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radioactive nitrogen-14 beta particle
carbon-14 (7 protons, ¥ neutrons)
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Carbon — 14 AT

Radionuclide: B emitter

14
C

Weak beta emitters B decay
Long half-live

High isotopic exchange (*2C and 13C)

Incorporation into living organisms
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Carbon — 14 AT

Karlsruhe Institute of Technology

Production and release of C-14 Nuclear weapon testing
(not anymore)

By cosmic ray neutron interaction with 14N — 14CO,
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Yim et al. 2006, Progress in Nuclear Energy, 2

4 Dr. Vanessa Montoya INSTITUT FUR NUKLEARE ENTSORGUNG (INE)



Nuclear Power generation ﬂ(".

Karlsruhe Institute of Technology

ﬂup{g«(—-— Depieted tais, mostly U-238 Source: World Nuclear Association
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Nuclear Power Plant

C-14 world inventory

444 reactors in operation*

FwR

BwWR

PHWR

LWGR

Reactor Typa

GCR

FER
0 50 100 150 200
Mumber of Reactors

f
287 PWR + 78 BWR

Research reactors are not included
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185 reactors
(58 France)

|||||||||
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*Data from June 2016 (IAEA)
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Nuclear Power Plant ﬂ(".
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Type of Nuclear reactors: Light Water Reactors

A Boiling Water Reactor (BWR) A Pressurized Water Reactor (PWR)

Steel .
pressure | Pressuriser
vessel Steam
Steam —»
generator
Fuel € pressure

elements vessel

’ Fuel elements

Control
rods

Water

Reinforced concrete
containment and shield —

Moderator = coolant = Water
Slows down the neutrons released from fission

To transfer the heat
Nuclear reactor primary system
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Nuclear Power Plant ﬂ(".
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Type of Nuclear reactors: Light Water Reactors

Table 7
Global estimate of "*C production, by reactor type

Reactor type Component Producton estimate % of world gener- Cumulated production to date (to the end of
TBg/GWe-y ating capacity 2003)
Estimated cumulat- Available for release
ive 'C production PBgq
PBq
PWR Fuel 0.72 65 2.6
Coolant 0.30 1.1 1.1
Zircaloy +hard- 0.38 1.4
ware®
BWR Fuel 0.73 23 0.9
Coolant 0.59 0.8 0.8
Zircaloy +hard- 0.51 0.7
ware”
PHWR Fuel 3.76 5 1.1
Coolant 0.38 0.1 0.1
Moderator 27.0 7.6 7.6
Gas cooled Fuel (Magnox/AGR/  6.1/1.8/0.17 7 1.0
HTR)
Coolant (™) 0.31/0.3/~0 0.06 0.06
Moderator () 10.8/3.4/3.1 3.8
Grand total-reactors 21.1 9.6
worldwide

PHWR: fuel includes our proposed value which includes production due to nitrogen impurities in fuel. Gas-cooled, given in the order of (Magnox/
AGR/HTR). Values taken from (Liepins and Thomas, 1988) and (Braun et al., 1983).
* PWR and BWR updated values, based on Van Konynenburg (1994)—see text.

Dr. Vanessa Montoya INSTITUT FUR NUKLEARE ENTSORGUNG (INE)



Nuclear Power Plant ﬂ(".

Source of C-14
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From 1“Nitrogen + neutrons

Component or impurity in fuels (cladding),
moderators, coolants, structural hardware
(metals).

/7~
- o B

N+ ,n—=5C+ p C = N+le+V

(EStabIe)u
T,, =5,730 years
(99.6% abundance) 1/2 y
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B decay




Nuclear Power Plant ﬂ(".

