+D 

Pu-242 

Affl-242 

Am-243 

Cn-242 

Cm-244 

4 .0 

3.4 

8.7 

1.5 

2 .0 

1.5 

1.5 

5.0 

2.4 

5.0 

1.5 

4 .0 

1.5 

4.2 

1.9 

1.0 

x 10"* 

x 10"* 

x 10"5 

x 10" 3 

x 10"* 

x 10"5 

x 10" 5 

x 10" s 

x 10"5 

x 10" s 

* 10* 3 

x 10"8 

x 1 0 ' 6 

x 10"7 

x 10"U 

x 10"* 

BASIS: LWR-PU FUEL 150-day cooling 
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fuel wastes are the amounts of 9 0 Sr, and the re lat ive abundance of the 
various thorium, uranium, and transuranic isotopes. The LMF3R waste i s found 
to contain s ignif icantly l e s s 9 0Sr than either of the other two reactor 
concepts, whereas i t s content of long-term predominant nuclides, such as 
Zklim, 2h3&m »nd 2 3 9 Pu, xs larger. The 233U-Th fuel cycle, as representee 
by the HTGR concept, contains additional uranium isotopes (233U and 2 3 2 U ) , 
thorium isotopes (2 2 7Th, 2 2 9Th), and their daughter products (the thorium 
chain). Hovever, the introduction of these isotopes i s generally offset by 
a reduction in the amount of transuranic wastes, as compared with the LWR 
concept. 

The to ta l radioactivity of reactor wastes ( in terms of Ci/GWe-y) 
reflects the overall e f f ic iencies of the fuel concepts. The LMFBR and HTGR 
are advanced concepts with thermal ef f ic iencies of 38 t o 422, while typical 
PWRs achieve thermal ef f ic iencies of approximately 32Z. Consequently, the 
LWR generating the same e lec tr i ca l energy as an LMFBR or an HTGR wi l l require 
more f i s s ions , produce more f i s s ion products and produce more waste. For the 
cases considered, the LMFBR produces about 30Z less waste than the LWR. 

According to the present waste handling concepts, the LWR and HTGR 
wastes would be reprocessed within 150-250 days afcer reactor discharge. For 
fast breeder reactor waste, however reprocessing could begin as soon as 30 
days after reactor discharge, in order to minimize plutonium inventories. 
This shortened storage period would affect the waste handling and reprocessing 
techniques s ignif icant ly , because of the large amount of re lat ive ly short
lived iodine f i s s ion products remaining in the wajte after cooling for only 
30 days. 

Of primary concern in the long-term storage of nuclear waste are the 
thermal characteristics associated with each waste type. Table C.1-11 presents 
the thermal power per GWe/yr calculated8 for each fuel concept, as a function 
of time. The total heat generated by each fuel waste ref lects the differences 
in the radioactive content, as described previously. For example, at 10 years 
after reprocessing, the LMFBR waste contains some 50* l e s s f i s s ion product 
thermal power than the corresponding PWR fuel waste primarily because of the 
lower 9 0Sr content in fast breeder waste. For these same wastes, however, 
the actinlde thermal power i s greater for the LMFBR because of higher tran
suranic content. The net thermal power of HTGR fuel wastes i s approximately 
10Z greater than that of equivalent PWR waste. In the design of permanent 
HLW disposal f a c i l i t i e s , these waste thermal characteristics control the 
spacing within the burial medium. Because of the lower short-term heat 
generation of LMFBR fuel wastes, the poss ib i l i ty ex i s t s of decreasing Che 
amount of burial space required, compared to equal e l ec tr i ca l generating 
capacities of PVR or HTGR reactor systems. 

In terms of other reprocessing wastes, s tudies 8 ' l l f ~ 1 8 have identified 
the types and amounts of these wastes to be expected from the fuel cycles 
under consideration. These wastes wi l l include cladding wastes from LWRs 
and LMFBRs, medium-level transuranic wastes, noble gases, iodine, carbon-14 
(as C02), LWR and f i s s ion product tritium, and low-level transuranic and 
ooncransuranlc wastes from a l l three cycles . The quantities of these waste 
generated (except for cladding wastes) are expected to be similar for each 
cycle, based on a volume per metric ton heavy metal reprocessed. Differences 
between reactor types would therefore depend on the re lat ive capacity factors, 



TAM.lt . 1 - 1 0 . UUBWII laun ut Nuprutekuliiii fcUaluu for Varloua MuitL'lur Kiiul Tyut**" 

lladloactlvUy (Cuilua/liUo yr) 

lailiJsai J!tsiiasd!SSl- [^"u-mni1 1 »U/Tli-H CH* 

nadlanvjclid* 

riaaton Producta 

»• 
S i 91 
Zc 

a* 
Tc 

117 
Ca 

act in Man 
211 

To, 
iaa 

Th 
i n 

u 
i l l 

V 
a i * 

u 
i i t 

u 
m 

u 
2 1 7 

i i * 

is* 
1M 

J«.l 

• I ' l l 

J H I * . 

" " m 

7**Cai 

1>.SC. 

T o t a l ' 

H a l l - U f a 
Toara 

* « . i 

l .J » 10* 

1.1 » 10* 

10.0 

0 . 0 1 

i . n 

n.o 

1.41 a 10* 

1.41 > 10* 

1 .1 * a 10* 

4.51 « 10* 

1.14 a 10* 

•4.4 

1.44 a 10* 

4.1 a 10* 

11.1 

1.2* « 10* 

4.13 « 10' 

1.45 « 101 

1 1 . • 

11.1 

lOy 

1.4 • 1 0 ' 

1.4 a 10* 

1.9 • 10* 

1.3 • 10* 

i.a « io"' 

1.1 • 10"» 

4.1 a I0"» 

1.4 a I0> 

1.0 • I 0> 

4.4 a 10" 

1.1 - 10' 

1.0 > 10s 

2.4 • l o " ' 

4 . 1 > 1 0 ' 

4 . 1 « 10 ' 

4.4 • IO< 

1.4 • lO* 

0.4 » 10 ' 

lOOOy 

« .o « 10"* 

i.a > io> 

1.9 « 10' 

1.0 » lO"1" 

9.1 a 10"> 

4.1 a 10"' 

4.1 a 10"» 

1.1 a 10' 

4 . 1 

1.1 < 10' 

1.9 a 10' 

I . I 

1 . 1 « 10"' 

1.4 a 10' 

4.3 » Ml1 

1 . 1 a 111"" 

1.1 « l o " " 

1.2 • I0» 

lOy 

4.0 • in* 

4.1 a 10* 

3.0 • 10' 

! . « a 10* 

1.9 a lO'l 

1.1 a 10"! 

2 .9 

4.4 a |0> 

3.4 a 10' 

1.1 a 10' 

1.1 • I01" 

1 . 4 

4.2 a | 0 " 

l.tt • Itt* 

4 . 9 a 1U' 

1.9 a | U » 

1.0 > I O ' 

lOOOy 

1.1 • 10"* 

4 . 1 a 10l 

1.0 > 10 ' 

1.3 a 10"* 

1 . 1 

2 . 1 a 10"! 

9 . 9 

4 . 1 a 10' 

3 .1 > 10 ' 

1.1 • 10 ' 

1 . 1 

1 . 1 

9.9 > 10 ' 

9 .3 a 10 ' 

J . l • 1 0 " ' 

1.1 a 1 0 " " 

I . I • I0*1 

10y 

1 . » lO* 

9 . 1 a 10 ' 

1.1 a |0» 

1.9 a 10* 

1.7 a 10"! 

I . I a 10 ' 

I . I a 10 ' 

9 . 1 

1.0 a lOt 

2 . 9 

1.1 a IO> 

1.4 a 10* 

1.2 • 10' 

2.1 a |0> 

1.1 a IO* 

1 . 1 

1.1 > 10 ' 

1.9 • 10* 

4 . 0 

9 .9 • 10* 

4 . 1 • 10* 

lOOOy 

4 . 1 a 10"* 

• . 2 a 10 ' 

2.1 > 10' 

1.4 a I0"* 

1.9 a 10"' 

4.1 a lo" ' 

1.1 a I I I"* 

9.2 

4.0 a 10' 

2 .9 

1.1 a 10' 

4.1 a 10' 

l . t > 10' 

1.4 a 10' 

1.1 

1.1 

4.1 a 10' 

1.1 a 10' 

2.9 a | 0"» 

4.1 a 1 0 " " 

1.4 a | 0 ' 

Vdaptad fro* rafaranca 1 . 
Capacity factor of .1 oaaujaad lot a l l raavtor typaa. 

ci:»rlchad otaaltaa Irradlatad at an aiwtaga apadtlc powui ol 17.1 MKO/awirlt: tun, lu a ournup ol 11,00(1 MWd/netilc tua In a 
typical Pun. Staaaly atata cnarga of 13.• awtrlc tuna naaay awtal fual, producing 1.21 Ufa. Reprucaaaliig uctura 140 day* 
after raaclor dtacnarga 

JI.U« dlacaarga r\« an4 duplatad V Irradiated In euro awl blanket at an average epeclflu power ol 10.21 MKO/autr l t Ion, to a 
toruup of 11.111 MM/aalric ton. Steady alata charge of 11.1 antra tuna Iwavy awtal fual , producing 1.11 U»e. aeproceealng 
occurn 90 Aaya altar raactor dlacaerge. 

"gefaraace HTG9 fual Irradlalad at an average aptx'llli power uf 90.1 MW(i)/ax>l l ie Ion to a euiimp of 91,972 MM/aatrlc tan. 
Steady atuta charge of 10.0 awlrl< tuna heavy Mtu l fual , producing I . IS <JWe. gepruceaalng oc>:ura 210 daya after raaclar 
diachargv. 
Tucal lfculudaa radluuuclluaa l l a t a d plua a l l ut l iera preeeut l u voece. 

http://TAM.lt


18 

TABLE C.l-11. Theraal Power of Reprocessing Wastes for 
Various Reactor Fuel Types* 

Time Since Theraal Power (Watts/G»e vr)c 

Reprocessing d e f 
(years) Enriched Uraninm-PWR ?u/23SU-LSFBR 238U/Th-HTGR 

g 
Fission Products 

0 5.1 x 105 6.9 * 105 1.7 x io5 

3 7.7 x 10* 5.8 x 10* 5.2 x 10* 

10 2.6 x 10* 1.4 x lo* 2.5 * 10* 

100 2.6 x 103 1.6 x 103 2.7 x 103 

1,000 5.3 x iol 6.3 x lo1 3.7 x 101 

10,000 5.1 x iol 5.9 x lo1 3.5 x IO1 

Actlnides h 

0 1.6 x 10* 4.1 x io* 6.0 x io3 

3 2.1 x io3 3.1 x io3 5.3 x 103 

10 1.6 x 103 2.5 x 103 5.0 * 103 

100 3.0 x 102 1.5 x 103 2.4 x 103 

1,000 7.2 x 10l 3.7 x 102 4.1 x iol 

10,000 1.3 x 101 3.6 x IO1 1.3 * 101 

*Adapted from reference 6. 
bFuels are reprocessed 160, 250, and 90 days after discharge from LWRs, 
HTGRs, and LMFBRs, respectively. 

CCapacity factor of .7 assumed for all reactor types. 
dPWR fuels are irradiated to 33,000 Mid/tonne at 50 Mi/tonne. 

*LMFBR core and blankets are irradiated to an average of 37,120 MWd/tonne 
at 64.6 MW/tonne. 

*HTGR fuels are irradiated to 94,270 Mid/tonne at 80 Mi/tonne. 
8Assumes that all of the tritium and noble gases and 99.92 of the halogen 
fission products are separated from the Waste during reprocessing. 

Consists of all the actinides remaining after removal of 99.5% of the 
uranium and plutonium during reprocessing. 
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specific powers (Ml?/ton), and thermal e f f ic iencies of the three reactor 
types. More waste would be expected to arise from the LWR cycle than from 
either the advanced LMFBR or HTGR cycles. This increase would require 
greater waste handling requirements and, consequently, greater permanent 
storage capacity. 

C.1.6 Comparison of the Thermal Discharges and Radionuclide Effluents from 
FBR and LWR Power Plants 

The maximum efficiency of a contemporary s ingle cycle pocex stat ion 
i s about 44Z. The other 56Z i s waste heat which i s removed by the cooling 
system and ultimately rejected to the atmosphere. Light water reactors 
typically convert about 32 to 33Z of their heat into e lec tr ica l output; 
whereas, FBRs convert about 39Z of their heat into e lec tr ica l output. Using 
efficiency values of 32.5 and 392 for LWRs and FBRs, respectively, the thermal 
effluent from an FBR i s roughly 20Z less than an LWR. 

Radioactive effluent release calculations have been provided in the 
Environmental Impact Statements f i led for the Clinch River Breeder Reactor 
Plant (CRBRP)19 an FBR, and the Tennessee Valley Authority's Phipps Bend Nuclear 
Plant20 a typical (BUR) LWR. The yearly radionuclide releases as gaseous 
effluents are given in Table C.l-12 for both plants on a per MWe year bas i s . 
The yearly releases of radionuclides in l iquid effluents are given in 
Tables C.l-13 and C.l-1'- for the FBR and LWR, respectively. The assumptions 
going into chese calculations are l i s ted in references 19 and 20 and, 
while not completely consistent, are characteristic of current practice in 
each area. A capacity factor of 0.8 was used in both cases. 

C.1.7 Decommissioning Problems in a FBR Power Plant and Fuel Cycle Fac i l i t i e s 
Compared to the Proven-Type of Reactors 

To b« submitted under separate cover. 



