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1. ABSTRACT

The environmental impact resulting from the release of
radioactive material during reprocessing and refabrication of
spent LMFBR advanced fuels was compared with that from similar
treatment of reference oxide fuel. Candidate advanced fuels
include carbide f(U,Pu)C] in addition to nitride [(U,Pu)N] with
selected concentrations of lflN. Several techniques for preparing
enriched 15!< were reviewed and estimates were made of the cost
of preparing nitrogen pnriched to >99T by each method. Core
neutronics, fuel management, and designs appropriate for each
fuel were used with the ORIGEN code to calculate the compo-
sitions of spent core and blanket fuel. The mass of fuel
recycled annually was that providing 50 GW(e)-years of energy
at the burnup attained by each fuel. Confinement factors for
each isotope were identified for reprocessing and refabrication
operations and were used to calculate source terms describing
isotopic release rates. These source terms were used in the
AIRDOS-II code to estimate the 50-year dose to the maximally
exposed individual and to both the local and world populations.
Total body dose commitments to the maximally exposed individual
for oxide and carbide fuels are about 2.8 millirem, while
nitride fuel would result in a range of 59 to 3.4 millirem as
the 1UN content in fresh fuel is varied from 99.64% to zero.
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2. INTRODUCTION

Small quantities of radioactive material in the form of
gases, gas-borne particles, and liquids are released to the
environment during the chemical and mechanic; 1 treatments
required to recover and refabricate the residual fissile mate-
rial in spent nuclear fuel elements. In order to predict the
environmental impact of these releases, their magnitude must
be calculated and a model selected to describe their inter-
action with the biosphere.

Flow sheets were prepared to identify the various steps in
the reprocessing and refabrication of reference oxide and advanced
fuels. Mass flow and fractional release values were then used
to calculate "source terms" which describe the rate of release
of various isotopes to the environment.

The projected environmental impact resulting from recycle
of spent LMFBR reference-oxide fuel was described in WASH-1535;1
both normal operating conditions and accidents were considered.
The work reported here compares the environmental impact resulting
from recycle of the reference oxide fuel with that for advanced
carbide or nitride fuels under normal conditions but the effect
of accidents is not included.

The mass of oxide, carbide, or nitride fuel recycled annu-
ally was taken as that necessary to generate 50 GW(e)-years of
energy at the burnup attained for the respective fuels and a
thermal-to-electrical conversion efficiency of 41%.

3. FUEL CYCLE CONSIDERATIONS

The radioisotopes which are present in the spent fuel at
the time of reprocessing depend on the starting fuel composition,
the characteristics of the neutron fl':x in the reactor, and fuel
management during and after irradiation.

3.1 Determination of Fuel Compositions and Masses

Core loading, fuel management, and equilibrium composition
information for 5000 MW(t) LMFBRs fueled with oxide, carbide,
and nitride was provided by members of the Applied Physics
Division of Argonne National Laboratory (ANL).2 Using this
information, the fissile and fertile isotopas inventory at dis-
charge and after one year of storage was calculated for each



fuel type by using the ORIGEN3 code. Concurrently, an extensive
inventory of fission products was calculated for spent fuel which
had been stored for one year prior to reprocessing. Finally,
the isotopic change in the composition of the separated pluto-
nium, which was stored for an additional year prior to refabri-
cation, was also calculated.

ORIGEN is an isotopic generation and depletion code which
provides an inventory of several hundred fission and activation
products, including the actinides through 21t5Cm. Masses of
fissile and fertile isotopes at discharge for each metric ton
of uranium plus plutonium charged as carbide fuel is shown in
Fig. 1. Similar mass flow data was calculated for oxide and
nitride fuels.1*
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Fig. 1. Flow of UC and PuC through an LMFBR reactor
and fuel cycle

(1 metric ton U + Pu)

The 238pu in the fuel charges does not have a significant
effect on the core neutronics and, therefore, was not included
in ANL's calculations. Plutonium-238 makes an important



contribution to the environmental effect of any plutonium released
during recycle, therefore, the isotopic compositions provided by
ANL were modified by a 1% addition of 2 3 8Pu. 5 The isotopic compo-
sition of the original charges and those calculated by ORIGEN
after a single additional recycle are given in Table I.

