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Abstract

The C-14 production for different closed fuel cycle scenarios has been investigated. If nitride

fuel is used in fast reactors and ADSs dedicated to management of plutonium and minor actinides, an

N-15 enrichment level of about 99% is required for the nitride cores to produce the same amount of

C-14 as the oxide cores in the power park. The corresponding cost penalty for fuel fabrication is

estimated to be larger than 25%. If reprocessing is included in the costs for fuel operations, the penalty

is of the order of 5-10%, provided that a closed gas cycle is implemented for the fabrication. If nitride

fuels are used only for minor actinide management in ADS, the required enrichment level is about 93%,

and the cost penalty is less than 10%.

1. Introduction

C-14 released from reactors and reprocessing plants today is one of the five major sources of

dose to the public deriving from commercial nuclear power. It is primarily produced in reactions of

neutrons with N-14 and 0-17 nuclides present in fuel and coolant, with the exception of graphite

moderated reactors, where neutron capture on C-13 becomes important.

C-14 is a beta-emitter with a half-life of approximately 5750 years. It is present in the

atmosphere due to interactions with cosmic ray neutrons. The naturally occuring C-14 contributes with

about 10 (iSv/y to the exposure of humans. It is estimated that the release of C-14 from reprocessing

plants gives a dose of about 1 u.Sv/y to most exposed group . These numbers may be compared to the

average dose commitment due to natural radiation sources, being of the order of several thousands

fiSv/y. Still, it is considered that introduction of new C-14 sources into the environment should be

restricted. Since the implementation of nitride fuel in fast reactors could increase the C-14 releases from

nuclear power facilities by orders of magnitude, it is therefore necessary to analyse the impact of

potential nitride fuel cycle scenarios on production and release of C-14 into the biosphere.
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In this report, the C-14 production io oxide and nitride fuel reactors dedicated to transmutation

of plutonium and minor actinides is calculated and compared to the C-14 production in light water

reactors. In the case of reactors with nitride fuel, the level of N-15 enrichment required for the C-14

production to be compararble of oxide fuel reactors in the nuclear power park is suggested, and

corresponding cost penalties are estimated.

2. Fuel cycle scenarios

Four different closed fuel cycle scenarios have been investigated, assuming the following

power parks, in accordance with the NEA report on ADS and FRs in advanced fuel cycles2).

(#1) 63% LWRs and 37% FRs with oxide fuel for Pu+MA management

(#2) 63% LWRs and 37% FRs with nitride fuel for Pu+MA management

(#3) 76% LWRs with single MOX recycle, 19% FRs with oxide fuel for Pu-management and 5%

ADS with nitride fuel for MA management (Double strata fuel cycle).

(#4) 82% LWRs with single MOX recycle, 13% FRs with uranium-free (Pu,Zr)N fuel for

Pu-management and 5% ADS with nitride fuel for MA management.

The fast reactor design in scinarios (#l)-(#3) was based on the high bumup CAPRA core

design, introducing nB4C moderator pins in order to achieve acceptable reactivity coefficients for fuels

with low uranium content 3'4). The uranium free fast reactor in the fourth case was specially designed for

the present study.

Detailed 3-dimensional Monte Carlo modelling of the fast reactors in all scenarios has been

made in order to provide a basis for the calculations. The neutronic safety case for each of these designs

is included in the report. Results for the ADS were taken from a previous work5).

3. Neutronfes

Table 1 shows the core parameters adopted for the fast reactor calculations. It can be noted that

the higher linear power for the nitride fuels is compensated for by a larger pin pitch and lower number

of fuel pins per sub-assembly. In the oxide cores, the number of fuel sub-assemblies were adjusted in

order to obtain an approximately critical core in the hot state with shutdown assemblies withdrawn. The

configuration of control assemblies versus shutdown assemblies for the nitride cores was not yet

investigated.
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Table 1 Core parameters adopted for the fast reactor calculations

Core

(scenario)

Core power

Clad diameter

Pellet diameter

Fuel porosity

PinP/D

Fuel pins/SA

nB4Cpins/SA

SA-FTF

SA pitch

Fuel SA

Control SA

Shutdown SA

Linear power

U-fraction

Pu-fraction

MA-fraction

CAPRA-Pu+MA

(#1)