20 

TABLE C.l-12. Comparison of FBR And LWR 
Radionuclide Gaseous Effluents 

Release (Ci/yr/MWe) 

Radionuclide LMFBR LWR 

Xe-131n 

Xe-i33 

Xe-135m 

Xe-135 

Xe-138 

Kr-85m 

Kr-85 

Kr-8" 

Kr-88 

Ne-23 

Ar-39 

Ar-41 

H-3 

C-14 

a 

1.4 x 

a 

3 . 1 x 

a 

3 . 1 x 

9 .7 x 

a 

1.7 x 

5.7 x 

4 .0 x 

a 

8.8 x 

c 

10'2 

10'2 

10*2 

lO' l 

10"2 

10"3 

10"2 

10-3 

1.6 

2 .5 

5.7 

8.5 

1.1 

1.2 

2.4 

1.1 

1.9 

b 

b 

1.9 

6 .1 

7.4 

x 10" 2 

x 10° 

x 10° 

x 10° 

x 10° 

x 1 0 ' l 

x lO"1 

x 10" 1 

x 10" 1 

x 1 0 ' 2 

x 10"2 

x 10"3 

Radionuclides released in amounts less than 1.0 * 10" ̂Ci/yr/MWe for 
.noble gases are considered negligible and are not listed. 
°Not applicable for LWR's 
Tfot reported In NUREG-0139. 
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TABLE C. l -13 . FBR Radionuclide Liquid Eff luents 

Radionuclide Release (Ci/yr/MWe)a 

Cs-136 2.2 x 10"7 

Cs-137 7.7 x l O " 7 

1-131 6.0 « 10"6 

1-132 1.6 « i o " 7 

Sb-125 7.4 x 10"9 

Te-129n 1.2 « 10" s 

Te-129 1.2 " 1 0 ' 6 

Te-132 1.6 x 10" 7 

Sr-89 2.3 » 10" 7 

Sr-90 1.3 x i o " 7 

Y-90 1.3 x i o " 7 

Y-91 . 7 .1 x i o " 8 

Zr-95 1.3 x i o " 7 

tfb-95 1.3 x io"'7 

Mo-99 2.2 x i o " 9 

Ru-103 1.6 x i o " 7 

Ru-106 1.7 x i o " 7 

Rh-106 1.7 x 10" 7 

Ag-111 1.5 x io"^ 

Ba-140 4.8 x i o " 8 

L*-140 4.8 x i o " 8 

C«-141 1.3 x i o " 7 

Ce-.144 1.3 x i o " 7 

Pr-143 4.6 x i o " 8 
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TABLE C.l-13. (Continued) 

Radionuclide Release (Ci/yr/MWe)a 

Pr-144 

Nd-147 

Pm-147 

Eu-155 

Co-58 

Co-60 

Mn-54 

Cr-51 

Fe-59 

Ta-182 

• 
Pu-238 

Pu-239 

Pu-240 

Pu-241 

Na-22 

Ma-24 

H-3 

1.3 

1.6 

7.7 

1.0 

4.6 

7.7 

3.8 

8.3 

3.4 

1.0 

2.1 

5.7 

7.4 

9.1 

4.6 

3.1 

9.4 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-7 

10"8 

10"8 

10"8 

10"7 

10"7 

10"7 

10"8 

10"9 

10"7 

io-9 

10"l° 

10"10 

10"8 

10"9 

10*5 

10"1 

Radionuclides released in amounts less than 1.0 x 10 
Ci/yr/MWe considered negligible and are not listed. 
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Table C.l-14. LWR Radionuclide Liquid Effluents 

Radionuclide Ci/yr/MHe 

Ha-24 

P-32 

Cr-51 

Fe-55 

Fe-59 

Co-58 

Co-60 

Cu-64 

Za-65 

Zn-69m 

Zn-69 

Zr-95 

Nb-95 

W-187 

Np-239 

Br-83 

Sr-89 

Sr-91 

Y-91a 

Y-91 

Sr-92 

Y-92 

Y-93 

Jto-99 

Tc-99m 

1.4 

9.3 

2.7 

7.1 

1.6 

1.6 

3.5 

4.0 

1.4 

2.9 

3.1 

7.8 

1.6 

6.2 

2.1 

3.1 

6.2 

4.0 

2.6 

3.9 

9.3 

4.0 

4.3 

6.4 

1.6 

x 10"6 

x io"8 

x io"6 

x 10"7 

x 10"8 

x 10~7 

x 10~7 

x 10"6 

x 10~7 

x 10"7 

x 10"7 

x 10"9 

x 10"3 

x 10"3 

x 10"5 

x 10"3 

x 10-8 

x 10"7 

x 10"7 

x 10"8 

x 10"8 

x 10"7 

x 10"7 

x 10"7 

x 10"8 
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Table C.l-14 (Contd.) 

Radionuclide Ci/yr/MWe 

Ru-103 

Rh-103m 

Ru-105 

Rh-105m 

Rh-105 

Ru-106 

Te-129m 

Te-129 

Te-131m 

1-131 

1-132 

1-133 

Cs-134 

1-135 

Cs-136 

Cs-137 

3a-137m 

Ba-140 

La-140 

La-141 . 

Ce-141 

Pr-143 

Ce-144 

All others* 

Total (except H-3) 

S-3 

1.6 x 10"8 

7.8 x io"3 

6.2 x io"3 

6.2 x io"8 

6.2 x 10"8 

2.3 x 10"8 

2.3 x 10"8 

1.6 x 10"8 

2.3 x 10"8 

8.5 x 10"5 

2.9 x lo"7 

2.2 x lo"5 

2.2 x 10"7 

2.7 x lo"8 

7.0 x lo"8 

4.6 x lo"7 

2.5 x 10-7 

1.8 x lo"7 

7.8 x lo"8 

1.6 x lo"8 

1.6 x 10"8 

1.6 x lo"8 

3.9 x lo"8 

4.7 x 10"8 

1.3 x lo"1* 
-2 

1.2 x 10 

Radionuclides whose release rates are less than 10-3 

Ci/yr/MWe are not listed individually, but are included 
in the category "All Others". 
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C.2 PHYSICAL PROTECTION AND NATIONAL SAFEGUARDING OF THE FBR CYCLE 

An objective of INFCE is to identify the features of possible nuclear 
fuel cycles which will minimize the risk of subnational threats while ensuring 
that the peaceful benefits of nuclear energy will be available. Several 
efforts are now devoted to the development of national safeguard systems to 
enhance diversion resistance. Working Group 5 (WGS) of INFCE has the respon
sibility for providing information for safeguards assessments as related to 
Fast Breeder Reactor (FBR) fuel cycles, including information on alternatives 
to the reference uranium/plutoniua fuel cycle. 

The stage where the full FBR fuel cycle exists independent of LWR 
fuel cycle is estimated to be many decades away. During the transition, 
Plutonium for the FBR could com* from the spent fuel of LWR's and the asso
ciated reprocessing facilities would be designed to reprocess LWR spent fuel. 
A plant for reprocessing spent fuel from the FBR may not be needed until well 
after initial commercial FBR deployment. With safeguard planning initiated 
early in the development for the FBR fuel cycle, time is available to develop, 
evaluate and implement Improved safeguards techniques and to incorporate them 
into the design phase of all FBR cycle facilities. 

The national safeguards techniques chat include Physical Protection 
developed for LWR recycle facilities will provide the foundation for this 
development and in many cases may be directly applicable. 

U.S. national safeguards address the unauthorized possession or use 
of significant quantities of nuclear materials through theft or diversion, 
and sobotage of nuclear facilities. U. S. national safeguards measures have 
as their objective the deterrence, detection, and delay of unauthorized acti
vities, as well as appropriate response to these activities should they occur. 

This section discusses U. S. national safeguards systems considerations 
with respect both to the reference uranium/plutonium fuel cycle and to various 
alternative cycles and specific technical options. 

C.2.1 Strategic Nuclear Materials Involved in the FBR Fuel Cycle 

This section describes the physical and chemical characteristics of 
nuclear material as found in the reprocessing, fabrication, reactor power 
plant, and transportation elements of the FBR fuel cycle. 

Reprocessing Plant N 

The front end of reprocessing Involves handling spent fuel assemblies. In 
this form, plutonlum is highly contaminated with fission products; radiation 
levels are of the order of 10,000 R/hr*; and a complete reprocessing facility 
is required to extract the fissile material. 

All radlaeion levels are unshielded dose rates per kg Pu at one meter. 
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Plutonium occurs in a variety of physical and chemical forms, with the 
plutonium concentration and purity with respect to fission products and other 
actinides increasing as it proceeds through the plant. Hence, the attractive
ness to diversion also increases. Characteristics of selected material flows 
for a plant with the capacity to process S tonnes (heavy metals)/day using the 
reference Purex process and processing core and blanket assemblies together 
are shown in Table C.2-1. These numbers are based on the reference plant 
described in the U.S. submission,to Subgroup B of WG5. 

Fuel Fabrication Plant 

Fuel fabrication Involves the handling of large quantities of fissile material 
in solid (powder or pellet) form. The bulk of the fuel material In the 
reference fabrication plant arrives and remains in the oxide form throughout 
processing. The separate stream of Pu02 feed material, both in storage 
and in the process line is of safeguards concern. 

Reactor Power Plant 

No standard FBR design exists at this stage in its development. For liquid 
metal reactors, a pool and a loop design both would differ from a Gas-Cooled 
FBR. However, for the purpose of discussing safeguards, all have certain 
common features. 

The reactor core is generally contained within a sealed primal containment 
system. Access to the fuel is accomplished using remotely controlled equip
ment. Generally, the primary containment system must be penetrated, shield 
plugs rotated, and perhaps other equipment manipulated to align the fuel ele
ments with remotely operated fuel transfer grippers. The fuel pins are 
contained within rods, which in turn are assembled into fuel element assemblies. 

Transportation 

In the reference U/Pu fuel cycle, the fresh fissile material is relatively 
attractive for diversion while being transported between safeguarded facili
ties. Plutonium oxide or mixed oxide powders can be transported in contain
erized (sealed) bulk form from a reprocessing plant to a fuel fabrication 
plant if the two do not share a common site (collocation). Fuel assemblies 
would then be shipped from the fabrication plant to the reactor. In both 
transportation legs the fissile material is in discrete item form and present 
methods of item accountability can be used as long as the integrity and iden
tification of the container is maintained. 

The need for accident protection, radiation shielding, and decay heat removal 
results in casks as large as 90-100 tonnes21 for shipping FBR spent fuel. 
LWR spent fuel shipments can be made in similar casks or in casks roughly 
half this size. Current limitations on the weight of shipment by truck do 
not permit the shipment of the larger casks. The decay heat and the delay 
time between removal of fuel from the reactor and its shipment determine the 
amount of fuel that can be shipped in a single cask. In FBR systems there 
is an incentive to keep the delay times short to achieve faster recycle of 
the bred plutonium. Estimated quantities of fissile material necessary to 
be shipped each year are presented in Table C.2-2. 



27 

TABLE C.2-1. Characteristics of Selected Reprocessing 
Plant Material Flows 

Fissile Plutonium Total HM Activity3 

Concentration Flow Rate Flow Rate 
Stream (g/1) (Kg/hr) (Kg/hr) (R/hr) 

Feed 12 11.7 200 - 8000 

Extracted HM 12 12 20 6 

Partitioned Pu 12 12 15 0.06 

Purified Pu 250 12 15 0.003 

Calculated at 1 m from 1 Kg HM assuming no self-shielding. 



TABLE C.2-2. Estimated Quantities of Fissile Material to be Transported 
In Metric Tonnes per GWe-year 

Transport 
Stop 

Fuel Material to 
Fab. Plant 

Fuel to Reactor 

Fuel from Refector 
2 35U 
239+2Mpu 

Actlnldesc 

Recycled Fuel 
2 35„ 
2 39+2HlpM 

PUR 

Once Through 

0.85 235U 
<3X enr.) 

0.84 235U 
(3% enr.) 

0.22 
0.17 
0.005 

-

Flaalle Material 

(1000 MWe)fl 

Pu/U Recycle 

0.67 235U 
(3X enr.) 

0.66 235u 
0.27 U/Pu 

0.17 
0.27 
0.32 

0.15 
0.27 

Transported. 

Blanket 

0.04 
235U 

0.05 
235u 

Te/CWe-Year 

FBR (1000 MUe)b 

Core 

0.03 235U 
1.59 "9+2m p„ 

0.03 235U 
1.59 2"+2'»>Pu 

0.08 
1.60 
0.025 

0.08, 
1.59d 

Assumes 30.4 CWd/Te, 3-year dwell tine at 8OX load factor. 

Assumes average burnup of 7Z over 450 days In the core with a load factor of 80%. 

Actlnlde amount a Include Isotopes of Am and Cin only. 

Does not Include ~ 0.1 Te 2 39+2mp„ product for use In other reactors. 
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C.2.2 Regulation and Requirements for U. S. National Safeguards Systems 

In 1976, the U.S. Nuclear Regulatory Commission (NRC) was reacted and 
certain safeguards responsiblities were assigned to an office of Nuclear 
Materials Safety and Safeguards (NMSS) within the NRC. Commercial facility 
operators may own special nuclear materials and are responsible for their own 
safeguards programs, but the NMSS has regulatory responsibility. The U.S. 
Department of Energy (DOE) retains safeguards responsibility for government-
owned facilities. 

To meet the U.S. national safeguards requirements or guidelines, develop* 
meats programs are under way In the U.S. to pi <-ide integrated systems for 
safeguards in some large future domestic fuel cycle facilities. 

An effective U.S. national safeguards system must provld four basic 
functions 

1. detection of unauthorized activities and material balance descre-
pancies, 

2. delay of unauthorized activities until appropriate response can 
be made, 

3. response to unauthorized activities and descrepancies in an adequ
ate and timely manner, and 

4. deterrence of potential adversary actions through public 
awareness of the general capability of safeguards. 