Table I. Isotopic content of plutonium in
fuel charge and in blended spent fuel

Radio-
nuclide

Pu-238

Pu-239
Pu-240
Pu-241

PU-242

Oxide (wt

Original

charge*

0.99

71.26
23.KO

2.K7

1.12

r; of »\i)

Recycle
cliarpe"

0.65

73.05
23.02

2.15

1.18

Carbide (wi

Original
cliarpc"

0.99
75.46
21.19

1.84

0.S2

'••; ot P I I )

Recycle
charge"

0.56
77.99
19.44
1.48

0.53

Nitride (wt

Original
charge0

0.99
74.44
22.00

1.97

0.57

T;> of i»u)

Recycle
charge"

0.60
76.65
20.53

1.63
0.61

'Fquilibtium isotopic compilation (ref. 3) adjusted for addition of 1 wt % of

*lsolopii- coinpnsiiisin of I'u in spent fuel as calculated by OKIdKN code
following a sinplc jddiiunul cycle lliri>u;'!i tile I M l UK.

The total mass of fuel of each type which must be recycled
following generation of 50 GW(e)-years of energy depends on the
burnup levels reached by the fuels. ANL's calculations included
burnup levels at discharge which, incidentally, were limits
resulting from fuel pin swelling which reduced coolant flow.
The total mass of heavy metal in the three fuel types required
to supply 50 GW(e)-years of energy is given in Table II.

Table II. Mass of heavy metal required to generate
50 GW(e)-years of energy from oxide, carbide,

and nitride fuelsa

Fuel

Oxide
OiSbidc
Ni tilde

hurnuph

52.854
6O.9K4
58.056

C'nic

Kcacloi
charge

(wl frjcli>in|

04353
0.4760
0.4763

Axial blanket

Buinup'1

1K6II
3774
3420

charge
1*1 fraction)

D.33M
0.3970
0.3967

Buinup'1

2325
7032
5988

il blanket

cliarpe
Iwt fraction)

0.2278
0.1270
0.1270

llufnui> for n'jiioi'1

(weighted avci.ice)''

24.164
31,420
29,769

Klendcd fuel
(V < Pu)
reotuiied

Imctru' tons)

1840
1415
1495

in; llietiiul-tu-clcclric conversion elTiciency of 41 '" .

*Thcnnal megawatt-days per nienic ton of uranium plus plutonium.
cBurnup average for blended fuel: cote plus axial and radial blankets.



The effect of 15N enrichment on lkC generation was calcu-
lated using the mass and burnup determined for nitride fuel con-
taining nitrogen of natural isotopic composition. Therefore,
changes in reactor neutronics resulting from 15N are not taken
into account.

3.2 Reprocessing of Spent LMFBR Fuels

Three assumptions are made concerning reprocessing of the
reference oxide and advanced fuels: (1) the feed is a blend
of spent core and axial and radial blanket fuel, (2) only 10%
of the 3H formed in the fuel elements during irradiation remains
in the fuel at the time of reprocessing {ref. 1, p. 4.4-43 and
-45), and (3) the confinement factors (CF) for the various
radioactive species in the spent fuel are the same as used in
WASH-1535 (ref. 1, Sect. 4.4). Confinement factor is defined
as the ratio of units processed/units released. A flow sheet
was selected4* which is applicable to all three fuel types and
is made up of three major subdivisions: (1) head-end treatment
to prepare a feed for the extraction steps, (2) solvent extraction
to separate plutoniun and uranium from fission products, and
(3) final treatment of the uranium and plutonium. Two types of
wastes are produced during reprocessing; solid wastes and process
off-gas which contains radioactive gases, semivolatile materials,
and some particulates. Only the gaseous effluent is considered
in this assessment. Any liquid residuals from reprocessing are
evaporated to dryness preparatory to disposal as solid waste.

External sodium is removed by reacting with water or steam,
extraneous hardware is mechanically removed from the fuel
assemblies and the fueled sections are sheared to expose the
fuel and internal sodium, if present. Fractional quantities of
3H, volatile ll'C compounds, I2» the noble fission gases, and some
particulate natter are released during shearing and are routed
to the process off-gas.

