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COMMITTEE REPORTS RAPPORTS DES COMITES

Since the 1950's the Atomic Energy Control Board has made
use or advisory committees of independent experts to assist it
in its decision-making process. In 1979 the Board restructured
the organization of these consultative groups, resulting in the
creation of two senior level scientific committees charged with
providing the Board with independent advice on principles,
standards and general practices related to radiation protection
and the safety of nuclear facilities. The two committees are
the Advisory Committee on Radiological Protection (ACRP),
formed in 1979, and the Advisory Committee on Nuclear
Safety (ACNS), which was established a year later.
Summaries of meetings of the committees are available to the
public in the AECB library in Ottawa.

From time to time the committees issue reports which are
normally published by the AECB and catalogued within the
AECB's public document system. Committee reports, bound
with a distinctive cover, carry both a committee-designated
reference number, e.g. ACRP-1, and an AECB reference
number in the "INFO" series. The reports generally fall into
!wo broad categories: (i) recommendations to the Board on a
particular technical topic, and (ii) background studies. Unless
specifically stated otherwise, publication by the AECB of a
committee report does not imply endorsement by the Board
of the content, nor acceptance of any recommendations made
therein.

Depuis les années cinquante, la Commission de contrôle
de l'énergie atomique fait appel à des comités consultatifs
composés d'experts indépendants pour l'aider dans ses prises
de décision. En 1979, la CCEA a restructuré l'organisation de
ces groupes de consultation pour former deux comités scienti-
fiques supérieurs chargés de lui fournir des conseils indé-
pendants concernant les principes, les normes et les méthodes
générales touchant la radioprotection et la sûreté des installa-
tions nucléaires : ce sont le Comité consultatif de la radio-
protection (CCRP), formé en 1979, et le Comité consultatif de
la sûreté nucléaire (CCSN), établi l'année suivante. Le public
peut consulter les comptes rendus des réunions de ces comités
à la bibliothèque de la CCEA, à Ottawa.

Les comités rédigent à l'occasion des rapports qui sont nor-
malement publiés par la CCEA et catalogués dans la collec-
tion des documents publics de la CCEA. Reliés avec une
couverture distincte, les rapports des comités se reconnaissent
à leur numéro de référence du comité d'origine (comme
CCRP-1) et à leur numéro de référence de !a CCEA dans la
série «INFO». Ils se divisent habituellement en deux catégories
générales : (i) les recommandations présentées à la Commis-
sion au sujet d'une question technique particulière; (ii) les
études générales. À moins d'indication contraire, la publica-
tion par la CCEA du rapport d'un comité ne signifie pas que
la Commission approuve le contenu de la publication, ni
qu'elle en accepte les recommandations.
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THE MANAGEMENT OF CARBON-14 IN CANADIAN NUCLEAR FACILITIES

ABSTRACT

In Canada, Derived Emission Limits (DELs) for the release of radionuclides from
nuclear facilities are set to ensure that the dose to a member of a critical
group from one year's release does not exceed the limit on annual dose to a
member of the public set by the Atomic Energy Control Regulations. The Advisory
Committee on Radiological Protection (ACRP) has expressed concerns as to whether
this procedure provides adequate protection to members of the public, including
future generations, for certain radionuclides such as a carbon-14 ( C) , which
can accumulate in the environment and which can be dispersed, through environ-
mental processes, beyond the local region where the critical group is assumed to
live. The ACRP subsequently established a Working Group to review the production,
release, environmental levels, and waste management of 14C arising in CANDU power
reactors.

The ACRP recommendations resulting from this review can be summarized as

• Given the current levels of emissions from CANDU nuclear power stations
resulting from the use of a carbon dioxide annulus gas and the limitations
in the calculation and use of collective dose, the ACRP sees no need for
an additional collective dose limit to be applied to these sources.

• The AECB should require licensees of power reactors and waste management
sites to provide an annual inventory of 14C held within reactor buildings
and waste management sites; to provide information on the stability of the
ion exchange resins and their continuing ability to retain the 14C; to
demonstrate on an ongoing basis that releases of Î4C are maintained at a
small fraction of the emission limits; and to report annually the critical
group and local collective doses arising from releases of *4C.
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LA GESTION DU CARBONE 14 DANS LES INSTALLATIONS NUCLÉAIRES CANADIENNES

RÉSUMÉ

Au Canada, les limites d'émission dérivées (LED) pour le rejet de radionucléides
par les installations nucléaires sont fixées de façon que la dose reçue par un
membre d'un groupe critique, due aux radionucléides rejetés pendant une année,
n'excède pas la limite de dose annuelle pour un membre du public prescrite par
le Règlement sur le contrôle de l'énergie atomique. Le Conseil consultatif de
la radioprotection (CCRP) a émis un doute quant à la protection que cette
procédure assurait au public, dans lequel il faut inclure les générations
futures, pour certains radionucléides comme le carbone 14 ( C), qui peuvent
s'accumuler dans l'environnement et qui peuvent se disperser, sous l'effet de
phénomènes environnementaux, au-delà du lieu de résidence présumé du groupe
critique. Le CCRP a donc mis sur pied un groupe de travail chargé d'examiner les
questions de la production, du rejet, des concentrations dans l'environnement,
et de la gestion des déchets en ce qui concerne le carbone 14 produit dans les
réacteurs de puissance CANDU.