Deterrence, which may result from a potential adversary's perception of system 
effectiveness, will not be discussed in this section. The three remaining 
functions are provided by two major systems, physical protection and materials 
measurement and accounting, as shown in Fig. C.2-1. 

Physical Protection Svstem (PPS) Concept Description 

The objective of the physical protection system is to prevent unauthorized 
removal of special nuclear material (SNM) or acts of sabotage by 

- excluding all unauthorized personnel and contraband from eh« facility* 

- allowing only essential personnel to enter sensitive areas within the 
facility, and 

- monitoring all significant activities and preventing those chat are 
unauthorized. 

The physical protection system is composed of two parts, access control, and 
zone operations control. Access control monitors and enables authorized move
ment of people and material across barriers and prevents unauthorized movement 
of people, SUM, and contraband. Zone operations control, which is concerned 
with the operational interfaces between people and vital equipment and SUM, 
monitors and enables authorized activities and delays unauthorized actions 
that could result In sabotage or theft. 
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The materials measurement and accounting system is used to obtain information 
on the quantity and location of SUM within the facility. In addition to 
providing information required for inventory and production control, it can 
provide the physical protection system with useful detection information 
related to both one-time theft and long-term diversion. 

These national safeguards systems must be coordinated with normal plant opera
tional systems to obtain a safeguards design which is effective and has mini
mal cost and operational impact. The physical protection, materials measure
ment and accounting, and plant operations functions are coordinated using the 
authorization, information, and control channels shown in Fig. C.2-1. Safe
guards responsiblity is assigned to safeguards coordination just as operational 
responsiblity is delegated to plant operations. Rational safeguards coordina
tion supervises access control, zone operations control, and materials measure
ment and accounting. It also coordinates national safeguards information flow 
among these elements, management, and plant operations. The three primary 
functions of safeguards coordination are data collection and processing, 
assessment of safeguards alarms, and determination and initiation of approp
riate response. Wherever appropriate, U.S. safeguards coordination relies on 
automatic decision and control; however, human assessment, decision, and 
response initiation are used when necessary. 

Although primary responsbility for safeguards assessment lies with safeguards 
coordination, direct control from lower levels can be used to reduce response 
times. For the physical protection system, direct control of area access and 
item handling is assigned to access control and zone operations control ele
ments. Control of area access and of item handling involves a hierarchy of 
responses depending upon the discrepancy detected between the action authorized 
and the action performed. For minor discrepancies, control can be automated 
at the access and operations control levels. Serious discrepancies requiring 
security force responses and/or plant shutdown may require coordination 
between safeguards and plant operation. 

Since some plant processes must operate with continuous flow, direct inter
ruption of the process line by the safeguards system may noe be possible. When 
process interruption is necessary for safeguards responses, safeguards coor
dination would initiate appropriate control measures through management or 
plant operation. 

Physical Protection systems can Include21* (a) perimeter intrusion detection 
systems to detect and confirm unauthorized movement or activities in and around 
a protected area or facility; (b) automated personnel identification systems 
to assure that only authorised people are in restricted areas; (c) SUM monitors, 
metal detectors, and explosives monitors to assure that sensitive materials 
do not move across barriers that are expected to restrict their passage; 
(d) closed-circuit television and other surveillance devices to monitor sen
sitive areas remotely; (e) delay systejs to slow down an overt external attempt 
to enter a restricted area; (f) doorway monitors and alarms to detect move
ment of people into sensitive areas; and (g) sufficient personnel to respond 
to an externally-generated overt act of a specified size. 

Much of the equipment referred to is available from commercial sources;25 Some 
of it has been available for many yaars. Soma has been engineered specifically 
for nuclear facilities within the past five years. Commercial monitors measure 



32 

gamma-rays emitted in the monitored space.26 Regardless of the true source 
of the gamma rays, it is assumed that they cose from special nuclear material. 
Although this assumption nay create certain operational problems, it results 
in highly sensitive monitors. U.S. regulatory specifications27 for these 
monitors include the requirement to detect (a) 0.5 g 233Pu with a 95Z confi
dence level; (b) 1.0 g of freshly refined 233U (7-10 ppa 232U within 4 h of 
purification) with a 90" confidence level, and (c) 3 g of 235U contained in 
uranium enriched to 20Z or more at a SOZ confidence level. All samples are 
assumed to be encased in, and thus shielded by, 3 mm of brass. The monitors 
must have false-alarm rates of less than 0.1Z. 

The natural gamma-rays associated with SSM are primarily of low energy and 
can therefore be relatively easily shielded. Consequently, it is possible 
to move relatively large quantities of shielded SNM through a space monitored 
only for gammas. Therefore, metal detectors capable of detecting 200 g or 
more of nonferrous metals are used in conjunction with radiation detectors 
and are intended to sense the presence of shielding materials. 

Radiation monitoring equipment, piece counting equipment, etc., can be used 
at shipping or receiving points as part of a semiautomatic monitoring capa
bility. Shipping drums, for example, can be placed on an appropriate test 
fixture and appropi. lace instrumentation can identify the container, perform 
a Non-Destructive Assay (ST*.), and transmit the information to a central 
accounting system computer. The computer can check the information received 
against preprogrammed shipping information to provide a check on the manual 
inspection process. Discrepancy alarms can be Incorporated in the system 
and can be activated by the computer If a discrepancy occurs. 

Remotely operated radiation and metal-detection instrumentation can also be 
used to supplement the Physical Protection system. Door locks, television 
cameras, etc., can be controlled by remotely located computers receiving 
information from the detection instrumentation. These automatic control 
functions would normally be used only outside continuous flow processing 
lines to avoid unnecessary interruptions to critical process operations. 

The material measurement and accounting (JMA) element provides an indication 
that nuclear materials are present and at their proper location within a facil
ity. Material measurement equipment and procedures include bulk and sample 
analytic chemistry techniques, weights, volumes, dimension, position, and the 
non-destructive assay techniques. Material measurement equipment provides: 
(1) "single-theft" material detection based on material balance calculations 
when made on a near-real time basis, and (2) "long-term" material diversion 
detection of amounts to small to be detected by a single material balance. 
The long-term material diversion detection is based on trends in successive 
material balances. Both single-theft and long-term material diversion 
detection are inputs to national safeguards systems design. 

Accounting systems are those which involve bookkeeping data on the location 
of SUM inventories and those procedures used to verify through measurements 
the physical inventory of nuclear material as compared with the bookkeeping 
records. Accounting systems supply the final evidence that the safeguards 
system has provided protection against loss of material. They also provide 
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data to f a c i l i t a t e tracking events and isolat ing the location of material 
loss problens, either real , hoax, or caused by f a c i l i t y equipment of procedure 
error. 

In addition to national safeguards functions, the MMA can make important 
contributions to process and product control, business accounting, and in 
areas such as c r i t i c a l i t y control. 

Various forms of materials control and acejuntabil ity programs have been 
developed for several U.S. domestic nuclear f a c i l i t i e s , both government-
operated under DOE control and privately owned under NRC jurisdict ion. The 
development stages range from simple computerized accounting systems to the 
use of in- l ine NDA instrumentation linked through a computer network for ac
counting, materials control, and theft detection and local izat ion . 

Near real-time materials control and accounting systems and/or experiments 
are being developed at several foreign f a c i l i t i e s , including Chalk River, 
Canada (EMACS), Tokai-Mura, Japan (?INC), and Karlsruhe, Federal Republic of 
Germany. 

To achieve nearly continuous aaterials control and accountability, a f a c i l i t y 
can be subdivided into physical areas within which SUM accounting i s done. 
These physical areas, called unit-process accounting areas (UPAAs), are chosen 
in such a way that a l l nuclear material crossing the unit-process boundary 
can be measured, and a material balance can then be estimated. The UPAAs are 
chosen to loca l ize the material within a given unit-process, both in space 
and in time. Cn-line computers can then be used to cope with the large quan
t i t i e s of data collected over short periods of time. Materials accounting 
s t a t i s t i c s can be calculated and monitored for each unit-process. If the 
value of such a s t a t i s t i c (or set of s t a t i s t i c s ) exceeds a specified alarm 
leve l , the materials control system can alert the appropriate authorities and 
investigative action can be taken. 

The effectiveness of the MMAS r e l i e s in part on the ava i lab i l i ty and develop
ment of advanced nondestructive assay instrumentation. These instruments 
monitor natural radiation, neutron-induced f i s s ion , or radiation-absorption 
properties of materials in the process stream to determine the identity of 
materials in the process stream and to measure their abundance. This instru
mentation has been developed as a measure tfc*.t can have application, along 
with other techniques, a t plutonium recycle f a c i l i t i e s . 

The specif ic measurement techniques employed and the resultant precision and 
accuracy obtainable for a given subclass of materials wi l l depend on the s ize , 
shape, mass, and, to varying degrees, on Che SNM concentration In the sample. 
The presence of other radioisotopes, such as f i s s ion products and/or actlnide 
contaminants, the intensity of fluorescent x-rays, the parent-daughter 
relationships, and the relative SNM abundances also affect the choice of 
measurement technique and the resulting precision and accuracy. No universal 
measurement technique ex i s t s , and the proper choice can be made only after 
characterizing the material to be analyzed and ur.derstanding the inherent 
strengths and l imitations of the available measurement techniques. 

Of nearly equal importance to instrumentation i s the capability for direct, 
automated transfer of data from these instruments to a central computer, and 
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the ava i lab i l i ty of sophisticated computer programs that do near real-time 
accounting and make quick diversion assessments from vast quantities of 
nondestructive assay and other process data. To estimate the diversion 
sens i t iv i ty of integrated systems, three possible accounting systems,2 8 have 
been evaluated by computer modeling of the process flow, the measurement 
system, and the safeguards analysis system. 

The results of the evaluation of a fuel processing safeguards system designed 
around the Barnwell processing structure are given in Table C.2-3 to show one 
potential capability for diversion detect ion . 2 9 In a typical case, a single 
material balance decrepancy of 1.8 kg (or smaller discrepancies of 75 g per 
balance period) would be detected in 24 h, i f a balance were done each hour 
and the assumed column (or tank) measurement accuracy was 52. 

A fuel fabrication safeguards system developed around the Westinghouse Recycle 
Fuels Plant was also evaluated and the results are given in Table C.2-4 for 
f ive sensi t ive unit processes.3 0 

Results for a plutoniuo nitrate-to-oxide conversion plant, based on 
Plutonium oxalate precipitation are shown in Table C.2-5. 

The protection which could be given SNM in reprocessing, conversion, and fuel 
fabrication plants through use of such integrated systems can meet the U.S. 
NRC requirements of 1/2Z of throughput at each 2-month inventory period 
after plant shutdown and cleanup for fuel fabrication plants, and 1% of 
throughput at each 6-month inventory period after plant shutdown and cleanout 
for reprocessing plants. 

The national safeguards systems studies discussed above were designed for LWR 
fuel cycle f a c i l i t i e s and were related to U.S. national safeguards require
ments. The concepts used in these system studies are applicable T fast 
breeder fuel cycle f a c i l i t i e s , although system effectiveness w±j.± vary 
depending on materials concentrations and specif ic process and national safe
guards system design. Eventual national safeguards material control and 
accounting systems probably wi l l rely on a combination of methods including 
both periodic total f a c i l i t y inventories and near real time materials accoun
t a b i l i t y . 

Computer-based data systems can be made more secure than semiautomated systems 
by making use of a variety of authentication, encryption, and encoding tech
niques. Essential control signals can be routed through protected wire l ines 
sealed in conduit. Secure operating systems that inhibit penetration have 
been implemented on both large main frame computers and medium scale mini
computers in a wide spectrum of highly secured applications. 

C.2.2.1 Physical Protection and Requirements for SNM Being Processed. 
Used and Stored 

Recommendations for Physical Protection Requirements are pro
vided by the IAEA in INFCIRC/225, "The Physical Protection of Nuclear Mate
r ia l" . U.S. National safeguards addresses these recommendations in the manner 
which has been described in previous paragraphs. Below, in a very general way, 
national safeguards are discussed for different portions of the fuel cycle. 
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TABLE C.2-3. Hypothetical Reprocessing MMAS Accounting 
Sensitivity for a Specific Design 

Max.a 

Detection 
Time 

8 h 

1 wk 

1 h 

24 h 

Material 
Balances per 
8-h Shift 

1 

1 

8 

3 

Assumed Column 
Measurement 
Accuracy 

10Z 

10Z 

5Z 

5Z 

Average 
Sensitivity 
(kg Pu/Balance) 

4.2 

0.3 

2.6 

0.075 

Total at 
Time of 

Detection (kg) 

4.2 

6.3 

2.6 

1.8 

Average detection time for single random discrepancy is 0.5 of that indicated. 
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TABLE C.2-4. Hypothetical Fabrication MMAS Accounting 
Sensitivity for a Specific Design 

Unit Process 
Detection Level/Balance 

(g Pu) 

Pu02 Unloading 

MO2 Blending 

Pelleting 

Grinding 

Clean Scrap Recovery System 

110 

130 

150 

80 

200 
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TABLE C.2-5. Hypothetical Conversion MMAS Accounting 
Sensitivity for a Soeclflc Design 

Average Sensitivitv Total at Time 
per Batch * of Detection 

Detection Time (kg Pu) (kg Pu) 

1 batch (1.35 h) 0.13 0.13 

1 day 0.03 0.63 

1 week 0.01 1.24 

1 month 0.005 2.65 

As determined for a single process line in the second accounting strategy 
in accordance with ERDAM Appendix 7401-C, "Nuclear Materials Management 
and Safeguards System Handbook." 
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C.2.2.1.1 Reprocessing and Fuel Fabrication: National 
systems should address several modes for unauthorized use of nuclear material 
such as long-term diversion of small material amounts, theft of large quantities 
and sabotage of vital areas. Adversary forces could consist of groups of 
outsiders, insiders or a combination of the two. 