Source of C-14

Karlsruhe Institute of Technology

From 13Carbon + neutrons

13 1 14
sC + n > C + vy

From 1’Oxygen + neutrons (1.1% abundance)

Graphite moderators

. . (Not relevant for LW Reactors)

O+ n%6C+2cx

(0.038 % abundance)
Oxide fuels, moderators = coolants (Water)
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Nuclear Power Plant

Source of C-14

Table 3

AT

Karlsruhe Institute of Technology

Annual normalized "*C production rates for the LWRs
Item Production-BWRs Production-PWRs Dominant mechanism
Ci/GWe-a TBq/GWe-a Ci/GWe-a TBq/GWe-a
Fuel
0 in UO, 40 015 3.9 0 "O(n, ay'C
K N impurities in 15.6 @ 15.4 @ “N(n, p)*cC
L:L> U0o,*
"N impurities in 13.8 o 10.3 “N(n, p)'*C
zircaloy and fuel
assemblies® 14N impurities zircaloy/uo, BWR 14N impurities UO, PWR
Coolant*
E 1?0 n HZO 14.5 6.0 ]?O(n._ QJMC
S Dissolved N,- 29-116 +10.43 1.2-5.0 70.19 “N(n, pt*c
8 bounding estimates
O (10-40 ppm)
Total ~ Fresure 45-54 1.7-2.0 36-40 5 Y0 in H,0
* Based on median values of Tables 2.2 and 2.3 in (Bush et al., 1984); normalized for 20 ppm nitrogen impurities in fuel.
® Based on calculations by Van Konynenburg (1994) using 25 ppm nitrogen impurities.
¢ Values of (Bonka et al., 1974) (**op. cit.), updated by (Vance et al., 1995).
13CO, dissolved is negligible
1TBq = 1012 Bq
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The chemistry of C-14 ﬂ(".
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E, Volts
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C-14 chemical system at 25°C

1.5
CO,(9)
10 T P(0,)> 1 atm
Kinetics can play arole
H,CO;
0.5 -

CO5*

———> C(+IV)
0.0 4

Speciation depends on:
« Eh
-1.0 4 CH - * PH
P(H)> 1 atm 4 C(IV) « Temperature

=0.5 - C(s} C(O)

-1 .5 T I I ! ! !
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

pH . : . L
Other organics are not included (mixed oxidation states)
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The chemistry of C-14 ﬂ(".
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Chemical conditions in LWR
Pressurized water reactor (PWR)

Coruimds e Reducing conditions

—“~|\ Steam —»
generator ~

“ = H,+ 14C ? —— 14C - organics
_—

Steel

pressure
vessel

14CO, — MC (s)
— Fuel elements 14CH4 (g)

@% < 14C - organics
Reinforced concrete
containment and shield = —s .
organics = formaldehyde + methanol

(1*H,CO) (1CH,0OH)

Reducing conditions (high P ~ 155 bar)

* H, 300°C
Coolant system = 58 — 95 % organics
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The chemistry of C-14

Chemical conditions in LWR

Boiling water reactor (BWR)

Steel

pressure —p
vessel

Fuel
elements

Control
rods

Oxidizing conditions
300°C and 72 bar

Vance et al. 1995, TR-105717. EPRI
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Oxidizing conditions

1C —— 1CO, (g)

E, Volts

1.5

1.0

0.5

0.0

=0.5 +

=1.0 4

=1.5

H14CO;

TN e P(0,)> 1 atm

P(H,)> 1 atm CHy

T T T T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

pH

Coolant system = HCO4
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The chemistry of C-14 ﬂ(".

Chemical conditions in LWR and forms of waste

A Boiling Water Reactor (BWR) A Pressurized Water Reactor (PWR)

Bressurissr
od

Gas production Solid phase Aqueous (coolant)
14(:02 Spent Fuel Structural H14CO3'
14CH,,... Zircaloy fuel material 14C —organics
(colloids)

_ Steel (metals)
Treatment in the NPP

< 3 x 101 Bgly Resins (ion exchange)
( 3 order of magnitude lower H¥CO;
than natural background) 14C —organics
(colloids)
Yim et al. 2006, Progress in Nuclear Energy, 2
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Form of waste in LLW

Initial inventory of 4C

Table 6
Distribution of "*C in LWRs

AT

Karlsruhe Institute of Technology

Waste form description (as stated in Manifest)

Distribution (%)

Ion Exchange Resins

Irradiated Hardware

Mixed DAW ———>  Dry radioactive waste: plastic,
. textiles and cellulose, in the form of

ditedbiquids protective clothing, rags, paper etc.