The exposed fuel is oxidized at 450-^550°C by a controlled
treatment called voloxidation. Direct dissolution of carbide
leads to formation of aqueous-soluble carbon compounds which
interfere with the subsequent solvent extraction step. While
direct dissolution of oxide and perhaps nitride fuels6 is
practical a preoxidation treatment may still be used as an aid
in controlling 3H and lf*C emissions by forming 3H20 and

 1 4C0 2
which can be removed along with fission noble gases, 1 2 9 " 1 3 1 I 2 ,
and semivolatile oxides of ruthenium by treatment of the process



off-gas. The sequence of head-end operations described above
are believed to be capable of releasing >902 of these radioactive
species from the fue l . 7 The aqueous feed for solvent extraction
is prepared by dissolving the oxidized fuels in n i t r ic acid.
Radioactivity released from the dissolver to the process off-gas
is treated by a confinement system as described in WASH-1535.1
Trit iated water is removed by adsorption on molecular sieve.7

The Iodox7 system is used to remove various iodine compounds from
the off-gas and noble fission gases are removed by absorption in
fluorocarbon7 solvents. Concurrently ir+C as 14C02 is absorbed
in the fluorocarbon and recovered for storage by fractionation
and conversion to solid Ca1'iCO3 by reaction with an aqueous
slurry of Ca(0H)2. Some economic advantage may accrue to nitr ide
fuels over carbide fuels due to the rmaller amount of C02 con-
taining }t*C which must be recovered and stored. Recovery of 11+C
as lvC02 is discussed in more detail elsewhere.8

Semivolacile rutnenium species are removed from the process
off-gas by scrubbing with caustic while particulate matter is
removed with appropriate deentrainment devices in concert with
high-efficiency particulate air (HEPA) f i l t e rs and deep-bed sand
f i l t e r s .

The radioactivity released during reprocessing of several
types of fuels was calculated including a reference oxide fuel ,
(U,Pu)02, containing 20 ppm of natural N, two carbide fuels,
(U,Pu)C, containing 0 and 150 ppm of natural N, and three nitr ide
fuels, (U»Pu)N, containing K (1) of natural isotopic composition,
(2) enriched to 99 at. '/• *5N, and (3) enriched to 100 at. % 15N.
The radionuclide ^C was included with the volati le species in
accordance with ERDA-15359 and the radionuclides pl+?-Pu, ?t43Am,
and 2'*3Cm were included with the particulate species because
their radiological inhalation hazards are of the same order of
magnitude as the actinides l isted in WASH-1535. All other
isotopes constituting less than 0.02% of the total actinide
hazard were not included, in agreement with the WASH-1535] cut-
off value. Since confinement of 3H was not provided for in
WASH-15351 a CF of 1 was assigned in this study; however, a CF
of 100 for ?H is indicated10*'1 i f voloxidation and molecular
sieve adsorption is used. Curies of act ivi ty released during
reprocessing are l isted in Table I I I .



Table III. Calculated gas-borne effluents
from plant reprocessing one-year-decayed

spent fuel

Nuulidc

H )
Ki-85
1 !.'•
1131
CI4*

Kv-1113
* u -Mb

V1U
IL235
U2M.
l'23K

r«3U
fu.'lK
hf?3»
Pu-240
Pit 241
r»J42

Si 09
Si'9(l
V W I
V-91
Zl-«
Nh95
Ar ilu
SM.'S
1cI27m
O l 34
IV IM
((Ml
rm-147
SmISI
I I I 154

llt-155
Am-241
Am-243
CHH24. '

O»243
Cni-244

OxiJcll-J-uiO/-"

»<H.< 1 l l /
7.J7IKIO
5 7'<1 ( 3
4 644 1 <
24HS16
(JOprniM

tl>44 1 '
7.717 (S

2 441.1 1
1 17(11 ?
2OK| 1 2
linvlo

JIMI-I
7K9N(1
3|7( , I3
3 S*S 1 (
l t < ) ! t
3O1| IK

1 74" 1 <
1 » * ; 14
I.HK3I4
4 2f> 1 »
1 .''Ml 4

2 54514
1 KS7I3
3 Jf.9 | i
7 V»7 1 2
dill | 3
.'Nil 14
1 4 » 1 5
A 617 14
1(1541 J
3 W.5 (.2