A national safeguards system should be based on 
certain design criteria such as: 

- centralized closed-loop control of significant activities, 

- near real-time measurement and accounting of nuclear material, 

- continuous verification of safeguards system performance, 

- maximum isolation of personnel from SUM and vital equipment, 

- minimum operational impact, 

- minimum, reliance on guards. 

Both reprocessing and fuel fabrication national U.S. safeguards are based on 
the engineered safeguards system which was discussed in Section C.2.2. 

For the reprocessing case, the Purex process removes 
fission products to purify separate uranium and plutonium streams. The spent 
fuel elements are chopped, dissolved, and go through several stages which 
separate the fission products, uranium, and plutonium, and purify the latter. 
The first measurement of plutonium content of the spent fuel can be made by 
assay of the solution after the chopped fuel is dissolved and serves as a 
basis for material accountacy at later stages. Following the chopping and 
dissolution, the uranium and plutonium flow in continuous streams until pro
duct storage. After the plutonium and uranium have been separated, they are 
converted to oxide form. They can then be assayed, packaged, sealed, weighed, 
an accounting number applied, and the material is ready to be shipped to a 
fuel fabrication plant. 

For the case of fuel fabrication, the fissile 
materials involved in fabrication are in solid (powder or pellet) form. The 
plutonium oxide and uranium oxide powders, blended or not, are of safeguards 
concern. The reference fuel fabrication technique of blending the powders, 
mechanically compressing them into pellets and sintering to the required 
density, is not complex but does have a large number of process steps which 
need material control and accounting. When pellets have been inserted in pins 
and the pins assembled into fuel bundles; item control and accountability can 
be employed. 

For both plants the deployment of perimeter intrusion 
detection systems, entry control syster-s, zone operation control elements, and 
barrier systems in combination with a response force should provide the 
needed physical protection. 

C.2.2.1.2 Reactors: A national system for physical protection 
should provide for system effectiveness in protecting representative vital 
system components from sabotage by outsiders, insiders, and outsiders and 
insiders in collusion. A very high level of protection again-t sophisticated 
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sabotage threats can be provided for by u t i l i z ing the following protection 
system features: 

- high quality perimeter detection systems to detect penetration 
into a protected area 

- positive personnel identif ication to limit access to authorized 
personnel 

- contraband detectors to detect weapons and explosives 

- physical barriers to provide for adversary delay 

- access control around v i t a l areas 

- operations control elements in v i t a l areas to monitor authorized 
insiders 

- quick, pre-planned response by on-s i te guards 

- a central security operation center to assess a l l alarms and 
provide communication to both on-s i te guards and o f f - s i t e response 
forces. 

C.2.2.1.3 Storage: I n i t i a l l y , plutonium for the F3R wi l l be 
obtained from LWR spent fuel . Until a f a c i l i t y for reprocessing FBR spent 
fuel i s bui l t , i t w i l l be necessary to store FBR spent fuel. The spent fuel 
could be stored at one or a few central s i t e s , eliminating the necessity to 
expand the spent fuel storage capacity of reactor s i t e s , but this would 
increase the frequency and amount of nuclear material transported. 

Stored material i s generally contained in ident i 
f iable containers. These containers can be assayed and item piece-counts 
established. The items can then be placed in physically secure, monitored, 
limited access areas. Locks, s ea l s , and closed circuit television can be 
used to ensure that tampering has not occurred. Other electronic detection 
systems can be employed i f warranted in special cases. A computerized control 
concept to the fuel storage areas could also be applied. 

C.2.2.2 Physical Protection and Safeguards Requirements for SNM in 
Transit 

national safeguards systems should include driver/guard pro
tection, vehicle immobilization, access control and denial mechanisms, material 
control, and communications. 

Accountability for transported fuel in either containerized 
uuel powder or fuel assemblies involves a piece-count of the sealed con
tainers at the shipping and receiving points. Real-time monitors as well as 
other containment/surveillance measures can be employed to detect tampering 
with the shipping containers. Appropriate assays can be performed to assure 
that the quantity of SIM received i s the same as the quantity shipped. 
Assay equipment with data l inks to a computer incorporated in an automatic 
materials accountancy system could be used to expedite confirmatory deter
minations . 
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One possible basis for the protection of nuclear material 
while in shipment is a system used in the U.S. for transportation of fissile 
materials that are not part of the commercial industry.3* The material is 
shipped in specially designed tractor trailers providing protection to the 
drivers, resistance to penetration, and wheel locks. The transportation 
vehicle is accompanied by escort vehicles with which it maintains constant 
communication. The convoys maintain continuous communications with the 
control center over a nationwide dedicated communications network. There do 
not appear to be any economic, legal, or institutional reasons why commercial 
fuel in an F5R fuel cycle cannot make use of such a system to meet U.S. 
national safeguards requirements. 

C.2.2.3 Physical Protection Requirements and Intrinsic Safeguards 
for Different Fuel Cycle Options 

A number of alternate fuel cycle and technical options have 
been suggested as diversion defense features. Although not a part of safe
guards, they are Important since they involve choice of components in the fuel 
cycle, the fuel itself, and modifications to the fuel which can significantly 
affect the potential for undetected diversion. 

C.2.2.3.1 Denatured Uranium/Thorium: From a safeguards 
viewpoint, 232Th is similar to Z " U (fertile materials) and 233U is 
similar to 239Pu (fissile materials). Natural and depleted uranium contain 
only a fraction of a percent of trie fissile isotope 235U so that it is rela
tively unimportant to an FBR fuel cycle. Natural thorium consists entirely 
of the fertile isotope 232Th. The 233U decay chain generally has associated 
with ie a high gamma activity from the 232U daughter isotopes, while the 
gamma activity of the plutonlua decay chain has generally low abundance and 
low energy. 

Denaturing is the isotopic dilution of fissile 
isotopes with non-fissile isotopes of the same element which makes subsequent 
separation difficult since enrichment techniques are required. Denaturing 
applies primarily to a thorium fuel cycle, since 23aU is naturally avail
able as a denaturant for 233U. No denaturant exists naturally or in suf
ficient quantities for the fissile isotopes of plutonium, although methods 
are being considered whereby the 23aPu content of spent fuel is enhanced. 

In Thorex processes, the thorium and uranium would 
unavoidably contain residual amounts of 232U. Although 232U daughters 
grow back, reaching one-half of the equilibrium value in 1.9 y, their rate 
of growth is sufficiently slow to have only a minor impact on process line 
monitoring. The 228Th daughter of 232U is carried over with thorium 
in partitioning, and reaches virtual equilibrium with its daughters within 
3 weeks; one-half of its equilibrium value is attained in 3.66 days. 

LMFBR spent fuel from a denatured 233U/Th cycle 
has 1/4-1/3 the plutonium content of the fuel in the reference Pu/U cycle 
fuel. The plutonium concentration (roughly 5Z) is considerably higher than 
the roughly II contained in LWR spent fuel. This plutonium (produced from 
the 238U denaturant), as for the plutonium in the reference Pu/U cycle, can 
be separated from the spent fuel by chemical means. The separation of 233U 



41 

would require somewhat l e s s separative work than Z35U from 238U because of 
the larger spread in isotopic mass numbers. The relatively high i n i t i a l 
concentration of 233U also results in l ess separative work required for 
further enrichment. 

The presence of 2 3 2U with i t s radioactive 
daughter products, particularly 208T1 gamma rays, makes 233U-based fuel 
materials re la t ive ly easy to detect by passive radiation monitors, even 
through substantial shielding. 

One aspect associated with high gamma radiation 
from 232U and i t s daughter products i s that the fuel fabrication would 
require remote maintenance. The re lat ive ly high background of high-energy 
gamma-rays interferes with the use of existing passive gamma-ray NDA measure
ment techniques. The use of active neutron interrogation and calorimetry has 
been suggested, but requires additional work. In principle, advantage might 
be taken of the penetrating 232U daughter radiation to assay the 2 3 3U, but 
the relationship between these gamma rays and the amount of 233U depends both 
on the ratio of 232tJ to 233U and the processing history. 

Although the Pu content in the spent fuel i s lower 
than with the U/Pu F3R cycle, i t i s s t i l l of safeguards concern an-i should 
be stored in a manner similar to that described in C.2.2.2. Plu:.onium would 
Plutonium would also be present at the reprocessing plant, but since i t would 
not be returned to fuel elements and burned up, i t would have to be disposed 
of. One alternative i s to consume i t in reactors possibly collocated with 
the reprocessing and fabrication plants. 

C.2.2.3.2 High Radiation Level Fuel (HRIF): Alternative 
fuel technologies are being considered from the viewpoint of reducing the 
potential for unauthorized use by altering the SNM. Processing, fabrica
ting, or transporting fuel that emits lethal or disabling levels of gamma 
radiation may tend to enhance detection of diversion. The primary interest 
in HRLF i s as a deterrent to subnational diversion. High radiation levels 
would also make hot reprocessing capabi l i t ies a requirement for extracting 
plutonium. 

Methods that have been proposed for increasing the 
act iv i ty of the fuel to accomplish these purposes are (1) leaving certain 
f i s s ion products from spent reactor fuel with the recovered plutonium, 
(2) adding highly radioactive nuclides ( e . g . , 60Co) to the fuel as a step in 
i t s fabrication, and (3) preirradiating the fresh fuel before i t s shipment 
to a reactor. Another spiking concept, enhancing the 238Pu content of 
recycled fuel , would make handling, fabrication, and use di f f icul t because 
of heat production (rather than high radiation leve l ) - Each of these has 
certain advantages and disadvantages. The f i r s t method tends to protect the 
species through a l l the fuel processing steps from spent-fun1 recovery to 
recycle into reactors, but because i t depends ou the presence of certain 
re lat ively short-lived f ission products, this technique may be l e s s effect ive 
for back-logged spent fuel . The third method, preirradiation, i s probably 
the cheapest to use, since the fuel i s not irradiated until after i t s fab
rication. However, this technique protects only the transportation portion 
of the fuel cycle and subsequent storage at the reactor s i t e prior to 
insertion in the core. 
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The f i r s t two methods have been the subject of 
several recent studies. The most comprehensive of these were the joint 
BNL-IR&T study32 and the EPRI study.3 3 More recently the subject has been 
treated in a study of the Barnwell plant31* and in a reprocessing proposal 
by Levenson and Zebroski.35 Most of the work (Ref. 35 i s an exception) has 
concentrated on an analysis of RRLF mixed uranium-plutonium fueled LWRs, 
but many of the results , conclusions, and issues apply to FBR fuel as well. 

One of the adverse ef fects of spiking wi l l be on 
the measurement of nuclear materials for accountability since, at the levels 
required for deterrence, presently used NDA methods are not e f fec t ive . The 
methods now relied on for the verif ication of flows and inventories of nuc
lear material would have to be replaced. Potentially applicable techniques 
include active neutron assay and laboratory-type chemistry techniques, a l 
though neutron assay i s not applicable to neutron-spiked fuels . 

The ef fect of HRLF on analytical (chemical) 
measurements i s less serious, since such measurements are performed now on 
the hot dissolver solutions of reprocessing plants. However, the taking of 
samples in a l l other situations would be more d i f f i cu l t and time consuming 
and measurement incentives may be greater. Faster techniques would have to 
be developed to be useful with a real-time monitoring system. 

C.2.2.3.3 Coprocessing: Reprocessing of spent U-Fu fuel 
assemblies could be performed by a modification of the Furex solvent extrac
tion process such that the plutonium i s never completely separated from 
uranium. The head-end steps including disassembly, chopping or shearing, 
voloxidation, and dissolution would remain the same. The f i r s t extraction 
step would correspond to the f i r s t extraction cycle in the conventional* Furex 
process in which the uranium and plutonium are coextracted into tributyl 
phosphate (TBP) and a high decontamination factor i s obtained. The aqueous 
phase containing the f ission products would pass out of the contactor to the 
high-level waste. In the scrub section of the contactor, the organic stream 
would be washed with HNO3 for additional f iss ion product removal. 

From the scrub section, the organic stream car
rying the uranium and plutonium would pass to a partitioning cycle . Here 
the organic stream would be contacted with an aqueous stream containing a 
reducing agent (as in the reference process) to convert plutonium to i t s 
non-extractable state that would be carried with the aqueous flow. However, 
conditions would be, changed from the reference to force some uranium into 
the aqueous flow. The flow rates of the organic and the aqueous stream, the 
nitrate-concentration in the aqueous s tress , and the temperature could be 
modified to achieve this end. The uranium and plutonium in the aqueous 
stream could then be passed through one or more purification cycles while 
the organic stream carrying the remainder of the uranium would b" sent 
through a process similar to those in conventional Purex. 

If blanket and core material were to be processed 
separately in campaigns, the coprocessing plant would have to be made very 
f lexible since the plutonium- fraction could vary from about 17. to about 15%, 
and i t would be desirable to produce a coprocessed product which i s in the 
range of 152 to 252 plutonium. Development of a tamper-proof process under 
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these conditions would be more difficult than for an operation using uni
form feed. 

Aqueous coproces* ing would have all of the techni
cal problems that the Purex process has, ir addition to the optimization of 
flow rates and mass balances. While it appears that this process would be 
technically feasible, coprocessing spent FBR fuels with 102 to 20S plutonium 
requires additional study and development work. 

Coprocessing the uranium and plutonium would 
present a technical obstacle in the path of acquiring weapons-grade material 
for a subnational group. It would require the theft of larger amounts of 
material to acquire a critical mass of plutonium, thus increasing the proba
bility of detection. 

Mixed oxide fuel of low fission product contamina
tions levels will have little effect on safeguards system sensitivity. The 
fabrication plant system will remain virtually unchanged. Mixed oxide input 
material at 15-25Z Pu could be assayed using the same passive gamma spectro
meters that were used for Pu02. 