Incinerator Ash
Air Filters
Biological Wastes
Cement
Sorbent
None
Total
Class

A

B

C

he
.

N

Reactor coolant Cleanup filters.

(Recently increase due to the use
of sub-micron size filters).

=0 O = = a2
[ I i A A B |
L Lh

|

98.9

31.3
15.6
53.1

Yim et al. 2006, Progress in Nuclear Energy, 2
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Radioactive waste ﬂ(".
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NPP

Final disposal

Irradiated
Nuclear fuel
Repository for B
heat generatlng = ~ Bohrochiagerung
radioactive waste : < 3
Waste from Intermediate storage

reprocessing (i.e vitrified) juiens
> =3} ’ Heat generating
| L radioactive waste

Negligible heat

Reposit(_)ry for generating waste
radioactive waste

with negligible
heat generation

(NPP operational waste
and decommissioning)

—

Intermediate storage
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Radioactive waste ﬂ(".
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Reprocessing

*Co,(g)

e ——

e
| gasecus effluents

| | H.l-
. & ) volatile nuctides

e H3 C-14 Kr-B5 1129 Xe-133
T actimides {aerosol)

;J/,-——b; uranium |

= plutonium ]1

reprocessing !
spent fuﬁ

£ Storm
actinides f;i -
activation products
fission products b A solids liquids dismantling glass
H3 C-14 5r50 Tc99 Ru-106e, B wastes
I-129 Cs-137 and other e

e liquid effluents
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Intermediate storage ﬂ(".

LLW

Karlsruhe Institute of Technology

A Boiling Water Reactor (BWR)

A Pressurized Water Reactor (PWR)

|
Operational waste (effluent treatment, circuit, etc)

Resins Intermediate storage

T

Chemical transformation

—

Temperature

Redox conditions (O,)
Microbial activity
Degradation

Contact with chemicals

HCO; C(s), ?
H4CO5 14C - organics
14C - organics 14C0,(g)

Dr. Vanessa Montoya
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Final storage

20

LLW - near surface disposal at ground level

AT
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=

Sl

M el alion

i

|

SRR CTIan

|

manhale

Waile

Cell with
canfinernant
Cower

B ___—’“'__f\\—#fff’“‘x,____

WEQETArion Coyer

o

Geclogical site

—

Schematic diagram of a disposal cell (ANDRA-France)
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Final storage ﬂ(“.
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LLW - near surface disposal at ground level

LLW Drigg, Cumbria (NDA-UK) LLW-ILW EI Cabril (ENRESA-Spain)

=
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Final disposal

LLW/ILW - near surface disposal below ground level

AT

Karlsruhe Institute of Technology

short-lived radioactive waste

SFR, Forsmark (SKB-Sweden)
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Final disposal ﬂ(".
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Multibarrier system

Engineered / technical barrier Geo-engineered

Waste product: waste matrix S geo-technical barrier:
and Fe-based canister I - backfill and buffer materials

"-.:‘\'§‘\ e ‘ » underground dam systems

* borehole closures
SRS

mobile
radionuclide species

& s
SN ‘g;{:
AN SR

mobile -
radionuclide species S

{/

9
"’"I/ l P Geological barrier: host rock
" h‘, (7 A ‘. Q and aquifer system in the
=LA Y -.‘.v." overlying rock (caprock)
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Multibarrier system

Waste matrix and waste container

Cement matrix

High pH porewater (> 12)
Low porosity, permeability

Silicon carbide matrix

Properties close to diamond
(expensive)

24 Dr. Vanessa Montoya

Synthetic polymers

Organic compounds
Polyethylene, bitumen

Graphite matrix

o

(Very resistant to attack by
natural environment)

AT

Karlsruhe Institute of Technology

Glassy carbon

Low porosity, permeability
High temperature stability

Waste container

Highly durable waste container
(metallic, High integry containers)
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Management of 4C in LLW ﬂ(".