343*(3
J.fcW 1.2
3.46S 1»
1 277(3
2.4)1 10
4.539(1

Volaliki

»?.'!»»If)
7 5«7 1 10
5.779 1 3
4 669 ( 3
• O44 14
<i>rt<tiiN>

2.019 ( 7

1. •irrmM

StUIKullllkt

i.72l 13
7.705 1 $

DnniuM

lUhtl
HM55I 3
21 o i l -2
t . 3 5 « | . |

ftuliHiiuni

Mi«>( 1
5 35* ( J
J*H113
3 4 .HIJ
«M7I4
> IM 1II

imiT1™1'"1

till 14
l.lll (4
4.3S5I3
I2IKM
2 756 14

2 214 13
3 332» >

7.51*11.3
S.35K 1 I

2K42I4
1 476 IS
6/.M (4
I.O55 13
4.55(11.2

3 4 9 6 ( 3
1.379(2
1.397 (It
6 746 1 2
1.607 1II
2.1)12(1

Niliidr.tUjMlS**

9.172(10
7.469 1 I I )
S.754 ( 3
4 653 1 3
t.2(,7 19

IIMI Nl
1.7U0I*

• 782 T7
IIIHJ I N 15)

6.684 1 3
?.fc66IS

I.S4K 1 -I
I.73K(3
1 979 (-2
S.KSHM

3.151 l.-l
5 921 13
2.753 1 3
2 62.* 1 i
VKS4I4
1 3K3IO

1.78213
1 IIU. 14
1 KH. (4
4.34513
1.31414

2.566 14
2. KM 1 3
3.3)4 13
7.45212
5.06f. ( 3

2R25I4
1.471 (5
6 654 14
1.053 1.3
4.378 1 :

346313
1.57312
1.545 10
6.9K9 I 2
1.56') 10
2(121 ( 1

I I U
1 (2
1 1 4
1(4
112

1 (2

1 (2

1 19
1(9

5 1 *
5 ( *
SIN
5 ( 8

2 O
2 ( 9
JW
2 ( 9
219
2 ( 9

5 ( 9
51.9
5 ( 9
5 ( 9
5 ( 9

5 ( 9
5 ( 9
5 ( 9
519
5 (.9

5 ( 9

SC9
5 ( 9
5K9
5(9

5 ( 9
5 ( 9
5 1.9
5C9
5 t 9
5 ( 9

• l jbruated with recycle ptuionium.

*Hurnup, 24, 164 MWdHljy* pci ineinc ion of uranium pliu pluluniurn tivetdfcd butnup fur cure plus blankets);
rcpt<i'cvunp rate. |K4u metiu- ii»ns of urjniuni plus pluitmiun) tepiuccvtfii fiff ytat for SO (tW(e)-ycai* of energy
fcrwuted.

rHutnup, 31.470 MK(r}<ta>% per riftrw i»n oi uwnjum plu* plutonum (aveuped buinup fur core plus blankets);
iepi«ve«tnF tttc. 1415 tncuic tons of uiaraum plus pluii*niiini reprocewd per ycAx for 5l) OW(c)-ycjrs of enctgy

*Bvtnup. 29,769 MWItHl jn per metric ton el uunium plus plutonium laveraf-cd burnup f<rr core plus hfankeis);
irpincetsinp fate, 1495 metric tont of uranium plus pluiuiruum icprocessed per year ft-r SO &Wlc)-ycaT* of cncs&
tene rated.

*XJIH> of curies processed ii> curies ttlcascd.
' l o b e lead as 9.043 X 10 ' * .

'Niltofen ctmtent of fuel as indicated.
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3.3 Refabrication of LMFBR Fuels

As shown in Table I I , the fuel refabrication plant must
fabricate 1840 metric tons of oxide fuel to provide for an annual
production of 50 GW(e)-years of energy making the plant similar
in size to that described in KASH-153S. The refabrication plant
contains two principal sections, one for blanket pellets and a
second section in which the plutonium-bearing mixed fuel is
fabricated. The fractional mass flows of 1 metric ton of ura-
nium plus plutonium through these two sections for oxide, carbide,
and nitr ide fuels is shown elsewhere.4

Mechanical mixing of U02 and PuO2 was selected for this
study because i t has been used in the preparation of FTR fuels
and can be used to prepare carbide or nitr ide fuels. Carbide
is produced by adding carbon to the oxide mixture and carrying
out a carbothermic reduction under vacuum or flowing inert gas.
Nitride fuel is formed i f reduction is done in a flowing nitrogen
atmosphere. Carbon is removed from the nitr ide fuel by heating
in contact with a hydrogen containing gas mixture. Refer to
ref. 4 for a flow sheet showing the preparation of the three
fuel types.