The reprocessing plant system say require minor 
equipment modifications, but these would be primarily to process instruments 
in the previous plutonium lines. Here, alpha monitors may require increased 
sensitivity, or they may require replacement by passive gamma spectrometers. 

C.2.2.3.4 CIVEX (Low Decontamination and Coprocessing Fuel 
Cycle: The CIVEX (see Ref. 35) system is designed to provide barriers to 
diversion and theft of SUM and to maintain the fissile material in a rela
tively unattractive form, both for nations receiving the fuel and for sub-
national groups, but especially for the latter. 

Those criteria in CIVEX which have co do with 
plane design are that there should be: (1) no way to produce pure plutonium 
by simple process adjustment, (2) no way to produce pure plutonium without 
equipment modifications, (3) no way eo carry ouc equipment modifications wich 
facilities and components normally on site, and (4) no way to carry out the 
required equipment modifications vichouc plant decontamination or entry into 
extremely high radiation fields. 

The intent of the provision for not being able to 
produce pure plutonium by simple process adjustment is to protect against 
diversion by employees or operators. This means that no feasible adjustments 
to acidity, flow rates,.or reducing agent concentrations could produce a 
stream of pure plutonium. 

The second and third criteria are intended to en
sure chat modifications required co produce pure plutonium involve extensive 
construction projects with materials brought in from the outside. Simple 
plumbing and/or electrical changes would not be sufficient to produce pure 
plutonium. New components would be required, but the plant would be designed 
with no room for them. The criteria requiring Chat equipment modification 
could not be achieved, nor new equipment installed without extensive decon-
camination or entry into very high radiacion fields would introduce a proce
dural as well as else deterrent. 
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The key point i s that Purex-type processes that 
produce pure plutonium would be missing in the CIVEX plant. The CIVEX s o l 
vent extraction plant equipment would contain no scrub stages in the ex
tractor, so that after partitioning, the solvent contains Pu, U and f i s s ion 
products. None of the equipment necessary for a scrub system (pumps, flow
meters, piping, makeup tanks, e tc . ) would be present. Hence i t would require 
a major modification to acquire a scrub system. 

After partition, the excess uranium would be 
collected for subsequent purification by a fluoride v o l a t i l i t y process. 
Such a process would not be ef fect ive for separating Pu and f i ss ion products. 
If plutonium were to be diverted to this stage, i t would be concentrated with 
the f ission products. 

No scrap recovery f a c i l i t i e s would be designed 
into the plant, which would eliminate scrap recovery as a possible s ide-
stream for simple diversion. Fuel fabrication scrap would be recycled along 
with the spent fuel . 

Existing plant designs ca l l for such equipment as 
pumps and flowmeter? to be operated in sidrange, allowing for maximum f lex i 
b i l i t y . The CIVEX approach would be to operate equipment near the limit in 
order to res tr ic t f l e x i b i l i t y . For example, pumps might be operated at 90Z 
of maximum flow rate and reactions might be required to take place on one end 
or the other of ambient range. Limiting such capabi l i t ies would require 
equipment modifications or additions in order to s ignif icantly adjust the 
process. These restr ict ions would assure that large quantities of decon
taminated plutonium would not be produced, while at the same time allowing 
for reasonable variations in acidity, salt concentrations, flow rates and 
flow rat ios . 

A maintenance capability represents a potential 
for plant alterations for i l l i c i t purposes. Hence, the CIVEX design would 
make no provisions for i n - c e l l maintenance of chenical separation process 
equipment which could handle plutonium. Furthermore, no access would be pro
vided for direct maintenance. 

The accountability system would require modification 
from those proposed for a reference plant. The carryover of a few per cent 
of the f iss ion products would rule out passive gamma-ray analysis techniques. 
Presently used alpha monitors could probably be used and Ljjj-absorption 
edge densitometry could operate on selected segments of the process. These 
and other workable techniques, however, are not proven. 

The advantages of the CIVEX system can only be 
realized for short-cooled fue l s . For fuels cooled longer than a few years 
most of the extractable f i ss ion products (zirconium, niobium, ruthenium) have 
decayed to a point where the residual act iv i ty after partial extraction would 
no longer be a diversion deterrence. 
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C.3 FUEL CYCLE CENTERS. IMPLANTATION AND SITE SELECTION 
TECHNICAL PROBLEMS OF DIFFERENT DEGREES OF COLLOCATION 

It has been suggested that collocation of some or all of the elements 
of a Fast Breeder Reactor (FBR) fuel cycle makes significant advances toward 
minimizing the risk of the proliferation of nuclear weapons while meeting 
future energy needs. This section Is directed at evaluation of the technical 
feasibility of collocation and of the contributions it could make toward non-
proliferation goals. Collocated facilities may be under national, multi
national or international control. Internationalization of fuel cycle 
facilities Is also discussed in Section C.4.3 and C.4.4 but this section (C.3) 
is directed solely at the Issues involved in collocation. The subject matter 
contained In these sections is also being considered In several other INFCE 
working groups. This prper is a general review of some relevant considerations 
to help Working Group 5 identify aspects particularly pertinent to the FBR. 

A. Safeguards Aspects of Collocation 

The term collocation is used here Interchangeably with the term Fuel 
Cycle Center (FCC) to mean collocation of two or more of the major elements 
of the FBR fuel cycle: spent fuel storage for either thermal reactors or 
FBRs, reprocessing, fabrication, or power generation. The major safeguards 
related advantages and disadvantages of collocated facilities relative to 
dispersed facilities are: 

Advantages 

1) Collocation of the major FBR fuel cycle facilities reduces the number 
of offsite transportation Links between facilities. Elimination of external 
shipments between reprocessing and fabrication is especially important, if 
separated plutonium or mixed uranium/plutoniua are shipped la low radiation 
bulk form, 

2) A larger security force would probably be available at large, collocated 
sites. This Is important in resisting overt subnatlonal diversion, 

3) The site perimeter can be reduced relative to the total perimeter of 
dispersed sites, thus making possible increased boundary protection for a 
given expenditure, 

4) Safeguards activities can be sore effective as a result of more effi
cient use of personnel, better trained and more specialized personnel, and 
the availability of more and better equipped support services. 

Disadvantages 

1) A subuational group including insiders might have more opportunities 
for diversion of small amounts of material due to possible accessability to 
more facilities, 

2) In the case of subnational seizure of collocated facilities, more material 
and facilities would be available. 
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An FCC can also involve some form of Internationalized management of 
service or sensitive facilities. The advantages and disadvantages of these 
features of an FCC are summarized in Section C.4.4. 

B. Technical Considerations Ln Selecting a Specific Collocation Con
figuration 

The technical issues involved in selection of the degree of collocation 
are treated here, Introduced by a brief discussion of differences ia the 
characteristics of FBR and thermal reactor fuel cycles. Using this as 
technical background, some collocation configurations which may enhance pro
liferation resistance az^ Identified and discussed with respect to their 
siting and resource requirements and to the transmission cost penalties 
associated with the collocation of substantial reactor generating capacity. 

The conclusions of quantitative and comprehensive studies36'37 on LWR 
FCCs are summarized here as a basis for comparison and delineation of consi
derations specific to FBR FCCs. 

The IAEA36 studied thermal reactor regional Fuel Cycle Centers with 
collocated back-end facilities and Indicated that it is economically advan
tageous for a nation to be a participant in a large scale multinational 
regional FCC rather than either establishing small scale national reprocessing 
facilities or storing the spent fuel until the time when a large scale plant 
could be justified. The economic analysis covered the else period through 
2010, and the optimum capacity for the reprocessing plant was found to be 
1500 tonne/yr of LWR spent fuel with the regional FCC containing the other 
back-end facilities of matching size. Such a facility would reprocess the 
spent fuel from 40-50 LWRs. The Nuclear Energy Center Site Survey37 performed 
by the US Nuclear Regulatory Commission (USSRC) considered three different 
FCCs: those involving reactors alone, those involving back-end facilities 
and those involving a cocblnation of reactors and back-end facilities. This 
study showed that, for current conditions, collocation of a set of four 
1200 Mffe reactors is optimum in the U.S. from the point of view of capital 
investment if existing construction methods and transmission lines are to be 
utilized, and it points out that collocating four reactors is that current 
trend in the U.S. nuclear power industry. Advanced construction techniques 
were also considered with the conclusion being chat these could lead to an 
optimum size larger than four plants. Transmission costs were concluded to 
be significant, but not overridlsg, as summarized in Section C of this sec
tion. They also concluded that net additional fuel cycle costs would be 
minimal if reactors that utilize all mixed oxide fuel produced on site were 
collocated with the back-end facilities at an FCC. in comparison with the 
dispersed reactor case. These conclusions in conjunction with the different 
characteristics of FBR spent fuel will have a significant effect on degree 
of collocation at an FBR FCC. 

1. FBR Spent Fuel Characteristics: Detailed discussion of repro
cessing of FBR spent fuel is given ln the Subgroup 5B report. Those differ
ences between FBR spent oxide fuel and that of LWR spent oxide fuel which nay 
'have some effect on degree of collocation or the optimum size of facilities 
are summarized here. 



47 

a. Large Throughput of Plutonium: As shown in Table C.3-1, the 
amount of plutonium in FBR (reference U/Pu oxide system) spent fuel is about 
an order of magnitude larger than for an equivalent LWR, although the annual 
discharges (tonnes of heavy metal) are about the same. 

b. High Fissile Content; The fissile content, i.e., (23SU + 
239?u + 2<fIPu) is about 4 times larger for FBR spent fuel than that of LWR 
spent fuel as shown in Table C.3-1. (Alternately, the weight percent of 
fissile material in HWR spent fuel is about a factor of 3 lower than LWR 
spent fuel.) Criticality considerations have an effect on the design and 
optimum capacity of an FBR reprocessing plant. 

c. Decay Heat and Activity: The decay heat and activity of 
FBR spent fuel is not significantly different from that of LWR spent fuel 
on the average (although the core fuel has higher activity and decay heat 
which could Influence transportation and storage) when cooled for the same 
time period. However, the rapid recycle desired in the equilibrium FBR fuel 
cycle may lead to reprocessing short-cooled FBR spent fuel, while in the 
case of LWR, longer cooling periods are expected. Short-cooled spent fuel 
has higher decay heat and activity and thus has effects on the sizing of 
head end equipment in a reprocessing plant, on the effluent control systems 
and perhaps on site selection. 

It is of interest to consider the possibility of reprocessing 
FBR spent fuel in an LWR reprocessing plant. The high fissile content and 
resulting criticality requirements require, in general, a reprocessing plant 
specifically designed for FBR spent fuel. However, the IAEA study36 pointed 
out that in thermal recycle, the LWR mixed oxide fuel and HWR spent fuel could 
be mixed so that the reduced plutonium percentage in the mix would allow repro
cessing in an LWR uranium fuel reprocessing plant. An extrapolation of this 
idea to that of mixing 1:1 FBR and HWR spent fuels would reduce the weight 
percentage of plutonium and the weight percentage cf total fissile content 
in the mix to the same order of magnitude as that of LWR spent fuel, as 
shown in Table C.3-1. Even chough this is a conceptually feasible method to 
permit reprocessing of FBR spent fuel in an LWR reprocessing plant, the 
practicality cannot be ascertained without further study. 

2. FCC Configurations: An evolutionary sequence of feasible FCC 
configurations, beginning with thermal reactor fuel cycle elements is 
described below. Some of these configurations are an extension of the fuel 
cycle center concept for the back-end facilities by collocating either the 
reactors that supply the spent fuel or the reactors chat are fueled by mixed 
oxiue fuel manufactured at the center. 

a. Reference Centers: In this scheme the reactors are dispersed 
and are served by an optimum-sized FCC containing the back-end facilities. 
An FCC reprocessing LWR spent fuel might supply the mixed oxide back to LWRs 
or supply the mixed oxide fuel to dispersed FBRs. FBR back-end facilities 
could also be collocated at the center to serve the dispersed FBRs in an equi
librium situation. All plants in the FCC would be of optimum size. Fresh 
and spent and mixed oxide fuel transportation would be required. 
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b. Transition Centers: Transition centers represent an interme
diate stage in the evolution from a system of thermal reactors to the final 
equilibrium situation Involving FBRs. In this scheme, reactors that completely 
utilize the mixed oxide fuel would be collocated at an FCC reprocessing LWR 
spent fuel. The USNRC's nuclear energy center survey37 considered plutonium 
burners (thermal reactors fueled by 100 percent mixed oxide fuel) for collo
cation. An optimum-sized LWR reprocessing plant of capacity 1500 tonnes/yr 
could support 10-15 1000 MWe plutonium burners. 

An alternative transition center of optimum size could be 
achieved if FBRs were collocated rather than thermal plutonium burners. In 
'this case a 1500 tonnes/yr thermal FCC would support roughly five 1000 MWe 
FBRs (reference oxide design). The FBR spent fuel would not be reprocessed 
but would be sent to spent fuel storage on site for eventual reprocessing 
and recycle later in FBRs. This retains the option to move toward a complete 
FBR system while enhancing long-term fuel utilization. In this transition 
period, by using thorium in the FBR blankets, a reserve of 2 3 3U could also 
be developed to supply denatured fuel to thermal reactors at a later time. 
This scheme may have enhanced overall diversion resistance since fresh mixed 
oxide fuel transportation would be eliminated. 

c. Integral Center: This constrains the FBRs to be collocated 
with dedicated fuel reprocessing and fabrication facilities. The technology 
would be constrained to promote proliferation resistance such that the loca
tion and fuel cycle type could be unconstrained. Elimination of transport 
of mixed oxide fuel is an objective, however, net breeding will necessitate 
either an Increase in the number of collocated reactors or some form of 
controled off-site shipment. Technology constraints on processes and mixed 
oxide fuel transport might lead to higher costs, and the reprocessing 
capacity might be smaller than optimum. 

d. Symbiotic Center: This concept confines fresh fuel which contains 
chemically separable fissile material within a secure area containing the 
reactors which burn this fuel and the reprocessing/fabrication plants for 
producing it. Denatured fresh fuel is shipped to dispersed reactors. 

