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The methodology and criteria for estimating safety in technological processes of the nuclear fuel cycle (NFC)
are proposed, substantiated and verified during the large-scale Pu recycling (500 kg). The comprehensive investigation
results of the radiation-ecological situation are presented during pilot production of the mixed uranium-plutonium fuel
and FA at SSC RF RIAR. The methodology and experimental data bank can be used while estimating safety in the
industrial recycling of Pu and minor-actinides (Np, Am, Cm) in NFC.

INTRODUCTION

Accumulation of power-grade Pu in nuclear fuel during power production and release of weapon Pu during
disarmament is an important problem of the nuclear fuel cycle (NFC) (1,2). According to the IAEA data (3) about 50 t
of Pu are produced in the world every year. Moreover, about 100 t of weapon Pu are supposed to be disposed before
2030-2040 (1,2). One of the prospective trends of solving such a complicated problem is withdrawal of power-grade Pu
during reprocessing of spent nuclear fuel and involvement of weapon Pu in NFC by producing mixed uranium-
plutonium fuel (1-5).

Plutonium is 100 times more radiotoxic than uranium, so safety is of paramount importance in Pu handling.
This stipulates the necessity of elaborating common approaches in investigating safety of technological processes and
data bank accumulation for particular estimations and comparative analysis of safety for various technology types of Pu
industrial recycling in NFC (5,6). The presented methodology and results of comprehensive safety investigations
during the large-scale Pu recycling (more than 500 kg) at the RIAR experimental facilities make certain contribution to
the safe Pu usage.

INVESTIGATION AND ESTIMATION METHODOLOGY OF TECHNOLOGICAL PROCESSES SAFETY
IN NFC

They are structurally presented in Tab. I in the form of 4 interconnected units. The criteria of the first unit
should be used to estimate the inherent safety of processes. Their study and substantiation was one of the work
objectives (5). The term "internal" or "inherent" safety (adopted from the reactor technology) as applied to the fuel
recycling means that apart from safety engineered barriers, the properties of the systems and processes become such
barriers and minimize the adverse impact on the environment both under steady-state and accident conditions.

Table I. Investigation and estimation methodology of radiation-ecological
safety of processes in NFC

I INTERNAL
SAFETY

Balance and analysis of nuclear
materials and radionuclides losses

Releases and effluents of
radioactive substances

Mass (volume) of radioactive
wastes

Properties, methods of radioactive
wastes reprocessing

Character and consequences of
nossible cmereencv situations

CRITERIA

• SAFETY
BARRIERS

Safety planning and calculation-
experimental validation

Radiation (biological) protection

Localization, storage and disposal of
radioactive wastes

Purification of air-gas releases from
radionuclides

Estimation of efficiency and
sufficiency of safety barriers,
includins emereencv situations

BARRIER TYPE AND QUANTITY

RADIATION EFFECT ON
PUBLIC

Radiation characteristics of
nuclear materials and their
reprocessing products

Aerosols, dose fields, radioactive
contamination

Effect of technological, repair
operations and NFC stages on
radiation situation

External and internal irradiation

DOSE

RADIATION EFFECT ON
ENVIRONMENT AND PUBLIC

Releases of Pu and
transplutonium elements and
other radionuclides via the vent
chimney

Content (activity) of Pu and
transplutonium elements in
environmental objects

Calculation of public radiation
loads

DOSE

The safety barriers are the second structural unit of the methodology. The first place in it is occupied by the
principle of safety planning and calculation-experimental validation. In the third and fourth units consideration is given
to the factors of radiation effect of the NFC technological processes. The main estimation criteria are the dose limits set
in NRB-99 and law "On radiation safety of population".

The principles, which make the basis for the investigation and estimation methodology of radiation-ecological
safety in technological processes in the nuclear fuel cycle, are as follows:
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• non-exceeding of the main dose limit;
• exclusion of the unjustified irradiation;
• dose minimization - the main criterion of safety estimation;
• non-exceeding of the natural background level in the environmental objects as a result of industrial activities.