3600 MWth

5.45/6.35 mm

2.16/5.27 mm

10%

1.205

336

133

167.6/176.4 mm

181.4 mm

346

24

9

31 kW/m

67%

29%

4%

CAPRA-Pu

(#3)

3600 MWth

5.45/6.35 mm

2.16/5.27 mm

10%

1.205

336

133

167.6/176.4 mm

181.4 mm

346

24

9

31 kW/m

67%

33%

0%

FR-nitride-Pu+MA

(#2)

1500 MWth

5.00/5.72 mm

0.00/4.80 mm

15%

1.338

336

133

167.6/176.4 mm

181.4 mm

103

6

-

43 kW/m

67%

29%

4%

FR-nitride-Pu

(#4)

800 MWth

5.00/5.72 mm

0.00/4.80 mm

15%

1.338

133

336

167.6/176.4 mm

181.4 mm

103

6

-

58 kW/m

0%

30%

0%

Neutronic safety parameters were calculated for these cores at BOL using MCNP4C in

conjunction with the JEF2.2 neutron cross section library, with the exception of the effective delayed

neutron fraction, for which ENDFB/VI was used. A detailed pin by pin model was implemented for

both core and axial plenum regions, in order to obtain correct values for sodium void worths. The

results are displayed in Table 2. As expected, the addition of 4% minor actinides to the fuel of the

CAPRA core leads to a reduction of the Doppler feedback by 25%. Combined with a 50% increase in

the coolant void coefficient and a decrease in the effective delayed neutron fraction, the safety case for

this CAPRA core (where the minor actinides was homogeneously distributed in the fuel) is questionable.

Similar conclusions were arrived to in a study made by CEA using less sofisticated methods of

calculation6).
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Table 2 Calculated neutronic safety parameters at BOL

Core

Beta-effective

Neutron generation time

Doppler constant

Coolant void coefficient

Coolant void worth

CAPRA-

Pu+MA

310 pcm

1.45 \xs

890 pcm

+0.22 pcm/K

+460 pcm

CAPRA-

Pu

380 pcm

1.52 H-S

1260 pcm

+0.14 pcm/K

-70 pcm

FR-nitride-

Pu+MA

350 pcm

1.25 [is

750 pcm

+0.18 pcm/K

+220 pcm

FR-nitride-

Pu

360 pcm

3.33 us

1070 pcm

-0.84 pcm/K

- 4570 pcm

It is very interesting to note that the uranium free nitride core with (Pu,Zr)N fuel provides both

an acceptable effective delayed neutron fraction, a significant Doppler feedback and a negati-ve sodium

void coefficient. Apparently, the increased moderator inventory enables Pu-240 to take over the role of

U-238 as provider of fuel temperature feedback. The removal of U-238 further yields a decrease in

coolant void coefficient and void worth that can be understood from the sharp fast fission threshold in

U-238. What is most surprising is the high value of beta-effective, which needs to be analysed in more

detail. A beta-effective equal to 360 pcm in conjunction with the calculated values of neutron generation

time, Doppler constant and void coefficient would indeed allow for this reactor to be operated in a

critical mode.

The cost penalty related to the use of nitride fuels for transmutation purposes could be reduced,

if multirecycling of plutonium would be done in uranium free cores. The above results thus merit a

more detailed investigation of the operational and safety performance of such a system.

4. C-14 production

Both oxygen and nitrogen contribute to the production of C in the systems here investigated.

In the burnup calculations perfomed with MCB, all possible transmutation trajectories leading to the

formation of 14C are taken into account. Explicit cross sections were calculated for the following

14- 16,reactions: J4N(n,p)14C, J3N(n,d) C, IOO(n,JHe)JC, and "O(n ,a) 'T .