The reprocessing of spent fuel from FBRs operated on alternate 
fuels and technical options for proliferation resistance, i.e., spiking, 
coprocessing, etc., are discussed in other U.S. submissions to Working 
Group 5. These alternatives have similar effects on collocation and inter
nationalization as the reference FBR fuel cycle case described here. 

C. Technical Considerations Related to Siting of Collocated Facilities 

With respect to jite-related technical considerations, the various col
location options discussed previously can be grouped into two categories: 

1) collocation of a fuel fabrication facility with a facility 
of matching or greater capacity for fuel reprocessing, 
nitrate conversion, and waste solidification, and 

2) collocation of the above fuel cycle facilities with power 
production facilities. 
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In the second case the power production facilities may or nay not match 
the capacity of the fuel cycle facilities, although the integral cycle FCC 
concept requires that all reactors utilizing the fuel cycle facilities be 
collocated. 

Major technical considerations which could impose significant siting 
constraints are: 

1) radiological and chemical effluents, 
2) thermal effluents, and 
3) land and water requirements. 

In the case of power generation fac i l i t ies , two additional consi
derations are: 

1) transmission cost penalties, and 
2) power reliability considerations. 

The key consideration with respect to collocation of fuel fabrication 
and fuel reprocessing facilities is the availability, of sites (number and 
size) that meet national criteria for radiological effluents. For the sane 
dose commitment at the boundaries of the collocated and dispersed sites, the 
collocated site would require less total land. In addition, since the number 
of sites is reduced by collocation this could in soae cases reduce the ex
posure to the population beyond the site boundary or lead to less difficulty 
in finding sites that meet a given population exposure criteria. There would 
be an increase in the local socioeconomic impact with respect to the disper
sed case, but the impact may be no more than that frequently associated 
with other major industrial facilities. 

Power generation at an FCC may produce heat dissipation constraints. 
If the number of reactors on the FCC site is relatively small (four to eight) 
then heat dissipation either by once-through cooling or by evaporative cooling 
would not introduce constraints more limiting than siting them elsewhere. As 
the number of reactors collocated at a site Increases to match the capacity 
of a large reprocessing facility, then the potential effects of heat dissipa
tion on climatic conditions could lead to increased land requirements relative 
to dispersed siting. The total land and water requirements associated with 
collocating a large number of reactors could become a siting constraint. 

1. Collocation of Fuel Fabrication. Reprocessing. Nitrate Conver
sion, and Waste Solidification; A schematic of the typical FBR 

reference fuel cycle process components is shown in Fig. C.3-1, and the 
process steps are described elsewhere.37 The reference facilities in the 
following discussion have a capacity of 1500 tonnes per year. 

a. Chemical Effluents; Ho process liquid effluents will be released 
to the environment from reprocessing, nitrate conversion, and waste solidi
fication facilities since all process liquids are recycled for treatment to 
recover chemicals and fertile and fissile elements. In current fuel fabri
cation plants it h"S not been found to be economic to include the same level 
of process liquid treatment. Therefore, fluorine and nitrogen in the form of 
ammonia and nitrates are contained in liquid effluents, but concentrations 
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Fig. C.3-1 
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still meet applicable U.S. criteria. For a large FCC, additional ammonia 
recovery Bight be necessary, but would not Impose a major economic penalty.38 

The most significant gaseous chemical effluent is hydrogen 
fluoride arising from the conversion of UF6 to U02. Current U.S. fuel 
fabrication plants meet the applicable criteria at the site boundary, and 
the additional treatment that might be required fcr a large FCC would n.*t 
impose a major economic penalty."8 Other major gaseous effluents are nit
rogen oxides and sulfur dioxide arising primarily from the burning of fossil 
fuel in process boilers. At the site boundary the concentrations of these 
effluents would be expected to be smaller than the U.S. air pollution 
requirements by about a factor of ten. 

b. Water Requirements; Approximately 3.5 * 108 Btu/hr of heat must 
be dissipated for 1500 Te/yr HM* throughput or 2.3 * 10s Btu/hr/TeHM. Dissi
pating this heat with wet evaporative cooling towers combined with the 
process water requirements results in a total water consumption cf about • 
5 x 103 gpd/TeHM. 

c. Radiological Effluents: Technology is available to ensure 
essentially zero radiological release of liquid effluents and to achieve an 
atmospheric release fraction for particulates of 10 9. _In the tiae frame 
that an FBR FCC might be built, release fractions of 10*2 will likely be 
achieved economically for H-3, C-14, and Kr-85, and lO"* for iodines.39 ,tf° 
However, using present technology (no reduction for H-3, C-14 and Kr-85; a 
release fraction of 5 * 10~2 for 1-129; a release fraction of 2.5 x lo""2 

for 1-131; and a particulate release fraction of 2 x 10~9) the annual dose 
commitment from a collocated FBR facility having 1500 Te/yr EM throughput is 
given in Table C.3-2 for several exposure pathways. The corresponding values 
are also shown for a collocated FCC processing LWR fuel. The largest 
exposures result from an Inhalation, ingestion pathway involving the thyroid. 
Table C.3-3 compares this exposure to other common sources of radiation in 
the U.S. The population exposure resulting from either FCC is a small frac
tion of the population exposure attributable to other sources. The exposure 
to an infant located at the site boundary is comparable to that received 
from other sources. However, as stated earlier, by the time FSR FCCs might 
be built, it is expected that additional reductions in radionuclide effluent 
releases could be obtained economically so that all FCC doses would be less 
than those from other sources. 

The atmospheric dilution factors used to obtain the values in 
Table C.3-3 can typically be achieved on a site of about 10 km2 with a 1.6 km 
exclusion distance for the fuel fabrication facility and a site of about 

. 23 km2 with a 2.4 km exclusion distance for the reprocessing, nitrate conver
sion, and waste solidification facility. Since most of the 23 km2 fuel repro
cessing site area would be vacant and needed only to provide the exclusion 
distance, the 10 km2 fuel fabrication site could be collocated without an in
crease in land requirements. The plants could be as close as 0.9 km and 

Tonnes of Heavy Metal per yr 
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TABLE C.3-2. Annual Dose Commitment from Collocated 
Reprocessing and Fabrication Facilities 

Exposure 
Pathway-

Total Bodyb 

Thyroid0 

Infant Thyroidc 

Bonec 

Individual a t the 
S i t e Boundary 

(mren/yr) 

LMFBR 

17 

39 

200 

40 

LWR 

13 

52 

66 

51 

Population w 
of a Model 

(man-rem 

LMFBR 

3*103 

1.4x10" 

-

2.2*10 3 

i t h i n 80 Kma 

S i t e 
/ y r ) 

LWR 

2.3*103 

7.9*103 

-

2 .6x l0 3 

^Population average used was 3.5*10s people residing within 50 miles 
of this site. 

Direct irradiation of the total body. 
cInhalation plus ingestion of effluents specific to the organ plus 
direct external irradiation. 
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TABLE C.3-3. Comparison of Dose Commitment from Collocated 
Reprocessing and Fabrication Facilities with other 

Common Sources of Radiation In the U.S. 

Exposure 
Source 

Natural Background 

Fallout 

Medical (diagnost ic) 

Televis ion 

Individual 
Exposure 

(mrem/yr) 

100 

4 

72 

0 . 1 

Population 
Exposure 

(man-rem/yr) 

2.1*107 

8.4x10 s 

1.6x l0 7 

2.1*10w 

LMFBR-FCC 
a,b 

LWR-FCC a.,o 

200 

70 

1.4*lO* 

7.9.103 

aThese figures are estimates of the maximum dose received by an 
individual residing continuously at this site boundary. 

These represent pure LMFBR or LWR FCC's. A mixed operation will 
result in exposures between those of the individual species 
operation. 
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achieve the necessary exclusion distance on the 23 km2 site. The dose com
mitment to an individual at the site boundary could be made essentially the 
same as dispersed siting by Improved plutonium particulate effluent control 
and/or by moving the two plants closer together on the site. 

Table C.3-3 was based on the use of (U,Pu)02 fuel, but the use 
of (U,Th)02, (U,Pu)C, or (U,Th)C as the fuel material would not increase the 
dose commitment significantly unless th« U-232 content greatly exceeded about 
1200 ppm (of uranium). If the U-232 content increased from 1200 ppm to 
5000 ppm, the total body dose, for example, would increase about 30Z. For 
comparison, the Clinch River Breeder Reactor Plant (CRBRP) thorium cycle 
design showed a maximum U-232 concentration of less than 700 ppm anywhere In 
the cycle.38 

2. Collocation of Power Generation and Fuel Cycle Facilities; The 
incremental effects of collocating power generation with the fuel cycle faci
lities are discussed in this section. 

a. Thermal and Chemical Effluents; Heat dissipation effects of 
power generation lead to two important constraints; water availability and 
land availability. In most cases, a lack of one can be accommodated by 
Increasing the requirements of the other. A once-through cooling system 
minimizes the land requirements and the cost, but maximizes Che cooling 
water requirements. On the other hand, a dry cooling system minimizes the 
water requirements but increases the cost. Specific sice conditions, 
however, will in general determine the choice of the heat dissipation system. 

The following approach used to assess Che impacts of heat dis
sipation resulting from the collocation of a large number of reactors is 
adopted from that in NUREG-0001.3" Further, it is assumed that the reactors 
will be built in four-unit clusters of from 4000 to 4800 Mtfe, as are many 
LWRs. A spacing of 4 kilometers between four-unit clusters with natural 
draft evaporative cooling towers will produce a heat flux about three times 
chat from che global average solar heating. The heat flux from a large city 
such as New York is about four times che global average, and, while che heat 
releases from several point sources such as cooling towers are not truly 
analogous Co che very large area source from a clt7, an FCC siting constraint 
of three times solar heating would be likely to produce local climatic 
changes no worse than that of a large city. 

Large water vapor additions to the atmosphere can cause Increased 
fogging, icing, and atmospheric convectlvc activity. Using natural draft 
cooling towers, the moisture release rate is about 5.6* 10s gm/sec per 
1000 MWe plant. On the 16 km2 site defined by heat flux considerations, the 
above moisture addition rate would be about 151 of that from natural causes 
during periods of strong convection. Therefore, the cooling system of a 
16 knr site containing four 1000 MWe units would produce a small moisture 
addition rate compared with natural atmospheric dynamics. 
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The blowdown required for the cooling system to control water 
chemistry contains not only the impurities of the makeup water in higher 
concentrations, but also chemicals for corrosion control, decontamination and 
cleaning, and biological growth control. The blowdown from a large FCC power 
center is no different from that of dispersed reactors except that it would 
be Likely to be discharged to a single body of water rather than to a number 
of bodies. The fact that the clusters of 4 reactors would be 4 kilometers 
apart would imply that the discharge would be adequately dispersed; however, 
a dispersion enhancement device might be needed. Blowdown to smaller bodies 
of water might exceed water quality criteria; therefore, higher levels of 
treatment might be required. Thermal discharge standards might also be 
exceeded by the blowdown without careful engineering and/or auxiliary cooling, 
such as cooling/settling ponds. These considerations are highly site depen
dent, but if these additional measures are needed, they are well within cur- . 
rent technology. The additional cost is not expected to be significant when 
compared to the alternative of dry cooling.38 

b. Radiological Effluents: Radiological aspects of power 
generation can affect siting feasibility considerations in any of three 
ways: routine releases, accident release, and design basis evaluations. 
Of these, only the first, routine release, is additive and is therefore 
an important consideration for reactor groupings in a power-production 
center. The latter two effects are based on severe accidents, the 
occurrence of which, in more than one reactor at any given time, would 
be extremely unlikely. Therefore the constraints imposed by these latter 
two points on grouping's of reactors can be treated as being the same 
as for a single reactor. The sixteen-square-kilometer site size defined 
by heat dissipation considerations is about twice that normally used 
with U.S. reactors for radiological dispersion purposes, and, as would 
be expected, radiological dose commitments are low for Che four-1000 MWe 
unit cluster. Even as large a facility as a 40,000 MWe FCC with four-
kilometer spacing between clusters would have less than twice the radio
logical impact from gaseous effluents and only roughly a 10Z increase in 
the impact from liquid effluents at the site boundary from routine operations 
compared with a single 4000 MVe cluster.1*1 The cumulative dose commitments 
are below that of background plus other common sources of radiation. 

c. Deployment Configuration Effects: The reference international 
FCC system permits collocation of reactors within the site provided for che 
fuel cycle service facilities. An FCC consisting of fuel fabrication, re
processing, nitrate conversion, and waste solidification facilities having 
a 1500 tonnes per year capacity might be collocated with a cluster 
of four-1000 MWe FBRs. The land and water requirements and the dose commit
ments from such a FCC are given In Table C.3-4. For comparison, the zero 
onslte power production case is also shown. As Indicated previously, once-
through cooling would allow substantial reductions in land requirements with 
a substantial increase in cooling water requirements. 
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TABLE C.3-4. Siting Requirements for 
Reference International FCC 

Qnsite Power Production 

0 4000 MWe 

Land.^ectares 2.4*103 4.1*103 

Water ,agpra 2.5*102 5.6*10** 

Maximum Individual Dose Commitment 
for Several Exposure Pathways, mrem/yr 

Total Body 

Thyroid 

Bone 

Infant Thyroid 

aThe use of once-through cooling could reduce land requirements to 
about 3.2xl03 hectares (without optimizing fac i l i ty arrangements) 
and increase water requirements to about 2.2xl06 gpm for the 4000 iWe 
power production case. 