Les recommandations formulées par le CCRP à la suite de cet examen peuvent être
résumées comme suit:

• Vu les niveaux actuels d'émission par les centrales nucléaires CANDU,
résultant de l'emploi de dioxyde de carbone dans l'espace annulaire, et les
limites inhérentes au calcul et à l'utilisation de la dose collective, le
CCRP ne voit pas la nécessité d'introduire une limite de dose collective
additionnelle pour ces sources.

• La CCEA devrait exiger des détenteurs de permis d'exploitation de réacteurs
de puissance et de sites de gestion des déchets qu'ils fournissent un
inventaire annuel du 14C détenu dans les bâtiments de la centrale et dans
les sites de gestion des déchets; qu'ils fournissent des données sur la
stabilité des résines échangeuses d'ions et sur leur capacité de retenir de
façon continuelle le 14C; qu'ils fassent régulièrement la preuve que les
rejets de 14C sont maintenus à des niveaux correspondant à une petite
fraction des limites d'émission; et qu'ils présentent un rapport annuel sur
les doses collectives consécutives aux rejets de 14C reçues par le groupe
critique et par la population locale.
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1. INTRODUCTION

In Canada, Derived Emission Limits (DELs) for the release of radionuclides from
nuclear facilities are set to ensure that the dose to a member of a critical
group from one year's release does not exceed the limit on annual dose to a
member of the public set by the Atomic Energy Control Board [AE88].

Concerns have been expressed as to whether this procedure provides adequate
protection to members of the public, including future generations, for those
radionuclides with long half-lives which can accumulate in the environment or
which can be dispersed, through environmental processes, beyond the local region
where the critical group is typically situated.

The major radionuclides in this category are tritium (3H), carbon-14 (14C) ,
krypton-85 (85Kr) , and iodine-129 (129I). Tritium and 14C are produced in CANDU
reactors in significant quantities. They are of concern both in relation to
routine releases from operating reactors and in the management of waste. 85Kr
and 129j a r e i e s s of a concern for operating reactors but are important for
irradiated fuel reprocessing facilities and for long term irradiated fuel storage
facilities.

It is the purpose of this document to review the production, release, environmen-
tal levels and waste management of *4C arising in CANDU power reactors and to
recommend an appropriate regulatory approach to the problems identified. The
document is limited to 14C for the reasons that it is produced in significant
quantities in CANDU reactors, it can be released in gaseous form, and it has a
long half-life (5720 years). Moreover "The normalized collective dose [from
nuclear power production], truncated at 10,000 years, from globally dispersed
radionuclides is 53 man Sv (GW a)"1 and is due almost entirely to 14C" [UN93] .

2. SOURCES AND QUANTITIES OF 14C

2.1 Natural Production in the Atmosphere

The production of and doses arising from naturally-occurring 14C have been
reviewed in various UNSCEAR reports [UN77 ,UN82 ,UN88 ,UN93] and by the NCRP [NC85] .

Carbon-14 is produced in the upper atmosphere by the reaction 14N(n,p)14C induced
by cosmic-ray neutrons. The annual production rate by this mechanism is esti-
mated to be 1.4 PBq (0.038 MCi) per year with a total inventory in the atmosphere
of 140 PBq (3.8 MCi) [NC85.UN77]. A much larger quantity (approximately 10" PBq)
resides in the deep oceans and exchanges with atmospheric carbon at rates of some
few percent per year [NC85] . The effective dose rate to each person in the world
from this naturally-produced 14C is about 12 /iSv.y'1 [UN88] . For the present
assumed world population of 5 x 105, this corresponds to a collective dose rate
of 6 x 104 person. Sv.y"1.