INUCLEARFUEL

Uranium (oxides)
Plutonium (oxide, alloy)
Uranium-plutonium
(UPuO;) fuel

MIXED FUEL
PRODUCTION

Pyroehemical process

Granulated fuel

I FUEL ELEMENTS AND FA
FABRICATION

Fuel elements fabrication by
vibro-packing method
FAS for the BOR-60,
BN-600, BFS, BN-350

SPENT FUEL
REGENERATION

Pyrochemical
process

BOR-60
BN-600
BN-3S0

BFS

RADIOACTIVE WASTE

Types, properties
Conditioning methods
Storage

ENVIRONMENT
Plutonium, transplutonium elements, doses

Fig.l. Objects ol saiety investigation
during U-Pu fuel production.

Internal safety of technological processes and their radiation effect on public
Inherent safety estimation criteria:
Direct Pu yield to the finished product, %
Pu fraction returned to the technological cycle (recycle), %
Permissible irrevocable Pu losses, %
High-level wastes (HLW) yield, kg/kg fuel

Radiation resistance of HLW, W/cm3/Gy
Thermal resistance of HLW (before vitrification), °C
Chemical resistance of HLW (before vitrification), g/(cm2 day):
•leaching in 137Cs ,
"yield to gas phase in 137Cs

Activity yield to aerosols, %:
•Pu dioxide (powder)
•mixed fuel (UO2PuO2 granulate)

Volumetric activity of alpha-emitting radionuclides in the atmosphere
of shielded cells and boxes, Bq/1

The objects of safety investigation during U-
Pu fuel production and Pu recycling are presented in
Fig.l. To produce trial batches of U-Pu fuel, fuel
elements and FA with mixed fuel, a pilot-investigation
complex was created, including the facility for fuel
granulation by the electro-chemical re-crystallization
method in molten salts and the automatic remotely-
controlled facility for fuel elements fabrication by
vibro-packing (7). FAs with U-Pu fuel irradiated in the
BOR-60 were reprocessed at the pilot-commercial
pyroelectrochemical regeneration facility (8).

To produce the trial batches of U-Pu fuel and
fuel elements use was made of low-background
(weapon) and high-background (power-grade)
plutonium. Mass content of power-grade Pu isotopes
made up, %: 23SPu-0.6; 239Pu-70; 240Pu-20.4; 241Pu-7.0;
242Pu-2.0. The BOR-60 spent nuclear fuel with burnup
of 10-26% h.a. and keeping from 4 months to 3 years
was subject to regeneration (5).

Ni, EK/M3

99,3-99,7%
0,2-0,6%
<(0,1-0,2)
<0,2
3,5/3,5xlO7

500-900

10-5-10"4

lxl0"n-4xl0" !

5x10"-
2x1 Q-:

<37,0

3,7-lu-

3,710"

3,7-10'

Yield of the Pu and U-Pu composition to the aerosols is determined
by experiments while modeling the possible emergency situation - spilling of
U, Pu dioxide and U-Pu granulated fuel onto the floor of the box and shielded
cell.

The balance experiment results (Tab. II) showed that the irrevocable
Pu losses at the stage of fuel production did not exceed 0.2%, and during fuel
elements fabrication - 0.015%. While estimating safety of various technologies
in NFC, the total irrevocable Pu and Am losses were taken as 0.2% (1).

Apart from the balance characteristics of the processes while
estimating their internal safety, it is necessary to use such criteria as yield and
properties of high-level wastes (5-8).
Concentration (volumetric activity) of radioactive aerosols (Fig.2) depends on

's.oi i.o3 1.04 1.05 1.06 1.07 i.os 1.09 t, wee. the specific activity and type of the reprocessed product, character of
Fig.2. Change of the volumetric activity performed works and operating conditions of ventilation (5,9).
of a-emitting nuclide aerosols in the
shielded cell while producing U and U-Pu fuel: ( X ) - UO2 -; ( ) - works were not performed;
(o o o)- (UPu)O2 (low-background Pu); ( • • •) (UPu)O2 (high-background Pu)

Table II Material balance and analysis of fuel composition (UO2-PuO2) losses
during fuel elements and FA fabrication at the BOR-60