These figures are estimates of the maximum dose received by an 
individual residing continuously at the s i te boundary. 

17 

89 

40 

.98 

20 

92 

40 

230 
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The secured area (or symbiotic) deployment FCC system 
includes onsite FBRs and o f f s i t e reactors operating on denatured fuel. 
The ratio of o f f s i te to onsite reactors wil l vary from about 1 to 3 
depending on the reactor design and fuel cycle parameters selected.1*0 

The land and water requirements and the dose commitments are given in 
Table C.3-5 for a 1500 tonnes/yr fuel cycle f a c i l i t y and two onsite 
reactor power leve l s , 10,000 MWe and 25,000 MWe. As'discussed above, 
the reactor effluents do not increase proportionally with an increasing num
ber of reactors, hence the exposure due to the reprocessing plant overrides 
the small Increase due to a large number of reactors. 

Integral cycle deployment of an FCC means collocation of 
reactors and their fuel cycle service f a c i l i t i e s . The FCC might be small 
In terms of reprocessing throughput (300 tonnes/yr and 10,000 MWe), 
although other s tud ies" have considered collocation of f a c i l i t i e s as 
large as 1500 tonnes/yr and 50,000 MWe. Table C.3-6 shows the land and 
water requirements and the dose commitments for these two s i z e s . Again, 
the exposure due to the reprocessing plant overrides the small increases 
due to the increased number of reactors. 

l a a l l cases the radiation dose commitments are relat ively 
low (generally comparable to that received from background and medical 
sources) and much l e s s than that permitted by U.S. regulations. If the 
infant thyroid dose commitment at the s i t e boundary i s considered to be 
too high, several means of reducing i t are available including increasing 
stack heights, improving Iodine effluent control technology, increasing 
the exclusion distance by locating the reprocessing plant near the center 
of the FCC, and choosing a s i t e with reduced nearby dairying. 

d. Transmission Cost Penalties and Power Reliabil ity Considerations: 
If large numbers of reactor are collocated in an energy center (whether or 
not with other fuel cycle f a c i l i t i e s ) , then local use and/or transmission of 
the energy becomes an important consideration. Several studies have evalu
ated this factor with the Nuclear Energy Center Site Survey Study by the 
USOT.C37 devoting considerable attention to transmission system cost and 
re l i ab i l i t y . The summary discussion that follows i s taken largely from that 
study. 

Some of the key assumptions in the USftRC study were: 

a. A principle voltage of 765 kV a .c . was used in analysis 
although i t was noted that other options, including 
1200 kV l ines , underground transmission, d .c . trans
mission, and superconducting transmission, might offer 
advantages as the technologies develop. 

b. No more than 15X of a region's total generating capa
ci ty would be located at any one center to limit the 
potential loss from causes such as earthquake or 
sabotage. This assumption i s not too restr ict ive for 
energy centers in the U.S. and perhaps not for other 
areas with high e l ec tr i c i ty use. While i t i s l ike ly 
to be restr ict ive for some other potential FCC loca
tions, a higher percentage might also be reasonable in 
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TABLE C.3-5. Siting Requirements for 
Secure Area FCC 

Onsite Power Production 

10,000 MWe 25,000 We 

Land, hectares 6.6-103 l.SaO1* 

Water, g?m 1.4x10s 3.5*10s 

Maximum Individual Dose CoianitmenC 
for Several Exposure Pathways, mrem/yra 

Total Body 

Thyroid 

Bone 

Infant Thyroid 

20 

92 

40 

38 

20 

92 

40 

241 

Same as comment b on Table C.3.4. 
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TABLE C.3-6 . S lc ing Requirements fo r 
Integral FCC 

?flO t o n n e s / y r 1300 m i n e s / v r 
and and 

10,000 MWe 50,000 MWe 

Land, hec ta re s 4.5*L03 2.3X101* 

Water, gpm 1.4x10 s 7 . 0 ,10 s 

Maximum Ind iv idua l Dose Commitment 
a 

for Severa l Exposure Pathways, mrem/yr 

Total Body 

Thyroid 

Bone 

Infant Thyroid 

Same as comment b on Table C.3.4. 

20 

92 

40 

!38 

20 

92 

40 

244 
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some cases depending on the relative reliability of the 
center compared to other generating stations. In 
any case, complete protection of the system is diffi
cult in the case of severe earthquake or tornado 
damage of the lines converging on an energy center. 

Table C.3-7 shows a summary of some of the USNRC study results for a 
particular scenario which assumed that energy centers filled most of the 
incremental U.S. electrical need between 198S and 2000. These summary numbers, 
presented as a percent of total annual electricity costs, are based on 1975 
costs and on U.S. conditions. The basic comparison was between 12 GWe and 
48 GWe energy centers. The obvious conclusions from this are that (1) in any 
case transmission costs are not a large fraction of the total electricity 
costs, (2) costs go up appreciably for the extreme 48 GWe center cases, 
(3) costs go up appreciably for less-populated regions (more dispersed large 
load centers), and (4) the largest costs are associated with construction, of 
the system, rather than for land or to account for transmission losses. 

The deployment of large electrical generating capacities at a single 
site would require a comparable electrical demand in some region about the 
site. However, the USNRC study indicates that the region could be fairly 
large (the average differential transmission distance in the West for 48 GVe 
energy centers as compared to dispersed sites was 290 miles) without an over
riding cost penalty ($45/kWe in 1975 dollars in this extreme case). In 
higher usage areas, such as in the northeastern U.S., the cost penalty would 
be lower ($17/ktfe for a 48 GWe energy center). 
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TABLE C.3-7. Summary of Transmission Costs 

Investment 
Costs 

Front-end 
Costs 

Land 

Losses 

Total 

Western U.S. 

12 GWe 

3.8 

1.4 

0.2 

0.6 

6.07. 

48 GWe 

5.8 

1.0 

0.4 

2.2 

8.92 

Northeast 

12 GWe 

1.6 

0.7 

0.1 

0.3 

2.7% 

ern U.S. 

48 GWe 

2.2 

0.7 

0.2 

0.7 

3.8% 

percentage of total annual electric costs. 
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C.4 ADMINISTRATIVE AND LEGAL PROBLEMS 

C.4.1. General Outlook of Organizational Systems and of Safeguards of 
the Fuel Cycle in Energy Production 

The future technical effectiveness of IAEA Safeguards i . e . , IAEA 
capability to independently verify the resul ts of the s t a t e ' s system of 
accounting and control, depends on numerous considerations. One i s the 
specif ic content of the safeguards agreements concluded between the IAEA and 
the nations. These agreements oust sat i s fy IAEA needs on such matters as 
access to f a c i l i t i e s and reasonable man-day allowances. A second considera
tion i s the avai labi l i ty of IAEA resources, including technical capabil i ty , 
inspection time and knowledge. Another important consideration i s that a l l 
f a c i l i t i e s be designed to f a c i l i t a t e the application of safeguards. There 
i s a l so , of course, an inherent l imitation of material measurements and 
accountability which i s , in any case, constrained by specif ic design and 
process features, by production goals and cos t s , and by inherent measurement 
uu«-*.rtainties. 

FBR fuel cycles would require considerably greater safeguards efforts 
than do once-through LWR fuel cycles (without reprocessing or recycling of 
Plutonium) but would be comparable to LWR fuel cycles with reprocessing and 
recycle of plutonium. In both cases, because of the presence of large bulk 
f a c i l i t i e s , handling large through-puts of plutonium (reprocessing and fuel 
fabrication) there i s reason to believe that desirable goals and objectives 
of the IAEA safeguards systems may not be able to be met to a satisfactory 
degree using material accountancy alone because: 

adequate sens i t iv i ty for detection diversion in whe process 
parts of large bulk handling f a c i l i t i e s since item accountancy 
cannot be used and the measurement error of chemical analysis 
and NDA are too large, and 

appropriate timeliness for plutonium, 233U and uranium 
containing 20Z or more in 2 3 5U, since in general i t i s 
not practicable to take complete physical inventories at 
intervals of 1-3 weeks. 

Accordingly, material accountancy needs to be complemented by contain
ment and surveillance and by the development of new concepts in order to pro
vide for the timely detection of the diversion of smaller quantities than are 
detectable with exist ing material accountancy procedures. 

An adequate system with the requisite sens i t iv i ty and timeliness i s 
expected to include the following common elements: 

1) material accountancy involving those measurement techniques 
and strategies having the smallest errors as the most sensi 
t ive means of detecting long-term diversion; 

i i ) non-destructive assay to provide timely verif icat ion of flows 
and inventories; 
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iii) containment and surveillance to detect unreported transfers 
or removals, including both small and large diversions; and 

iv) new concepts and measures to provide estimates on a timely 
basis of materials in inventory, in particular ii.-process 
inventory. 

Such a system is not at hand today and research and development will 
be needed before one could be demonstrated. If such a system can be demon
strated, it is highly desirable to incorporate it into a facility design. 

C.4.2 Fuel Cycle Service Responsibilities in the UnJ'-.ed States 

The ownership =ind operation responsibilities r fuel cycle services 
in the U.S. are shared between government (the Department of Energy, DOE) and 
commercial concerns. Safety and environmental licensing of commercial opera
tions are the responsibility of the Nuclear Regulatory Commission (NRCO 
(health and safety aspects of radiological releases), the Environmental Pro
tection Agency (other environmental impacts), and the Occupational Health and 
Safety Administration. Regulation of DOE-owned facilities is the responsibi
lity of DOE, although in recent years commercial licensing procedures have 
been followed (informally) for DOE-owned LMFBRs (FTTF and CRBR). 

In the LWR cycle, all fuel cycle facilities are commercially owned at 
preseut with the exception of enrichment facilities, which are owned by DOE 
but operated by private contractors. All LHR generation facilities are owned 
by electric utilities, which may be private commercial concerns, publicly 
owned (regional agencies or state governments) or national government owned 
(the Tennessee Valley Authority — a quasi-commercial agency of the national 
government). 

Uranium mining and silling services are provided by private companies 
(with the exception of TV A, which has its own uranium mixing resources). 
Some of these, such as Exxon Nuclear and Kerr-McGee, are also involved in 
fuel fabrication. In the LWR spent fuel reprocessing area, the Barnwell 
Nuclear Fuel Plant is owned by a private company, Allied-General Nuclear 
Services, but there are currently no plans for its operation. 

LWR nuclear fuel, in the form of completed fuel assemblies, is bought 
by the utilities from fuel fabricators. Currently, the fuel is owned by the 
utilities indefinitely, and they are responsible for spent fuel storage. 
Ultimate waste disposal will be the responsibility of the national government, 
bat no specific mechanisms for transfer of ownership are currently in opera
tion. 

All U.S. LMFBR reactors are owned by the U.S. Government while fabri
cation facilities exist under private as well as government ownership. Two 
decommissioned fast reactors, SEFOR and Fermi-1, were commercially owned and 
operated. 

C.4.3 Legal and Administrative Problems of Collocation 

It has been suggested that collocation of some or all of the elements 
of a Fast Breeder Reactor (FBR) fuel cycle under multinational or inter
national ownership, operation, and managemene could make significant advances 
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toward both of the objectives of meeting future energy needs and minimizing 
the risk of the proliferation of nuclear weapons. Technical issues related 
to collocation were discussed in Section C.3, and in this section we focus 
on the legal and administrative problems of multinationalization and inter
nationalization. 

A. Background for Collocation 

Three alternative deployment strategies for FBRs have been con
sidered throughout the preparation of the U.S. contribution to the INFCE 
Working Group 5 (WG5) study: 

Reference International Deployment; Breeder fuel cycle type or 
breeder reactor location would not be constrained. The reprocessing/ 
refabrication links of the cycle could be located without constraint, or 
they could be confined to fuel cycle centers, perhaps under international 
control. (This option includes the historically-perceived deployment pattern 
for breeders.) 

Secured Area Deployment; Breeder reactors would be constrained 
to be collocated with the reprocessing/refabrication links of the cycle and 
to secure locations. No constraint would ex i s t on fuel cycle type within 
the secured area, but any dispersed (outside the secured area) reactors would 
be constrained as to fuel type such that no fresh fuel containing chemically 
separable f i s s i l e material would be allowed outside the secured area. This 
constraint could lead to the use of thorium and symbiotic cyc les . 

Integral Cycle Deployment; Breeder reactors would be constrained 
to be collocated with dedicated reprocessing/refabrication f a c i l i t i e s . The 
technology of the cycle would be constrained to make diversion by unauthorized 
groups extremely d i f f i cu l t and to require that nations modify the reprocessing/ 
fabrication process in order to acquire material that could be usable in 
weapons. 

The impact of internationalization in conjunction with collocation 
of breeder reactor f a c i l i t i e s , upon the non-proliferation goals and upon 
technical matters i s discussed in this sect ion. 

Primary among immediate needs i s a means to accommodate the spent 
fuel from LWRs currently in operation or under construction. It has been 
estimated by the IAEA36 that i n the absence of reprocessing, the tota l 
amount of spent fuel w i l l have reached 40,000 tonnes in 1985, growing to over 
90,000 tonnes by 1990. These projections also indicate that spent fuel in 
.storage can be expected to r i s e from i t s current level of roughly 5,000 tonnes 
to nearly 20,000 tonnes in 1985, i f a l l the reprocessing plants both planned 
and authorized are operating in that time frame. 

This prospect i s one of the reasons that the recent United States 
Nuclear Non-Proliferation Act (NNPA) requires the President to promptly 
undertake discussions directed toward "the establishment of repositories for 
the storage of spent nuclear reactor fuel under effect ive international 
auspices and inspection." The creation of an international spent fuel r e 
pository if i t were to occur could provide the needed r e l i e f while a t the 
same time providing a basis for subsequent extension to operations such as 
reprocessing, recycle and f ina l disposal of wastes under some form of inter
national auspices. 