(P = peta = 1015)
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2.2 Effect of Combustion from Fossil Fuels

The specific activity of biological carbon as measured in wood samples grown in
the nineteenth century was 227 ± 1 Bq.kg"1 carbon (6.13 ± 0.03 pCi.g'1 of carbon).
During the present century the specific activity of I4C in air has decreased due
to the diluting effects of releases into the atmosphere of 12C resulting from
the burning of fossil fuels, the so-called Suess effect [Su55]. By 1954, the
specific activity of atmospheric carbon had been reduced some 2-5% due to this
process [UN77]. During the year 1988 it was estimated that about 5 x 1012 kg of
carbon was released to the atmosphere from the combustion of fossil fuels [F190] .
If it is assumed that the total atmospheric inventory of carbon is 6.2 x 1014 kg
and the residence half time of carbon in the atmosphere is 7.5 years [UN77,UN82] ,
then the maintenance of the 1988 release rate would eventually lead to a 10%
increase in total atmospheric carbon, or a 10% decrease in the specific activity
of naturally-produced *4C. This is consistent with an estimate by Baxter and
Walton [Ba70] that the concentration of natural 14C in the biosphere will be
reduced by 10% in the year 2000.

2.3 Production in Nuclear Explosions

Carbon-14 is formed in nuclear explosions as a result of neutron capture on
nitrogen and resides in the atmosphere as 14C0-,. Up to the end of 1980, some-
where between 220 PBq (5.9 MCi) [UN77] and 360*" PBq (9.6 MCi) [NC85] of 14C had
been produced by weapons tests [UN82]. Because of removal processes to the
oceans and the biosphere, not all of this material was present in the atmosphere
at any one time. Figure 1 [Mc94] shows that in 1964 the activity of 14C in the
maple leaves from Gatineau Park reached a peak of 90% above normal as a result
of testing in the late 195C.S and early 1960s. Despite small inputs from nuclear
explosions since that time, the levels in the leaves have continued to decrease,
with a residence half-time of approximately 7.5 years. Since 1980 there have
been no further tests of nuclear weapons in the atmosphere.

The current levels of 14C in the surface ocean have risen to about 120% of pre-
1950 levels. This material is gradually being transferred below the thermocline
with a half-time of 3 to 8 years and is being trapped in the deep ocean, either
in the water column or in the sediments [NC87] . Some of the oceanic 14C may also
re-enter the atmosphere. It is important to understand the fate of the bomb-
produced 14C in order to predict the effects of reactor-produced 14C.

UNSCEAR [UN82] has estimated the average complete effective dose commitment to
the world population from all bomb-produced *4C to be 2.6 mSv. With an assumed
stable world population of 1 x 1010 persons, the complete collective dose commit-
ment becomes 2.6 x 10' person.Sv. Figure 2 [NC85] shows the relative contribu-
tions of bomb-produced and reactor-produced 1-tC to total tropospheric inventory
and to total gonadal dose rate.
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Figure 1: 14C in Maple Leaves from Gatineau Park,
(* = signing of Partial Test Ban Treaty)



FIGURE 2

Relative Contributions of Carbon-14 Sources
to Radiation Doses in Man

(taken from NC85)
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2.4 Production of 14C in Reactors

The CANDU (Canadian Deuterium Uranium) reactor is a heavy water moderated and
cooled, natural uranium fuelled, pressurized water reactor. Moderator and primary
heat transport systems are separate and the latter consists of pressure tubes
which contain the uranium oxide fuel. These fuel channels pass horizontally
through the moderator tank and are separated from it by an annular space filled
with a gas, which originally was air or nitrogen, but is now carbon dioxide.
This annulus gas serves to insulate the hot pressurized heat transport system
from the cooler moderator system. A characteristic of this system is that it
allows access to the fuel channels from each end and thereby permits on-power
refuelling of the reactor.

The primary means by which *4C is produced in CANDU power reactors are by (n,a)
reactions with 0 in oxide fuels, moderator and coolant; by (n,p) reactions with
14N in fuel, and annulus gas; by (n,7) reactions with 1JC in graphite moderators;
and, to a lesser extent, by ternary fission in the fuel [NC85] . A summary of the
production rates in various reactor types is presented in Table 1.

TABLE 1

NORMALIZED 14C PRODUCTION RATES (TBq .GWe'1.v'1) OF 14C IN VARIOUS REACTOR TYPES
(taken from NE80, UN82, OH80)

REACTOR TYPE

LWR-PWR

LWR-BWR

HWR*

GCR-MGR

GCR-AGR

GCR-HTGR

FUEL

0.4

0.6

0.6

3

1

0.2

MODERATOR AND
PRIMARY HEAT TRANSPORT

0.3

0.4

25

7

10

2.8

TOTAL

0.7

1.0

26

10

11

3.0

LWR = Light-Water Reactor
PWR = Pressurized-Water Moderated and Cooled
BWR = Boiling-Water Moderated and Cooled
HWR = Heavy-Water Moderated and Cooled
GCR = Gas-Cooled Reactor
MGR = Magnox
AGR = Advanced Gas Reactor
HTGR = High-Temperature Gas Reactor

* The production rate is for a CANDU reactor and assumes that the annulus gas is carbon
dioxide and not nitrogen or air. The production rate of C in a nitrogen annulus is
about equal to that in the moderator and primary heat transport systems. The calculated
production rates in the moderator and primary heat transport systems take into account
enrichment of the 17O isotope in the heavy water. The abundance of this isotope is taken
as 0.055% [OH92a] as compared to the natural level of 0.037%.