Table 3 displays the core averaged cross section at BOL for all cores studied in the present

report. The statistical error from the Monte Carlo procedure is estimated to less than 1%, with exception

for the 16O(n,3He)I4C reaction, having a statistical uncertainty of about 10%. From the figures, it is clear

that the cross sections do not vary much from one fuel type to the other. In the uranium free core, which

thanks to the larger moderator inventory has a considerably softer spectrum, the N(n,p) C reaction is

larger by 10%. The cross section most sensitive to the spectrum is for the N(n,d) C reaction, which
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varies by up to 20%. It can be noted that the largest cross section is found for I7O(n,a)14C, which

consequently is the most important contributor to C production in fast neutron oxide fuel reactors. In

earlier works7), a considerably lower value for this cross section has been quoted, which has lead to an

underestimation of calculated C production rates in FBRs.

Table 3 Core averaged cross sections for 14C production at BOL

Reaction

N(n,p) C

]5N(n,d)14C

16O(n,3He)14C

I7O(n,a)14C

CAPRA-Pu+MA

14.2 mb

6.8 (ib

0.07 ub

31.3 mb

CAPRA-Pu

14.0 mb

6.2 jib

0.05 ub

30.5 mb

FR-nitride-Pu+MA

14.5 mb

7.9 jib

0.06 ub

34.4 mb

FR-nitride-Pu

15.8 mb

6.6 jib

0.06 (ib

31.4 mb

Burnup calculations were made using 10 bumup zones, and detailed modeling of control rod

withdrawal. The difference in core and spectrum averaged cross sections at EOC is about 10 percent for

all of the cores. Table 4 shows the resulting average production rates of C-14, in units of grams per GW

year electric. For the nitride cores, the composition of natural nitrogen was used in the calculation. In

the case of the oxide fuels, a nitrogen impurity of 200 ppm light atoms was assumed. Since the

concentration of i7O in natural oxygen is 400 ppm and the 17O(n,a)' C cross section is twice as large as

the 14N(n,p)14C cross section, about 80 percent of the 14C produced in the oxide fuels was due to the 17O,

and 20% to 14N impurities.

14,Table 4 Average production rates of C

Core

CAPRA-Pu+MA (200 ppm light atoms natural nitrogen)

CAPRA-Pu (200 ppm light atoms natural nitrogen)

FR-nitride- Pu+MA (natural nitrogen)

FR-nitride- Pu+MA (99% N-15)

FR-nitride-Pu (natural nitrogen)

FR-nitride-Pu(99%N-I5)

ADS-MA (natural nitrogen)

ADS-MA (99% N-15)

14C production

2.9 g/(GWe year)

3.3 g/(GWe year)

1330 g/(GWe year)

13.3 g/(GWe year)

1000 g/(GWe year)

10.0 g/(GWe year)

1300 g/(GWe year)

13.0 g/(GWe year)

The corresponding number for the C-14 production rate in LWRs is approximately 4 g/(GWe

year) in the fuel, and 2 g/(GWe year) in the coolant7). The specific C-14 production in the nitride cores
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is thus more than two orders of magnitude larger than in reactors with oxide fuel. Full release of this

carbon inventory from reprocessing facilities would tenfold the dose to the most exposed group, and is

thus probably not acceptable, even if natural background sources still would dominate the dose

committment. Hence use of N-15 enriched nitrogen and/or carbon trapping appears mandatory for the

application of nitride fuels in the back end of the fuel cycle to be viable. The cross sections for C-14

production in the nitride cores were recalculated adopting nitrogen enriched to 50% and 99% with N-15,

and it was found that self-shielding effects were small (less than 2% change in the 14N(n,p)14C cross

section). Hence we may use linear scaling rules for the specific production rate as function of N-15

enrichment.

Table 5 14C production in the fuel cycle scenario (#1) assuming a total electricity production of

100 GWe year

Reactor type
LWRs
CAPRA-Pu+MA
Sum

Power fraction
63.2%
36.8%
100%

Production rate
6.0 g/(GWe year)
2.9 g/(GWe year)

Total production
380 g
HOg
490 g

Summing the contributions to the C-14 production of each reactor in the pure oxide fuel cycle

scenario (#1) one obtains the following figures shown in Table 5, assuming a total electricity production

of 100 GWe*year in the reactor park.