66 

Since spent fuel from thermal reactors contains significant fissile 
content which could be recycled in these reactors, some states are considering 
reprocessing. Such reprocessing may also simplify the management of long-
term LWR wastes. However, to improve safeguards and minimize proliferation 
risk and to provide economic benefits compared to national reprocessing, 
collocation and internationalization of large reprocessing and refabrication 
plants for a group of nations with common needs could be considered. The 
development of such Fuel Cycle Centers for LWR fuel in the next several 
decades could provide (as with an internationalized spent fuel facility) a 
starting point upon which the implementation of internationalization of FBR 
facilities might be developed. In this regard, the IAEA has distributed 
recently a paper on "international management of plutonium and spent fuel" 
which can be examined by Working Group 5. 

In summary, in the near-term evolution of the LWR economy, several 
opportunities may arise for the introduction of inter/multinationalization 
of elements of the LWR fuel cycle. These are: 

a. The possibility of international facilities for Away 
From Reactor (AFR) storage of LWR spent fuel, 

b. The possibility of regional Fuel Cycle Centers for 
reprocessing/refabrication of LWR spent fuel, 
and 

c. The possibility of international management and 
storage of plutonium. 

Any of these possibilities, if it occurs, could provide a base 
upon which inter/multinationalization of elements of future FBR or FBR/LWR 
symbiotic fuel cycles could be developed. 

The factors that may influence a nation in making a decision either 
to participate in a international or multinational FCC or to develop national 
fuel cycle facilities fall generally into the categories of non-proliferation 
goals, economies of scale, accessibility of technology already developed, 
net balance of trade, and assurances of supply. 

The cost advantages of regional FCCs relative to dispersed national 
facilities have been examined in some detail by the IAEA.36 These studies 
indicate that the unit costs of fuel reprocessing, fuel fabrication and waste 
management are significantly reduced with larger facilities relative to 
smaller facilities. The unit total cost of reprocessing and recycling 
operations was calculated to be approximately 40 percent less for a 
1500 tonne/year plant relative to a 500 tonne/year plant. This study further 
Indicated that a large reprocessing plant may be necessary for the levelized 
net costs to be positive for the reprocessing and recycling of mixed oxide 
fuel into LWR plants. The lower cost of fuel recycling in large international 
FCCs results from both lower capital costs and lower operation costs per 
unit output. There are many factors that influence the lower capital costs, 
but they largely result from the economies of scale. For example there will 
be lower total land requirements. Lower operating costs would be somewhat 
less certain but could result, for example, from an expectation of more 
efficient use of personnel, better trained and more specialized personnel, 
and the availability of more and better quality support services. For 
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example, the safeguards cost per unit output are expected to slowly decrease 
with increasing plant size. This behavior is expected for mar.7 of the other 
support services. Finally, an additional economic advantage cf internationa
lization is in the sharing of costs. 

Another possible incentive for a nation to decide to participate 
in a multinational or international Fuel Cycle Center rather than developing 
national facilities is the accessibility to services for the advanced fuel 
cycle not available domestically. The FCC offers its services to participating 
nations; thereby eliminating the need for costly and uncertain national 
development. For some countries a national program to develop a commercial 
fuel cycle technology may be out of the question. In this case the only 
option may be participation In some form of international FCC or entry into 
a commercial agreement for fuel cycle services in another country. Civen 
only these two options it may be that the leadership of many nations would 
feel that participation in an international FCC would offer more assurance 
of a continued supply of fuel cycle services, since the commercial agreement 
would be dependent upon the stability of a private company or the policy of 
a single nation. These concerns could be mitigated if there were several 
private companies or nations offering fuel cycle services. 

There are several legal and administrative considerations of 
potential importance to the development of an FBR FCC under some form of 
international control. The discussion below of generic considerations follows 
closely that In the IAEA study36 and relates the points considered in that 
study to an FBR FCC. 

B. Legal/Administrative Considerations 

1. Legal Status and Structure: A number of possible legal 
arrangements exist for an international FCC. The exact structure is not 
critical provided it is well designed to meet its objectives and sufficiently 
flexible to accommodate possible changes in the mix of governmental and com
mercial participation as required. There are no inherent technical reasons 
for an international FBR. FCC to require organizational structures, largely 
different from a thermal reactor FCC. 

2. Governmental Role; Governmental involvement is likely, if not 
absolutely necessary, in effecting an FCC. A host country is likely to take 
a larger interest than other participating countries in the legal aspects 
of the FCC since it will have specific interest in public health and safety 
aspects of the FCC. It must also be concerned about the long-term stability 
of the FCC operation; particularly, whether adequate decommissioning agree
ments are In place both for premature and normal cessation of FCC operations. 
Larger Initial governmental involvement might be expected in the FBR case, 
partly on a historical basis, but also because of the potentially larger 
coses. Since all FBR development programs are largely government funded, 
such continued involvement in FBR deployment seems likely. 

3. International Administrative Structure: As stated in the IAEA 
study,36 "the principal task ... (is) to develop an administrative structure 
which (can) be responsive to governmental interests and yet function effec
tively in constructing and operating a large-scale industrial complex . . . " 
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This study indicated that such an objective can be achieved through the 
implementation of multitiered mixed organizations. There are no apparent 
unique differences for the administrative structure of an FBR FCC. 

4. Commercial/Service Arrangements; A necessary aspect of the 
legal arrangements for an International FCC is an agreement on customer 
service preference, e.g., FCC participants only, participants and other 
preferred customers, any customer willing to pay a market price, etc. Breeder 
fuel cycles, at least Initially, may put fuel supply assurance in a different 
context than for thermal cycles since reprocessing is the only source of the 
plutonium fuel supply. Thus, the participants in an FBR FCC are likely to be 
more dependent on the FCC than in the LKR case in which more suppliers may be 
available. Further, the pressures for rapid service will be greater due to 
the effect of out-of-reactor time on system doubling time. This puts more 
burden on having clear—cut service arrangements. 

Pricing of services Is an important part of these arrange
ments, particularly with respect to preferred customer discounts, e.g., for 
participants, or to premiums for quick turnaround. Again, this is likely to 
be of greater importance In the FBR case because of the greater value of 
the product relative to the reprocessing cost. 

5. Industrial Arrangements: Procurement of goods and services, 
possibly including FCC construction and operation, could be according to 
conventional business practice but might be allocated in some way among 
participants through negotiated arrangements. There should be no inherent 
differences here in FBR and LWR requirements. 

6. Technology: For both proprietary and non-proliferation 
reasons, technology exchange and control agreements must be considered for 
technology both acquired for use in or developed by an FCC. There are no 
apparent differences between an FBR FCC and thermal reactor FCCs in the 
necessary approach to the management of technology transfer. 

7. Financial Matters: A variety of financial matters must be 
resolved in effecting an FCC, particularly those involving initial financing, 
operating expenses, liabilities, flexibility for accommodating failure or 
withdrawal of participants, and long-term investment returns. The IAEA 
notes36 that the Initial investment for a reprocessing facility will be 
large, but still a relatively small fraction (probably less than 10%) of the 
total capital requirements of the nuclear power program which the FCC would 
serve. An equally Important point is that the tsquired financial share of 
a participant would be lower, because of cost sharing and economies of scale, 
than if the state established national reprocessing facilities. 

An FBR FCC is likely to involve a greater investment than 
a comparably sized thermal reactor FCC. Furthermore, in early stages of 
deployment the unproven state of the technology could limit funding sources. 
This may cause more difficulty in initial financing. Development cost payback 
should be faster, however, because of the greater value of FBR reprocessing. 
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8. Special Privileges and Guarantees; Agreements on the degree 
to which the host country's existing treaties and laws would hold for an FCC 
should be explicit. Special exemptions, such as those regarding licensing, 
import and export of materials, access to the FCC, labor market restrictions, 
taxes (including import duties), etc., should be covered by these agreements. 
These considerations are discussed in detail in the IAEA study report. 
There appear to be no large differences between FBR and thermal reactor FCC 
requirements in these respects. 

9. Staffing; The IAEA study suggests that 1100 personnel 
would be required for a fuel reprocessing plant of 1500 tonnes (EM)/year size. 
A necessary area for agreement involves the degree of staff allocation among 
the participant countries. Spread of sensitive technology would need to be 
considered in the allocation and assignment of personnel from the partici
pating countries. For comparable reprocessing throughput, an FBR FCC might 
require a larger staff as compared to the IAEA estimate if full throughput 
fabrication facilities were collocated in the FBR case. The local Impact 
should still not be largely different for an FBR FCC compared to an LVR FCC. 

10. Physical Protection and Emergency Responsibilities: Security 
personnel within the FCC would likely be under the control of the plant 
managers, although other options are possible. Exterior security would 
probably be the responsibility of the host state. Agreements on the specific 
responsibilities and coordination in the event of emergencies would be neces
sary. There appear to be no large differences between FBR and thermal reactor 
FCCs on these issues. 

C. Acceptability Considerations in Implementing FBR FCCs 

There do not appear to be any unique differences in the organiza
tional issues involved in Implementing an FBR FCC from those for implementing 
a thermal reactor FCC. Furthermore, the greater value of the F3R reprocessiag 
product in terms of reprocessing cost may provide greater incentives for 
establishment of FBR FCCs. However, a comparable FBR FCC (in terms of Elf 
throughput) with full fabrication facilities might have a larger Impact la 
terms of economic, manpower, and physical resource requirements, and the 
political and public sector acceptability are likely to be different. 

Political acceptability depends upon many factors including 
a government's perception of the relation between the nation's energy needs 
and the potential of FBR fuel cycles to meet them. The technical decision 
factors involved in a nation's deployment decision are discussed elsewhere.If2 

However, it should be recognized that in many cases public acceptability can 
also strongly influence a government's decision. 

Obtaining public acceptance for the siting of any large develop
ment is often difficult, and it might be particularly difficult in many nations 
for an FBR FCC. Since opposition might tend to be based largely on siting, 
choosing sites such as unpopulated areas of islands might mitigate opposition. 
Local compensation through taxes or other benefits could also bring support, 
particularly from local governments. However, the balance suggests that 
public acceptability would be a key problem involved in the implementation 
of an FBR FCC. 
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C.4.4 Multinational and International Management as a Means Against 
Proliferation 

In this section we summarize some of the non-proliferation related 
advantages/disadvantages of multinational and international operation of any 
fuel cycle facility, relate these to FBR cycles. 

Potential Advantages 

1) The availability of international facilities provides an alternative to 
developing national facilities. 

2) The susceptibility to national level diversion is reduced by inter
national participation. National level diversion or covert operations within 
the facility would be more difficult to carry out with international parti
cipation in operations and management. 

3) Internationalization would introduce legal and political barriers to 
abrogation of non-proliferation commitments by the participating nations and 
to misuse of the facility by the host country. 

4) With international management of the facility committed to safeguards, 
there might be a greater level of cooperation with the IAEA, both in the 
negotiation of the initial safeguards agreements and in the day-to-day 
interactions among IAEA inspectors and the facility management and operators. 

5) Operation under international auspices might make the services of the 
facility more attractive to some countries that might be reluctant to rely 
upon the unilateral control of a single nation. 

6) The potential exists for the IAEA to perform the material accountability 
and surveillance functions and thus rely on advanced safeguard systems. 

Potential Disadvantages 

1) International participation in the ownership, management, or operation 
of a facility could make the fuel cycle technology more available to the 
participating countries, thereby reducing the technical difficulties in 
developing national facilities. 

2) Any division in physical protection responsibilities between the inter
national centers and the host state could result in problems which might 
reduce security effectiveness. 

3) With large international centers there might be increased need for long
distance international transport of nuclear materials resulting in some 
Increased risk. 
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C.4.4.1 Multinational/International Management - Relation to FBR Fuel 
Cycles 

The considerations noted above are generally relevant to all 
types of fuel cycle facilities. The proliferation-resistance objectives and 
the benefits of multinational/international management would, of course, vary 
with, the type of facility, e.g., enrichment, fabrication, reactor, repro
cessing, or spent fuel storage. For enrichment or reprocessing facilities, 
in which economies of scale tend to lead to large throughputs serving many 
reactors, many countries may be willing to forego smaller national facilities 
given assured services from larger national or multinational facilities in 
other countries. This is likely to be less true for fabrication and reactor 
facilities, unless collocated in a large fuel cycle center. 

Most of the discussion of FBR fuel cycle centers in Section 
C.3 and C.4 assumed that FBR fuel fabrication facilities would be collocated 
with the reprocessing facilities. Should reprocessing and fabrication faci
lities be separate, a nation could more easily have its own fabrication plant 
than its own reprocessing plant. Because of the sensitivity of fresh FBR fuel 
relative to that of LVRs, this would be an Important proliferation-related 
difference. However, it Is Important to note that many alterations suggested 
for Improving the proliferation resistance of the FBR fuel cycle, such as low 
decontamination fuel, would be most practical if reprocessing and fabrication 
were collocated. Moreover, even without this added factor, the economic 
advantages of collocation may make multisationalization of fabrication faci
lities a concomitant of sultlnationalization of reprocessing. 

The Incentives for deploying reactors themselves outside of 
multinational auspices are clearly much greater than for fuel cycle facilities. 
However, the sensitivity of the Fresh fuel provides a non-proliferation 
Incentive for either limiting their deployment or modifying the form of the 
fuel. The usefulness of such measures presumes liaited deployment of the 
reprocessing/fabrication facilities themselves. 

The proliferation resistance Implications of multinational 
operation, and other modifications, of FBR systems are discussed in a separ
ate paper to be submitted by the United States. 
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