No estimate has been made of the production from interaction with air in the vault. It
is assumed that this contribution is not significant.
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It is clear from this Table that heavy-water reactors produce more 14C than any
other type of reactor. Table 2 gives a breakdown of *4C production by reactor
system for a typical CANDU reactor. The data are representative of the Ontario
Hydro CANDU reactors at Pickering, Bruce and Darlington NGS [OHSO, La92j. No
production data are readily available for Gentilly 2 and Point Lepreau, but they
are likely to be comparable to the CANDU 6. The majority of the 14C is presently
produced in the heavy-water moderator. The available data indicate that most of
the * C produced in the moderator system and in the primary heat transport system
is held on ion exchange resins.

TABLE 2

PRODUCTION OF 14C IN CANDU REACTORS
TBq . GWe'1. v'1 (Ci.GWe'1 .y1)

(taken from OH80, La92, St91)

SYSTEM

Moderator

Primary Heat Transport

Fuel

Annulus Gas
- with N2

- with C02

ONTARIO HYDRO

25

0.5

0.6

24
0.03

(680)

(13)

(17)

(650)
(0.7)

CANDU 6

27

0.38

0.96

0.038

(730)

(10)

(26)

(1.0)

Values in parentheses are Ci.GWe^y'1. The values quoted for Ontario Hydro were calculated
by the Committee and they are representative of Pickering NGS-A and B, Bruce NGS-A and B,
and Darlington NGS. They are based on an O isotopic abundance in heavy water of 0.055%
arising from enrichment of that isotope in the heavy water manufacturing process. The values for
the CANDU 6 are design values taken from Stipan [St91].

The annulus gas in the initial CANDU designs used air (NPD and Douglas Point) or
nitrogen (Pickering NGS-A). Because of the (n,p) reactions with 14N, the pro-
duction rate of 14C in these older reactors was about double that using a CO2
annulus. A significant fraction of the 14C produced in the annulus gas systems
was released to atmosphere. At Pickering NGS-A this fraction was estimated to
lie between 20% (Units 1 and 2) and 70% (Units 3 and 4), depending on the in-
tegrity of the gas systems. The NPD and Douglas Point reactors have been decom-
missioned, Pickering NGS-A has totally changed to a carbon dioxide annulus gas
as of 1992 with the retubing of Unit 4 [To92]. Therefore, all Ontario Hydro
reactors and the CANDU-6 now use carbon dioxide and hence the gas annulus is now
a negligible source of 14C compared with the moderator system.

There are, however, only limited data available from the nuclear power utilities
in Canada on the production and releases of 14C; hence, the Committee has per-
formed its own calculations to estimate the annual production rates of 14C. The
14C production rates given in Table 2 are based on the current designs and
operational characteristics of CANDU reactors. The Ontario Hydro values are
averages for the Pickering, Bruce and Darlington reactors. Tables A-2 and A-3
give specific production rates for each reactor. The production rates are based
on Kabat and Gorman [OH80] corrected for enrichment of the 170 isotope in the
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distillation stage for the separation of heavy water. Measurements of the oxygen
isotope ratios in heavy water have confirmed this enrichment and this correction
increases the * 0(n,7) production rates calculated by Kabat and Gorman by about
50% [La92].

Table 3 shows the total estimated 14C production in moderator, heat transport and
fuel in Ontario Hydro's nuclear stations from 1962 when NPD was placed in service
until December 1993. An estimated 3540 TBq of 14C have been produced with some
84% of the production being in the moderator system and 12% in the annulus gas.
This is 7.9% of the total natural production of 44,800 TBq over the same 32-year
period. The estimated future production rate of 240 TBq.y'1 (Table 4) is about
17% of the natural production rate of 1400 TBq.y"1.

TABLE 3

TOTAL ESTIMATED 14C PRODUCTION IN ONTARIO HYDRO NUCLEAR STATIONS*
1962 TO DECEMBER 1993

SYSTEM

Moderator

Primary Heat Transport

Fuel

Annulus Gas

TOTAL

14C PRODUCTION
(Ci)

81,640

1,380

2,000

11,320

96,330

l4C PRODUCTION
(TBq)

2,990

52

76

419

3,540

Summarized from Tables A-6 and A-7 as calculated by the Committee.