Items Fuel composition amount
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Received to operation
Delivered as finished products (fuel elements)
Collected in "dry" decontamination during the facility operation (8 years)
Collected before decontamination of the fuel elements fabrication cell
Removed with decontamination solutions
Collected in filters from the special sewerage ladders
Removed with cell filters (estimation)
Residual losses on the chamber surfaces (measurement, estimation)
Accounted losses
Unaccounted losses (disbalance)

Mass, kg
819.662
816.709

2.609
0.083
0.009
0.006
0.115
0.008
2.830
0.123

% initial
100.0

99.640
0.318
0.010
0.001
0.001
0.014
0.001
0.345
0.015

In general it is proposed to characterize the change of aerosols concentration in the cell by the relationship:

N. = Ayd.o
+ Npe

where Ayd.; Aydo - specific activity of the reprocessed product and initial activity, e.g. of uranium, respectively;
a - quantity of cycles; No - initial aerosol concentration; Nc - increment of aerosol concentration within one cycle; Np -
secondary aerosols concentration; X\, X2 - constant coefficients of primary and secondary aerosols; ti,t2 - time intervals
from the aerosol formation to the start of measurements.

Dispersed composition is well logarithmically described by the ordinary distribution law with such parameters
as: active median aerodynamic diameter (AMAD) - 1.6-M-.0 pm; standard geometric deviation (pg) - 2.2-M-.5 um.
During repairs the air is filled with particles (secondary aerosols) with the size of more than 10 urn. The total
distribution becomes bimodal having two maxima (AMAD=3.5/9.0 urn, Pg= 3.3/1.6 um).

Nuclide composition of aerosols and analysis of smears from the internal surfaces of the cells and boxes
indicate an increased content of 241Am in them, which is caused by 241Pu decay. Availability of 241Am creates an
additional radiation load on personnel while using the power-grade Pu in NFC.

Radioactive surface contamination of the cells and boxes during Pu handling is non-uniform ranging from 600
to 100 thousand a-particles/(cm2 min). The greatest contamination is observed in places of product loading into the
apparatuses, fuel elements, etc. Contamination of the vertical surfaces is 5-15 times less.

Radiation situation in the repair area and operator rooms. The y-radiation dose rate in the operator rooms,
second area rooms (mounting hall, maintenance corridor, etc.) is within the range of the natural background 0.07-
0.13 |uiGy/h.

The volumetric activity of radioactive aerosols in the repair area is equal to or < 1 of the permissible
volumetric activity for personnel, in the operator rooms it is <0.3. The permissible activity in 239Pu makes up 1.7-5.3
Bq/m3 depending on the compound type during inhalation (NRB-99). The annual average dose per one employee does
not exceed 0.6 mSv, the average collective effective dose of personnel in the pilot-commercial complex - 0.065 man
Sv/year. Internal personnel exposure (critical group of 71 persons) did not exceed 0.01 of the annual limit calculated by
the radiochemical sample analyses. Additional examination of personnel (26 persons) by the human radiation counter
did not reveal any exceeding of the radionuclide intake level either.

The investigation results of the Pu recycling safety using a new technology allow for the conclusion that dry
methods of fuel reprocessing have certain advantages from the viewpoint of radiation-ecological, nuclear and general
safety (10).

Radiation-ecological effect ofPu recycling on the environment and population.
The investigations established that the greatest fraction of radionuclides turning into wastes is concentrated in

solid wastes. While storing the concentrate or disposing it after its vitrification, use is made of a multi-barrier safety
principle. The properties of wastes, containers (protective capsules), special storage facilities were adopted as barriers
and studied in detail. More than 20-year experience of handling high-level solid wastes of the NFC dry technology at
RIAR indicates a high safety degree for the proposed technology of reprocessing, preparing and long-term storage of
such wastes (5,10-11).