Spent lon exchange resins

Karlsruhe Institute of Technology

Waste (NPP) Interim storage Final disposal

25

Resins with 14C

H*4CO;
14C - organics

|

Degradation of the resins with 4C (SIER)

Change enviroment

Treatment of the resins

Separation Resin /14C

Dr. Vanessa Montoya

Microbial actions (gas production)

Groundwater infiltration
14C

(solid matrix)

INSTITUT FUR NUKLEARE ENTSORGUNG (INE)



Management of 4C in LLW ﬂ(".
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Irradiated steel

Waste (NPP) Interim storage Final disposal

Steel
NPP structures | Cemented |
Nuclear fuel assemblies waste Release of *C by corrosion
C-steel rerob
Stainless steel A b'.ero 'c i
Ni-alloys Corrosion Nnaeropic condaitions
(Decommissioning) ? HCO,-, alcohols?

Carbides (M, ;,C,., ) (covalent, ionic) + H,O — CH, + hydrocarbons
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Intermediate storage

T
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. . 1 Cladding
HLW including Spent Fuel o
_’ Pellet
A Boiling Water Reactor (BWR) Sp ent Fu el _’
-"‘ Temperature
.."-: Gap
;:‘:E:
_| ~1" %300 C
Fuel
elements Radial temperature
" Fuel rod distribution
Control Cladding: C
UO, pellets e
Gap region: C, 1, S, Cs, Se, Tc
~95 wt% U02 matrix Enriched rim \X
A Pressurized Water Reactor (PWR) \L i / J
pent
L N] |
fuel
Control rods Pressuriser 14 N i m p u riti eS
€ particles/
17 . metallic
U 02 matrlx Fuel grains: precipitates:
(U, An, Ln)OZY Mo, Ru, Pd,
l - Te, Rh/Ag
Fission gas
bubbles: 4 P k Oxide
e ot 14C (espeC|at|0n’)) Xe, Kr, | \/ - precipitates:
_ ) 1. Rb, Cs, Ba,
Grain boundaries: er]ruched Zr. Nb, Mo, Te
C 1S, Cs, Se Tc in Pu
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Intermediate storage ﬂ("'
HLW including Spent Fuel

| Intermediate storage
A Boiling Water Reactor (BWR) Sp ent Fu el

(dry cask)

A Pressurized Water Reactor (PWR)

HL4CO, e

14C (especiation?)

Pools are ¥ A
monitored and s |

cleaned (filters) &g \
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Intermediate storage ﬂ("'
HLW including Spent Fuel

(dry cask)

casks in the interim
_storage facility of
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Final disposal
HLW including Spent Fuel

Isolation is provided by a combination of
engineered and natural barriers (rock, salt,
clay) and no obligation to actively maintain the
facility is passed on to future generations.

A multi-barrier concept, with the waste
packaging, the engineered repository and the
geology all providing barriers to prevent the
radionuclides from reaching humans and the
environment,

30 Dr. Vanessa Montoya
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Management of *4C in HLW ﬂ(".
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Spent Fuel

Waste (NPP) Interim storage Final disposal

Spent Fuel
(including zircaloy)

Corrosion _
Release of 1*C by corrosion
Aerobic
Release from SF? Anaerobic conditions
(Matrix dissolution, IRF)
Dose of 14C in spent fuel very small compared with other radionuclides Presentation E. Gonzalez-Robles
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m Production of C-14
C-14 in the nature
C-14 from human activities (Nuclear Energy production)

m Source of C-14 in Nuclear Power generation (LWR)

m Transformation of C-14 during storage and disposal
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What have we learnt? ﬂ(".

Karlsruhe Institute of Technology

Nuclear PP Interim storage Final disposal

255 A
5 =
\ Pump —»

Source of 4C 14C waste .
S ¢ Fuel Transformation Safety Analysis
pen . ue — H14CO3' (inorganic) e
Metallic Structures . t Presentation V. Metz

. empera ure 14C -0or anlCS '
lon exchange resins Redox conditions (O,) g tomorrow
. . Microbial activity 14CO (9)
14 - 29
H4CO; (inorganic) Degradation
14C - organics Contact with chemicals
Corrosion

4Cis along lived radionuclide
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