Purge a i r , or inert gas in the case of the advanced fuels,
from glove boxes or cells used for fuel preparation passes
through three high-efficiency particulate (HEPA) f i l t e rs before
being exhausted from the building. The combined transmission
factor for three HEPA f i l t e r s iVseries is 1.25 x 10"10 (ref. 1,
p. 4.3-15). I t is assumed that 0.1% of the fuel being refabri-
cated becomes suspended in the glove box atmosphere and is
carried to the f i r s t HEPA f i l t e r . This provides an overall CF
of 8 x to12 (ref. 1, p. 4.3-33) for the mixed fuel section. A
CF of 1012 was used in calculating release of plutonium-bearing
particulates. The two additional steps for carbide or nitr ide
preparation increase the amount of fuel suspended and would,
therefore, decrease the confinement factor for the fabrication
plant but this is offset by the smaller mass of advanced fuel
refabricated, a reduced flow of inert gas through the glove
boxes, or complete elimination of glove box effluent i f the
inert-gas purge is recirculated. Venting of the purge to the
atmosphere is assumed here because i t has the greater environ-
mental effect. Gas-borne particulates released during fuel
refabrication equal the quotient of the mass of fuel processed
and the plant CF. The source term describing the type and
amount of radionuclides released with gas-borne particulate



matter from the mixed-fuel section of the refabrication plant
was calculated.1* Potentially contaminated l iquid w i l l amount
to about 1000 gal/day (ref. 1, Fig. 4.3-6) and w i l l contain an
annual average concentration equal to 7% of that permitted by
federal regulations (10 CFR 20, Table I I , column 2, Appendix B)
as was assumed in NUREG-000212 and was selected here to calcu-
late the environmental release of l iquid from the mixed-fuel
section of the refabrication plant.1*

Operation of the uranium portion of the refabrication plant
is essentially l ike that described in the LMFBR Program environ-
mental statement (ref. 1, p. 4.3-13). Uranium recovered from
reprocessed fuel is sent to storage for future use or is greatly
diluted with fresh depleted uranium, therefore the isotopic
composition of the uranium is essentially unchanged.

The uranium feed is received as UF6 and is converted to U02
by the ammonium diuranate (ADU) process (ref. 1, Fig. 4.3-8).
Blanket pellets of U02 are prepared by conventional methods of
pressing and sintering. Uranium carbide and UN are prepared by
a carbothermic process.

The requirements for containment of uranium are much less
demanding than for plutonium. A CF of 2.6 * 105, used in an
earlier environmental assessment (ref. 1, p. 4.3-42), is based
on commercial experience. The quantity of gas-borne release was
obtained1* by prorating the mass flow of uranium in three fuels
examined here to the 720 metric ton/year required in the earlier
study (ref. 1, Table 4.3-6).

Similarly, the radioactivity contained in l iquid-effluent
from the blanket section of the refabrication plant was obtained
by prorating the release reported in WASH-1535 (ref. 1,
Table 4.3-7) to comparative mass flows in the two plants and the
attendant proportional change in volume of liquid effluent.**

3.4 Transportation

The differences in the environmental effects of transporting
spent advanced fuels compared tc ;he reference oxide fuel are
minimal. The small differences in heat generation rates and
neutron fluxes from the three fuel types are readily compensated
for by adjusting the number of assemblies transported at one time
to meet the l imits set by the Department of Transportation for
temperature and radiation dose rate at the surface of the carrier.
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The reader is referred to an earlier study'1 for a general analysis
of the transportation of fuels and waste materials as required by
recycle of spent LMFBR fuels.

4. RADIOLOGICAL IMPACT OF REPROCESSING AND REFABRICATION

4.1 Methodology for the Radiological Assessment

The radiological impact of the fuel reprocessing plant was
assessed by calculating radiation doses to individuals and
populations living in the vicinity of the nuclear facility.
Radiological impact was estimated as the 50-year dose commitment
to individuals or populations in units of nrillirems or man-rems
per year of facility operation. In this work, the terms dose
and dose commitments are used interchangeably, and each implies
a 50-year commitment. Doses to different organs may vary
considerably for internal exposure from ingested or inhaled
materials because some radionuclides concentrate in certain
organs of the body. For this reason, estimates of radiation
dose to the total body and major organs are considered for all
pathways of internal exposure, based on parameters applicable
to an average adult.