During large-scale Pu recycling the complex investigations of the RIAR environment radiation state were
performed (5-6,11-14). The investigation program included:
• analysis of radioactive substances releases via the vent chimney;
• determination of Pu and transplutonium elements content in the environmental objects;
• calculation of radiation loads on public living in the 100-km area;
• accumulation of a data bank for the calculation predicting models of the radiation-ecological situation and

environment monitoring.
The sources, activities and composition of a-emitting nuclide releases during intense reprocessing of U-Pu

fuel and fabrication of transplutonium elements are presented in Tab.III. The total 3-step purification coefficient of air-
gas releases from a-emitting aerosols made up 104-105. To reduce the radioactive aerosol release in the shielded cells
equipped with sealed electro-mechanic manipulators, the minimal multiplicity factor of air exchange (1.2-1.3) was
maintained and dry decontamination (dust removal by a vacuum-cleaner) was conducted.
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Analysis of samples taken in the surveillance points (19 terrestrial control points) on the RIAR territory, in the
sanitary-protective area and surveillance area gave the following results:
• content (volumetric activity) of Pu (239|240Pu) in the atmospheric air samples makes up (0.4-11.5) 10~7 Bq/m3, content

of Cm isotopes - in the range of the minimum measured activity (0.4-8) 10"7 Bq/m3;
• density of radioactive Pu fallout makes up (5-60) 104 Bq/km2, Cm (5-28) 104 Bq/km2;
• vegetation contamination level is about 10 times lower than the fallout activity (11).

Table III Volumetric activity and relative contribution of a-emitting radionuclides to air releases (%) during
production of U-Pu fuel and transplutonium elements at RIAR

Sampling
place

DK-1

DK-4

P-K

Volumetr.
activity

lO^Bq/m3

%
10"4Bq/m3

%
10'4Bq/m3

%

Energy, MeV (radionuclide)
5.15

19.61
30.9
51.8
11.2
3.33
11.3

5.15-5.5
(2«Am)

4.81
7.6
6.29
1.4
-

5.5
238pu

4.07
6.4

65.12
14.3
6.66
23.8

241Am
6.66
10.6

22.20
5.0

2.59
8.8

5.8
(244Cm)

27.38
42.5

286.01
63.5
14.8
51.8

6-6.2
(242Crn-252Cf)

1.25
2

20.72
4.6
1.1
4.3

Total
activity

104 Bq/m3

63.78
100

452.14
100

28.48
100

Notes: 1) DK-1 and DK-4 - control points before the purification system, characterize the releases of the Pilot-
Commercial complex, Reactor Material Science division and releases of the Radionuclide Sources and Preparations
division, reactor facilities, respectively; P-K - control point after the purification system.

(239i240Pu) content in soils and bottom deposits taken in the surveillance area and sanitary-protective area varies
in the narrow range of 0.5-2.0 Bq/kg and is in the range of values caused by global fallouts. In the deeper soil layers
(2.5 and 5 cm) there is an abrupt decrease of 239'240Pu activity. On the RIAR territory depending on the sampling place
and soil parameters, Pu activity makes up 0.6-3.7 Bq/kg (13). Thus, the recycling of 500 kg power-grade Pu and long-
term work on production and separation of transplutnoium elements did not cause environmental contamination.

Radiation loads on public living in the RJAR 100-km area were calculated using an application programs
package (14) on the basis of actual and permissible radioactive substance releases via the tube. It showed that:

the total effective individual annual average exposure dose of public in the most critical region (3-4 km from the
RJAR vent chimney) made up 2.5 \xSv or 0.25% of the natural radiation background dose typical for the central
regions of Russia;
the collective effective dose for the same period made up 0.084 man Sv/ year;
Pu contribution to the dose is small (about 10%), and it increases up to 22-29% with increase of the actual releases
activity up to the permissible (limited) values (14).

SAFETY The comprehensive investigation results of radiation-
f fl PLANNING A ^w ecological safety of the mixed U-Pu fuel pilot production and FA

I f ' SCESO10" \ <w \ fabrication were obtained by the common methodology and
If | STANDARDIZATION 1 ^ | represent a data bank. Its application diagram is given in Fig. 3.