Note that for the LWRs, the C-14 produced in the coolant is included, as it is typcally released

to the bisosphere. C-14 appearing in cladding is assumed not to be released in any of the cases.

Introducing nitride fuels into the cycle, we may then calculate the relative increase in C-14 releases as

function of N-15 enrichment in the respective core. Let us ad hoc assume that an increase of C-14

production by a factor of two is acceptable, i.e. the hypothetical 100 GWe power park would be allowed

to release one kg C-14 (4500 Ci) per effective power year. In scenario (#2), where nitride fuel is used

for both Pu and MA management in fast reactors, we arrive at an enrichment level of 98.7% for the

nitride fuel production as shown in Table 6.

Table 6 14C production in the fuel cycle scenario (#2) assuming a total electricity production of

100 GWe*year

Reactor type

LWRs

FR-nitride-Pu+MA

Sum

Power fraction

63.2%

36.8%

100%

N-15enrichment

Natural

98.7%

Production rate

6.0 g/(GWe year)

16.8 g/(GWe year)

Total production

380 g

620 g

1000 g
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In scenario (#3), where nitride fuel is used only for MA management in ADS, the required

enrichment level stays at 92.8% as shown in Table 7.

Table 7 I4C production in the fuel cycle scenario (#3) assuming a total electricity production of

100GWe*year

Reactor type

LWRs

CAPRA-Pu

ADS-MA

Sum

Power fraction

75.8%

19.0%

5.2%

100%

N-15enrichment

Natural

Natural

92.8%

Production rate

6.0 g/(GWe year)

3.3 g/(GWe year)

93.6 g/(GWe year)

Total production

450 g

60 g

490 g

1000 g

Finally in scenario (#4), where nitride fuel is used for Pu management in a uranium free fast

reactor core as well as for MA management in ADS, the average enrichment level should be 97.4% as

shown in Table 8.

Table 8 14C production in the fuel cycle scenario (#4) assuming a total electricity production of

100 GWe*year

Reactor type

LWRs

FR-nitride-Pu

ADS-MA

Sum

Power fraction

82.0%.

13.0%

5.0%

100%

N-15enrichment

Natural

97.4%

97.4%

Production rate

6.0 g/(GWe year)

26 g/(GWe year)

33.8 g/(GWe year)

Total production

490 g

340 g

170 g

1000 g

5. Cost estimation

The use of nitrogen enriched in N-15 for nitride fuel fabrication will obviously result in a cost

penalty. Due to the presence of minor actinides in the fuels here investigated, the relative magnitude of

this penalty will be smaller than for classical FBRs. CEA has estimated that the cost for N-15

production, which today is about 80 Euro/g, could drop to 8-12 Euro/g if the production rate is

increased to the order of tons per year7). The estimation was made for an enrichment target of 99.9%. If

the standard formula for Separative Work would be valid in the case of this high enrichments, cost

would be approximately proportial to the enrichment level, and hence no substantial gain would result

from lowering the enrichment level by a few percent.
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In an NEA assessement, estimated costs for fabrication and reprocessing of fuels containin

minor actinides are provided . For an IFR type of metallic fuel, the estimated cost for fabrication is

2300 $/kg-HM and that for reprocessing 7500 $/kg-TRU. Corresponding estimates for ADS fuels are

7000 $/kg-HM and 11000 $/kg-TRU, respectively95. Uncertainties are obviously large, of the order of

±50%. Since 62 grams of N-15 is the minimum theoretical mass required to fabricate one kg of nitride

fuel, the cost penalty for the fabrication itself would be substantial for the fast reactor fuels here

investigated - larger than 25%, using the average cost estimate. If one would include the cost of

reprocessing in the reference cost, however, the penalty becomes less severe, approximately 5-10%.

Here one must remember that this conclusion is based on the assumption that losses of N-15 in the

fabrication facility would be negligible. The open gas cycle used in existing fabrication lines yields

losses of 95-99%, which would raise the cost penalty to completely unacceptable values.

Implementation of closed gas cycles therefore is mandatory. Concerning recovery of N-15 in the stage

of reprocessing, it could reduce the cost penalty furhter, if the cost of recovery is substantially less than

that of the original enrichment.
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