The distribution of 14C within reactor systems has been modelled for the CANDU-6
[St91]. The parameters are summarized in Table 5. The model predicts that 3.9%
of the production is released to atmosphere from the annulus gas and the modera-
tor cover gas. Approximately 3.4% of the production remains in the fuel and
92.7% remains in storage on ion exchange resins from moderator and primary heat
transport systems. These resins are in temporary storage either at the station
of origin or at the Bruce Waste Management Site.
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TABLE 4

ESTIMATED FUTURE PRODUCTION RATES OF 14C - ONTARIO HYDRO
TBq.y-1 (Ci.y-'i

STATION

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A

Bruce NGS-B

Darlington NGS

TOTAL

MODERATOR

27

38

48

64

52

229

(752)

(1,018)

(1,306)

(1,741)

(1,444)

(6,261)

COOLANT

0.57

0.86

0.68

0.91

1.1

4.1

(14.8)

(22.2)

(18.8)

(25.1)

(29.7)

(110.6)

FUEL

0.68

1.0

1.2

1.6

1.4

5.9

(17)

(26)

(33)

(43)

(39)

(158)

28

40

50

67

55

240

TOTAL

(1

(1

(1

(1

(6

(784)

,066)

,358)

,809)

,513)

,530)

Based on the production rates from Table 2 and an 80% capacity factor as calculated by the Committee.

TABLE 5

ESTIMATED 14C SYSTEM DISTRIBUTION FOR CANDU-6
(taken from St91)

SYSTEM

Moderator

Primary Heat Transport

Fuel

Annulus Gas

X OF TOTAL
PRODUCTION

95.2

1.3

3.37

0.13

% EMITTED

3.77

0.0

0.0

0.13

X ON RESINS

91.43

1.3

0.0

0.0

2.5 Actual Measurements of 14C Inventory

A limited number of measurements of moderator and heat transport resins show a
large variability in ^4C content. Concentrations on moderator resins vary from
0.3 to 85 TBq.m"3 at Pickering NGS-A and from 3.6 to 6.4 TBq.m"3 at Bruce NGS-A
[OH92a] . Typical values are in the range of 1.7 to 7.9 TBq.m'3 [0H91]. Concen-
trations on primary heat transport resins at Bruce NGS-A, Pickering NGS-A and
Pickering NGS-B ranged from 0.01 to 0.2 TBq.m"3 [OH92a]. The measurements are
consistent with the calculated production rates and the average values are within
a factor of 2 of the calculated values [CO93] . Theoretical calculations are based
on production rates and are therefore adequate for predicting order-of-magnitude
estimates of 14C inventories [CO93].

The total volume of resin waste inventory from Ontario Hydro and AECL Reactors
has been estimated to be about 73,000 m3 [CO93]. The current inventory of 14C
has been estimated to be about 3.6 x 1015 Bq (3.6 PBq) the vast majority of which
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is on moderator resins [CO93]. Of this, 38% is associated with Pickering NGS-A
and NGS-B, 38% with Bruce NGS-A and NGS-B and Douglas Point NGS, 16% with Dar-
lington and the remainder with NPD and AECL-CRL. Assuming a 40-year lifetime for
the nuclear power reactors, the 14C inventory of resin waste in the year 2029 has
been estimated to be about 1.5 x 1016 Bq (15 PBq) [CO93] .

3. ENVIRONMENTAL LEVELS FROM NUCLEAR POWER REACTORS IN CANADA

3.1 Measurements of Releases of *4C to the Environment

There are relatively few measurements of releases of 14C from Canadian reactors.
Estimates of releases have been made by UNSCEAR [UN88] and the NEA [NE80] . These
are summarized in Table 6. The original data in this Table for HWR (CANDU) were
based on a design with a nitrogen annulus where 50% of the 14C production was in
the annulus and all of that was released. The C02 annulus data reflect current
performance. The estimates from Table 5 indicate that about 4% of the 14C pro-
duction is released from current CANDU reactors, 3% remains in the fuel, and 93%
is on ion exchange resins from the moderator and heat transport systems.

TABLE 6

EMISSION RATES OF 14C IN VARIOUS REACTOR TYPES
(TBq.GWe^.v'1)

(taken from NE80, UN88)

REACTOR TYPE

LWR-PWR

LWR-BWR

HWR (N2 annulus gas)
HWR (C02 annulus gas)

GCR-MGR

GCR-AGR

GCR-HTGR

PRODUCTION RATE

0.7

1.0

50
26

10

11

3.0

RELEASE RATE

0.4

0.4

25O)
1(2)

0.7

2

0

(1) Based on assumption that 100% of annulus gas was released
(2) Based on assumption that 4% of production is released (section 2.4)