PERSONNEL SAFETY
ASSURANCE

RADIATION LOADS
CONTROL LEVELS
CONTROL OPTIMIZATION
DOSE ESTIMATION DURING
RADIATION ACCIDENT

DESIGNING OF NEW
FACILITIES AND
PRODUCTIONS

R&D

PUBLIC SAFETY
ASSURANCE

RADIATION LOADS
STANDARDIZATION
ENVIRONMENTAL MONITORING
PROVISION OF INFORMATION

Fig.3. Application diagram of a data bank
during Pu recycling in NFC.

REFERENCES

CONCLUSION

The proposed and verified methodology for the
comprehensive investigation of the radiation-ecological safety can
be applied to estimate safety of all nuclear- and radiation-hazardous
technological processes in the nuclear fuel cycle. The data bank can
be used for comparative analysis of various NFC technology types
while solving new theoretical and practical tasks related to Pu
involvement into the nuclear fuel cycle.

1. Mikhailov V.N., Murogov V.M., et al. Usage of Pu in nuclear engineering of Russia. - Atomic energy, 1994. V.76, i.4, p.327-332.
2. Murogov V.M., Subbotin V.I., Troyanov M.V. et al. Usage of energy and weapon Pu. - In: Nuclear energy and human safely. 4-th annual

Scientific-technical conference of Nuclear Society (Nizhny Novgorod, 1993), 1993, p.2, p.781-783.
3. Handling released Pu. Technical decisions: OECD-OCDE, 1997. Transl. from English, M., TsNIIatominform, 1998.
4. The safety of the nuclear fuel cycle/Nuclear energy agency OECD, Paris, 1993.
5. Kirillovich A.P. Scientific technical substantiation of radiation-ecological safety of Pu and minor-actinides recycling in nuclear fuel cycle.

Thesis in the form of a scientific paper to compete for a Professor's degree. Dimitrovgrad: SSC RF RIAR, 1997.
6. Kirillovich A.P. Methodology and analysis of production safety during Pu recycling in SSC RF RIAR. - Atomic energy, 1999, v.87, i.4, p.266-

275.
7. Ivanov V.B., Skiba O.V., Mayorshin A.A. ct al. Experimental, economical and ecological substantiation of fuel cycle based on

pyroelectrochemical reprocessing and vibropac technology. - In: Proc.Intern.Conf. on Future Nuclear Systems GLOBAL'97. Oct.5-10, 1997,
Yokohama, Japan, v.2, p.906-911.



P6-08

8. Bychkov A.V., Vavilov S.K., Skiba O.V. et al. Pyroelectrochemical reprocessing of irradiated FBR MOX fuel. Experiment on high burnup of
the BOR-60 reactor. - Ibid., p.912-917.

9. Kirillovich A.P., Kochetkov O.A., Skiba O.V. et al. Radiation situation at the trial-industrial complex for granulated fuel production and fuel
elements and FA fabrication for the fast reactor: Preprint RIAR - 4(848), Dimitrovgrad, 1994.

10. Kirillovich A.P., Bychkov A.V., Skiba O.V. et al. Safety analysis of fuel processes based on "dry" pyrochemical fuel reprocessing vibropac
technology. - In: Proc.Intern.Conf. on Future Nuclear Systems. GLOBAU97, Oct.5-10, 1997, Yokohama, Japan, v.2, p.900-905.

11. Kirillovich A.P., Kobzar I.G., Losev V.P. et al. Radiation and ecological situation at RIAR and its effect on the environment and population:
Preprint RIAR-23(826). Dimitrovgrad, 1991.

12. Kirillovich A.P., Kobzar I.G., Losev V.P., Fofanov V.S. Environmental radioactivity in the RIAR location in 1987-1991. - Atomic energy,
1993, v.74, i.2, p.153-160.

13. Pospelov Yu.N., Kuznetsov Yu.V., Legin V.K., Kirillovich A.P. et al. Determination of Pu in soil and bottom deposits in the RIAR location. -
Atomic energy, 1993, v.75, i.4, p.319-324.

14. Kirillovich A.P., Kobzar I.G., Kochctkov O.A., Pavlovsky O.A. et al. RIAR radioactive releases and calculation of radiation burdens on
public living in the 100-km area. - Atomic energy, 1992, v.72, i.3, p.282-285.