The AIRDOS-II computer code13 was used to estimate 50-year
dose commitments from airborne effluents to the maximally exposed
individual and to the population in the vicinity of the nuclear
facility handling reference oxide or advanced LMFBR fuel. The
AIRDOS-II code includes the dose commitment from pathways of
inhalation, immersion in air, exposure to ground surfaces,
ingestion of food produced in the area, and swimming in water
contaminated with radionuclides. Doses were estimated for the
total body, GI tract, bone, thyroid, lungs, muscle, kidney,
liver, spleen, testes, and ovaries. Meteorological data and
population distribution were taken from WASH-1535.1 The glooal
impact of releases of llfC from a fuel reprocessing plant was
estimated using a multicompartment diffusion model developed by
Killough.13'11'

4.2 Maximum Individual Dose Commitments

Essentially no differences were found to exist in the radio-
logical impact when advanced fuels are substituted for oxide fuel
at an LMFBR fuel refabrication facility. Therefore, we will
focus on the results of the reprocessing step, since this is
where an impact difference exists for various fuels.
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Since no liquid effluents are to be released from the fuel
reprocessing facility being analyzed, the only anticipated
exposure to man results from radioactivity released to the
atmosphere. The maximum dose to an individual living near a
reprocessing plant handling LMFBR fuels would occur at the plant
boundary, which for this study was assumed to be 1000 m from the
stack. Dose commitments for the maximally exposed individual
to the total body, GI tract, and bone for each type of fuel were
calculated and are listed in Table IV.

Table IV. Summary of 50-year dose
commitments to individuals living
at the boundary of a reprocessing

plant handling LMFBR fuels

Type of
l-ucl

Oxide
(20 ppm N)

Carbide
(0 ppm N)

Carbide
<)5fJ|>i)inN)

Nitride
(natural N)

Nitride
(99ft N-l 5)

Nitride
(100',iN15)

50-ycar dose

Total body

2.8

2.8

2.9

59

3.9

3.4

commitment"

(il tract

14

14

14

59

14

14

(inillircms)

Hone

8.0

6.7

6.9

104

8.9

7.9

*J-'or one year or facility operation.

Except for the case where nitrogen of natural isotopic
content is employed in nitride fuel, the dose commitments to all
organs do not vary significantly, and the organ receiving the
highest dose is the 61 tract. With nitride fuel fabricated
using natural nitrogen, the bone receives the highest dose, 104
millirems, followed by the total body and the GI tract, each
with 59 nrillirems. Dose commitments to other organs from that
nitride fuel are also significantly greater than those for oxide
or carbide, or for nitride fuel enriched with 99 or 100% 15N.
Doses listed in Table IV represent maximum values and would
decrease rapidly as the individual's distance from the stack is
increased.
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Tritium is the primary contributor to the dose for oxide
fuel, carbide fuel, and nitride fuel that is 99 and )00t enriched
with 15N and 1J+C is the second most important contributor. How-
ever, for nitride fuel containing natural nitrogen, ll)C is
responsible for 95£ of the dose.

Ingestion is the dominant exposure pathway, and inhalation
is second in importance for each type of fuel. As the quantity
of li*C released to the environment increases, the contribution
to the dose from the ingestion pathway increases. In the case
of nitride fuel made with natural nitrogen, ingestion is
responsible for more than 93;.' of the dose.

Figure 2 illustrates the maximum individual dose commitment

I

(I

10

"• 7 0 '

01 0?

Fig. 2. Effect of •
fuel on the maximum indiv*
total body from all radion
from a reprocessing plant
fuel. Confinement factor for
be 100.

js^s (U,Pu,
i4C is assumoc ...
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and the contribution of lkC to total body near a reprocessing
plant as a function of the i5N enrichment in nitride fuel. The
dose commitment to total body includes contributions from all
radionuclides released from the facility. As the 15N enrich-
ment is increased, the dose commitment decreases and is reduced
by approximately 50% when the 15N enrichment is 50% 15N. How-
ever, at 50% 15N enrichment, lkC is still responsible for 91%
of the dose to the total body. The reduction in dose with
increasing 15N enrichment is approximately linear, because the
primary mode of production of 1<4C is by the ]ltN(n,p)ll*C
reaction and because 14C is the primary contributor to the dore
commitment, even up to 15N enrichment values as high as 95%.