The limited data available on releases from Canadian CANDU stations are shown in
Table 7. The measured emission rates from Pickering NGS-A show a sharp decrease
from 1988 to 1989 and a slower decrease from 1989 to 1993. This correlates with
the change of Units 3 and 4 from a nitrogen to a carbon dioxide annulus gas over
the period 1989 to 1991 (see Tables A-l and A-5 in Appendix A).
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TABLE 7

MEASURED EMISSIONS TO AIR AND DERIVED EMISSION LIMITS
OF :4C (TBq.y'1) IN CANDU STATIONS

(taken from AE94, St92, La92, La94, HQ93)

YEAR

1986

1987

1988

1989

1990

1991

1992

1993

PICKERING NGS-A

13.3

13.0

12.0

4.6

2.9

3.4

2.1

1.6

PT. LEPREAU NGS

0.44

0.48

0.35

0.70

0.59

GENTILLY-2 NGS

0.40

0.007

0.48

DARLINGTON NGS

0.047(1)

0.053

0.025

DEL

Gaseous

PICKERING

8.8 x

NGS-A

103

PT. LEPREAU

NONE

NGS GENTILLY-2

8.8 x

NGS

102

DARLINGTON NGS

1.3 x 103

(1) Darlington data from Unit 1 only, and from May 16 to year end.

We note that there is a large difference between the measured releases at Dar-
lington NGS and the other three stations. Based on power levels, the production
rate at Darlington is expected to be about 1/3 of Pickering A and similar to
Gentilly-2 and Point Lepreau.

The limited data indicate that releases of gaseous 14C from operating power
reactors are small and well below the present Derived Emission Limits.

3.2 Measurements of Levels of 14C in the Environment

Measurements of 14C levels in the environment are routinely carried out by
Ontario Hydro around its nuclear facilities at Pickering NGS, Darlington NGS, and
the Bruce Nuclear Power Development (BNPD). Media routinely measured include
milk, vegetables, and other foodstuffs. Levels of 14C in these biota around
nuclear stations are above background reflecting the emissions, and the measured
levels are consistent with the estimated magnitude of the releases. Table 8 is
a summary of 14C levels in vegetation around Pickering NGS at distances between
0.9 and 2.3 km over the period 1982 through 1993. In Figure 3 are plotted the
levels in vegetation in kBq per kg of carbon (kBq.kgC1) at location P2 about 0.9
km NE of the Pickering station (Table 8) and the measured releases from the
station given in Table 7. It can be seen in the local environment that levels
appear to be correlated with the emissions, although these levels decrease more
slowly than the emissions.
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TABLE 8

SUMMARY OF ENVIRONMENTAL LEVELS OF 14C AT PICKERING-NGS
14C CONCENTRATION IN VEGETATION (Bq.kgC1)

(taken from Ontario Hydro reports (1982-1993) on Annual Summary
and Assessment of Environmental Radiological Data)

YEAR

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

COMPASS BEARING AND DISTANCE OF SAMPLING LOCATIONS

WNtf
1.2 km

490

410

1050

530

840

900

500

510

640

430

690

-

NNW
1.3 km

1010

1310

1480

680

1100

1300

930

980

1410

510

950

-

NNE
1.6 km

1780

1470

2580

830

2230

1700

2120

1900

2090

620

2020

-

NE
0.9 km

3190

2290

3760

1800

7070

13,700

8440

8780

5420

4100

11,620

4890

NE
1.0 km

-

-

-

-

-

6530

-

2640

2200

16,060

-

NE
2.1 km

1950

780

1560

700

3080

5000

-

890

720

.

1200

-

NE
2.3 km

540

340

490

540

1380

1300

-

-

-

1000

1200

-

ENE
2.2 km

400

410

430

450

540

740

890

-

620

530

700

-

Note: Typical background levels are in the range of 250-350 Bq.kgC"

The increase in the measured levels in vegetation in 1992 appears to be incon-
sistent with the previous years' data and with the reported total releases in
that year. There is some evidence that this increase is real and that there was
a somewhat elevated release to atmosphere of *4C in August/September of 1992.
Monthly milk samples taken near Pickering during 1992 (Figure 4) show elevated
levels of 14C for the month of September, which is the month in which the vegeta-
tion samples are normally collected. The tritium levels in the milk show a
similar, although less pronounced, pattern [OH93b]. In addition, although the
total annual emission of 14C from Pickering NGS-A in 1992 was 2 TBq, the
emissions were not uniform throughout the year. Monthly stack monitoring data
show that 50% of the year's reported release of 14C occurred during the months
of September and October [OH92c].