The effect of increasing the confinement factor for 14C on
the maximum dose commitment to the total body from all radio-
nuclides is illustrated in Fig. 3. In this figure, only the lkC
confinement factor is varied, while the confinement factors for
all other radionuclides remain constant at the values listed in
Table III. The dose commitment from nitride fuel containing
natural nitrogen would be significantly greater than the dose
commitment from other fuels under consideration in this study,
even when the lltC confinement factor is increased to a value of
1000. A reprocessing plant similar to that discussed in this
study handling nitride fuel enriched with 99 and 100% 15N or
carbide fuel with 150 ppm N would probably require some confine-
ment of 1;<C to maintain exposures at an acceptable level.

4.3 Local and World Population Dose Commitments

Doses were also calculated for the population living within
a 50-mile radius of the fuel reprocessing plant and, in general,
follow a pattern similar to the maximum individual dose commit-
ment. There is little difference between the dose commitments
calculated for oxide, carbide, and nitride fuel that is enriched
to 99 and 100% with 15N. The GI tract receives the highest organ
doses in the population for both the oxide and carbide fuels and
for nitride fuel with 99 and 100% 15N (approximately 125 man-
rems). The highest population dose resulting from reprocessing
of nitride fuel synthesized with natural nitrogen is 1240 man-
rems to the bone (for 1 million persons).

An analysis of world population doses from luC released to
the atmosphere during reprocessing of advanced fuels has also
been completed.15 This analysis revealed that world population
doses from li+C released to the atmosphere at a reprocessing plant
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Fig. 3. Maximum individual dose commit-
ment to total body from all radionuclides
annually released from a reprocessing plant
handling LMFBR fuels as a function of the ll|C
confinement factor.

handling nitride fuel could be a significant factor in
determining whether this fuel is acceptable from an environ-
mental standpoint. It appears that significant improvements
would have to be made on ll4C effluent treatment systems
before nitride fuel fabricated with natural nitrogen could
be used in LMFBRs. Optimization of 15N enrichment in the fuel
and confinement of ]1+C at the reprocessing plant must be
obtained in terms of economical and technological feasibility
if mixed nitride fuel is to be used on a large scale.
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5. TECHNOLOGY AND ECONOMICS OF 15N ENRICHMENT

Material presented in the preceding sections shows the
importance of 1UC generation and release on the environmental
impact of oxide and carbide fuels and especially nitride fuels.
As a means of reducing lhC releases an order of magnitude
increase in the CF for 1IfC is presently attainable; however, a
further reduction in lhC release may be desirable for nitride
fuel . This can be accomplished by substituting 15N for lhN in
the fuel with the concurrent benefit of improving the breeding
gain for a nitr ide core.16 Estimates of the amount of 15N
required, methods of enrichment, and estimates of cost are
discussed in the following 3nd ware reviewed in more detail in
an earlier report.17

5.1 Break-Even Enrichment Cost and Nitrogen-15 Requirements
for Advanced LHFBR Application

Chang and Barthold16 have estimated the level at which the
cost of X^N enrichment would be offset by the savings resulting
due to reduced parasitic neutron absorption and the attendant
increased breeding rat io. An interpolation of their data to
0.37-in. (0.0094-m) fuel pin diameter gives a break-even value
of about $960/kg of 15N for a reactor in which the core and
axial blanket contain N enriched to >99% 15N but the radial
blanket contains N of natural isotopic content. Neither the
cost decrease due to reduced lkC production nor the increase
resulting from separate recycling of enriched and nonenriched
fuel are taken into account.

The 15N required by a nitride-fueled LMFBR has been calcu-
lated by Barthold2 and Caspersson et a l . 1 8 Typical 15N require-
ments for various arrangements of enriched and nonenriched
nitr ide fuel were calculated and show that depending upon the
LMFBR introduction scenario assumed, the annual 15N needs vary
between 50 and 300 metric ton per year. These requirements are
to be compared with the estimated 1976 U.S. capacity of 8 kg
for the LASL n i t r ic oxide d is t i l la t ion fac i l i t y . Thus 15N
enrichment capacity would have to be increased by factors of
12,000 and 25,000 before large scale commercialization of nitr ide
fueled LMFBRs could be practical. The present cost of 99%
enriched 15N is about $68,000/kg.19
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5.2 Nitrogen Enrichment Techniques

There are several methods of obtaining enrichment of 15N on
a laboratory scale and most effort has been applied to chemical
exchange and distillation processes. In both processes two
phases are brought together under conditions which favor the
concentration of 15N in one of the phases and the energy con-
sumed in the overall processes is strongly dependent on the
refluxing step at the end of the exchange columns. A compre-
hensive description of the exchange process is presented by
Johns and Bigeleisen.20

Taylor and Spindel21»22 examined the systems N0-HN03 (Nitrox
process) and NH3 - NH*. Hayford23 et al. reported on a feasi-
bility study for production of 50 metric ton/year of i5N based
on these processes and estimated costs of $1000 to $2000/kg in
1955 dollars and a plant cost of the order of $150 million.
In 1972, Williams and Blumkir21* designed an enrichment plant
based on the Nitrox process with a capacity of 15 kg of 15N per
year and a concentration of 99.9%. Under their assumptions they
estimated a cost of $1900/kg.