Some measurements of elevated levels of 14C have been reported in vegetation (up
to 11,400 Bq.kg^C) around the Chalk River Laboratories Low Level Waste Site
containing medical and research laboratory waste [Br92]. This has been taken to
indicate that waste sites can be a source of 14C. The CRL measurements were made
close to the actual in-ground locations of the waste and no comparable data exist
for the Ontario Hydro waste site at BNPD.
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4. CURRENT WASTE MANAGEMENT PRACTICES FOR 14C

There are two principal types of 14C solid wastes :

• high level wastes consisting of ion exchange resins from moderator and
heat transport purification systems in CANDU reactors, and

• low-level wastes consisting of miscellaneous contaminated solid material
from reactors, hospitals, university research laboratories and industry.

The high-level wastes are produced and managed by the utilities, while the low-
level wastes are stored and managed at sites such as the AECL - Chalk River
Laboratories.

4.1 Ontario Hydro's Management of 14C

At the present time essentially all of the 14C generation in CANDU reactors
occurs in the moderator and heat transport heavy water systems, from which
occasional monitored releases to atmosphere can occur during purging of the
system cover gas. These systems, however, are continuously passed through ion
resin filters to reduce the levels of 14C and other contaminants. These resins
are, in turn, regularly transferred as slurries into a set of large reservoirs
on the lower levels of the stations. Information seems to be lacking on the
physical state of these resins, e.g., the pH,14C inventory and on releases from
these resins, particularly during the resin transfer process. At Pickering NGS
each reactor unit has two (2) slurry tanks, each of volume 72 m3, sufficient to
contain all generated resin waste material from start-up until about 1980. Since
that time periodic transfers of resin from the Pickering NGS-A tanks to the BNPD
waste site have taken place, with a cumulative volume to 1992 about equal to that
of the tanks themselves, which remain nearly full. The tanks of Pickering NGS-B
have not yet reached the point at which such transfers will be required.

Waste resins at the BNPD site presently occupy about 174 m3 in above-ground
Quadricells, together with about 800 m3 of below-ground storage. Transfers from
both the Pickering NGS and Bruce NGS reactors' slurry tanks are documented in the
quarterly technical reports of the Nuclear Waste and Environmental Services
Division. Inventories of 14C, however, are only approximately known as a result
of occasional analyses of samples.

In addition, during the years of operation of the Pickering NGS-A units before
retubing, these reactors employed an N2 annulus gas system which generated about
equal quantities of 14C to those produced in the moderator/heat transport
systems. For Units 1 and 2 it has been estimated that about 70-80% of this total
generation was retained within the system, much in the form of insoluble *4C-
particulate [GR93]. Although some of this activity was released during the re-
tube operation, much remains with the pressure tubes which were removed and are
now contained in dry storage at the Pickering site. For Units 3 and 4, whose
annulus gas systems were much less tightly sealed, only approximately 25% of the
generated 14C was retained [Ma81], with the rest having been released to atmos-
phere during the years of operation. Very little 14C is now generated in any of
the annulus gas systems, which are now filled with C02.
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4.2 AECL Waste Management Practices at Chalk River Laboratories

Ninety-five percent of the volume of the solid radioactive waste produced in
Canada's nuclear reactors, hospitals, research institutes and industries is
classified as low-level waste. Approximately one-third of these wastes, or about
2300 m3 (Table 9), are stored and managed each year at AECL Research's Chalk
River Laboratories (CRL). Radioactive wastes (other than spent fuel) produced
by Ontario Hydro, Hydro-Québec, and New Brunswick Power are stored in facilities
at the Bruce Radioactive Waste Management Site, at Gentilly, and at Point
Lepreau, respectively.

TABLE 9

ANNUAL VOLUME AND ACTIVITY OF SOLID AND LIQUID WASTE
EMPLACED IN WMAs AT CRL FROM 1989 TO 1992

(taken from Ho92)

i) Solid Waste

Waste volume
addition(1) (m3)

14C activity<2) (TBq)

Total waste
activity^ (TBq)

ii) Liquid Waste

Waste volume
addition^3) (m3)

14C activity (TBq)

Total waste
activity^ (TBq)

1989

1880

3.5

68

18200

NA

73

1990

2390

4.7

1000

18200

NA

120

1991

2230

2.8

1800

17700

NA

230

1992

2420

19

4900

23700

NA

75

NA: Not available.
WMA: Waste Management Area.
(1) WMAs "B" and "C" only.
(2) Based on data provided by the waste generator.
(3) Sum of volumes in reactor and chemical dispersal pits.
(4) Sum of tritium, unidentified beta/gamma and unidentified alpha.

Approximately 100,000 m3 of radioactive solid waste are stored in Chalk River's
Waste Management Areas A, B, C, and D. Waste Management Area D (WMA "D")
provides above-ground storage in weatherproof containers and buildings - the
other three sites have been used for below-ground storage. Waste Management Area
F contains approximately 75,000 m3 of soil contaminated with radium, uranium, and
arsenic; most of this material comes from a cleanup program undertaken in the
Town of Port Hope in the late 1970s. Waste Management Area B is currently used
for storage of wastes generated on and off of the CRL site that require contain-
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ment in concrete bunkers or steel and concrete tile holes. Waste Management Area
C provides storage for on-site and off-site wastes in sand trenches.