Michaels and Schwind25 recently designed a plant based on
the NO-HNO3 exchange and a capacity of 300 metric ton/year.
They proposed a bottom reflux system based on the following
half-cell reactions:

HNO3 + 3H+ + 3e t NO + 2H20 (1)

H20 t ^ 2 + 2 H + + 2e (2)

The top reflux system would be a similar cell with the driving
potential reversed. A cost analysis for this plant indicated
a product cost of $150/kg based upon a reflux energy efficiency
of 90%. It was also assumed that the large diameter columns
required for this plant would perform similar to that observed
to date for 1- to 4-in.-diam columns and that the plant would
be sited in conjunction with a large NH3 complex having a
capacity of 1500 metric tons/day and from which HN03 would be
drawn, 15N removed, and 15N depleted HN03 returned, resulting
in a negligible feed cost.

A second process for isotopic enrichment is fractional
distillation and is based on vapor pressure differences of
different isotopic species.26 It is also characterized by low
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power consumption. Michaels and Schwind25 assumed isotopic
redistribution in the design of a 15N fractional d is t i l l a t ion
enrichment plant of 300 metric ton/year capacity. The resultant
15N cost of $370/kg is twice that for the N0-HN03 process.

A third method of 15N enrichment is based on Laser Isotope
Separation (LIS) processes. The reader is referred to ref. 17
for a discussion of technical aspects of LIS. The cost/kg of
15N enriched to >99% in a single step laser stimulation process
was estimated as $300/kg 15N using N02 feed. I f two stages of
laser stimulation are required or the second stage is done using
NO fractional d i s t i l l a t i on , a marked increase in cost to
$1000-8000/kg of 15N results.

6. CONCLUSIONS

The work reported here points to the pract ical i ty of using
certain fuel and reactor characteristics in conjunction with
computer codes and recycle-plant flow sheets to project the
environmental impact of the recycle of spent LMFBR fuel . The
major environmental impact derives from the fuel reprocessing
plant.

The environmental impact resulting from reprocessing
carbide fuel or n i t r ide fuel made with nitrogen containing
>99 at. % 15N is essentially the same as that due to reprocessing
of the reference oxide fuel . The primary source of impact on
the environment from these fuels is 3H with 14C as the second
major source. The contribution of 3H to the dosage of exposed
individuals derived here is very conservative since a confine-
ment factor of 1 was assumed, that i s , complete release during
reprocessing. This was done to permit a direct comparison with
the results for 3H reported in WASH-1535.1 A large reduction
in 3H release w i l l result from use of voloxidation as a head-end
treatment plus drying of the process off-gas with molecular
sieves. The greater impact of 3H occurs before reprocessing
since only 10% of the 3H generated during irradiation is expected
to be retained in stainless-steel clad fuel rods.

Carbon-14 becomes the principal source of dosage for nitr ide
fuels made with natural nitrogen or with <60 at. % *5N enrichment.
I t appears that confinement of lkC w i l l have to be improved
before ni t r ide fuels made with natural nitrogen can be used.
This can be accomplished by increasing the confinement factor
for lkCQz formed during voloxidation, which is a reasonable
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expectation. Replacing lhN with 15N reduces the yield of the
reaction 11(N(n,p)lltC. The cost of enrichment is at least
partially and may be completely offset by an attendant increase
in breeding ratio because of the lower neutron-absorption cross
section of 15N. Nitrogen can be enriched with 15N as a result
of Rxchange processes which occur between chemical compounds and
during fractional distillation of nitric oxide. Performance
of exchange processes on the scale required for a large number
of nitride fueled LMFBRs remains to be demonstrated, however,
since only relatively small quantities of 15N have been prepared
to date. Laser isotope separation methods show promise but
their evaluation for 15N enrichment is limited at present.
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