Ail solid processable waste generated by the active area at C.RL passes through
the Waste Treatment Centre where it is concentrated by baling before being stored
in WMA "B". During 1992, a total of 1850 m3 of low-level waste was stored in the
sand trench at WMA "C", a further 570 m3 of higher level waste was stored in
bunkers and tile holes at WMA "B".

Although waste management criteria specify that the solid waste stored in the
sand trench in WMA "C" may contain low concentrations of 14C (< 37 MBq.nf3

facility average, < 370 MBq.m'3 per package), in practice these wastes are not
monitored. Higher concentrations are placed in the engineered storage of WMA
"B", for future disposal (see Appendix B). The characterization and inventory
of the radioisotope content of the solid waste emplaced in the WMAs is based on
data provided by the waste generator (see Table 10). The uncertainty in quanti-
fying inventories by this method is reduced by obtaining information on the waste
production processes.

TABLE 10

RADIOISOTOPE CONTENT OF SOLID AND LIQUID WASTES
EMPLACED IN WASTE DISPOSAL FACILITIES AT CRL DURING 1992

(taken from Ho92)

14C activity (TBq)

14C specific activity
(TBq.nf3)

Total specific activity
(TBq)

Total specific activity
(all radionuclides)
(TBq.nf3)

Bunker")
(WMA "B")

17

0.031

4700

8.7

Tile
Hole")
(WMA "B")

2.0

0.066

160

5.3

Sand Trench")
(WMA "C")

0.018

9.7 x 10"6

0.95

5.1 x 10"4

Liquid
Dispersal
Pits»)

NA

NA

NA

0.0032

NA: Not available.
(1) Solid waste facilities. Data provided by the waste generator.
(2) Summed activity of reactor and chemical dispersal pits. Data obtained by monitoring.

Liquid waste from the Reactor Active Drain and the Chemical Active Drain is dis-
charged into separate pits in the Liquid Dispersal Area. CRL is the source of
all waste discharged in the Liquid Dispersal Area, and is the location of the
Reactor Dispersal Pit and the Chemical Dispersal Pit. In addition to the 1140
m3 sent to the Chemical Dispersal Pit during 1992, 750 m3 of the chemical active
drain waste was processed at the CRL Waste Treatment Centre with the treated
effluent discharged to the Process Sewer. Since 1992 September, all chemical
active drain waste is processed at the Waste Treatment Centre and it is planned
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that, barring process upsets or breakdowns in the treatment centre, there will
be no future discharges to the Chemical Dispersal Pit.

There are four infiltration pits in the Liquid Dispersal Area at CRL. Tvo of
these (Reactor Pit #1 and the Laundry Pit) were used in the early 1950s. Since
1956, Reactor Pit #2 has received aqueous wastes from the Reactor Active Drain
System; it remains in use, although there is a program evaluating methods to
remove radionuclides from the solutions, discharging the treated effluent to the
Ottawa River. A total of 23,700 m3 of liquid waste was dispersed in the Liquid
Dispersal Area during 1992 (see Table 10).

The Chemical Pit was used between 1956 and 1992 to disperse aqueous wastes from
the Chemical Active Drain System. These solutions are now processed at the Waste
Treatment Centre (WTC), and the Chemical Pit is being maintained only to provide
backup to the WTC until its facilities have been upgraded sufficiently that it
can provide an assured treatment capacity. The activity discharged into the
liquid dispersal pits is monitored on 4 and 5 week cycles and characterized as
tritium, unidentified beta/gamma and unidentified alpha: the 14C content of the
liquid is not monitored specifically.

A staged program has been developed to upgrade waste management facilities at
Chalk River where radionuclide migration has occurred or is anticipated if opera-
tions are not changed [Ca94]. The elimination of all radionuclide releases from
source areas is a high-priority item in the remediation plan; to date, programs
to clean up ground and surface waters have been primarily focussed on ̂ °Sr.
Carbon-14 releases are known to be occurring at some of CRL's waste management
facilities; to date, work has focussed on WMA "C", where there are releases of
14C02 to the atmosphere from the sand trenches, and releases of inorganic and
organic forms of *4C to groundwater flowing beneath the site. Killey et al.
[Ki93] investigated the fate of this 14C where the contaminated groundwaters
discharge to surface in a wetland, but to date there has been no attempt to
relate site releases to waste inventories.

5. DOSES FROM 14C

5.1 General

There are two quantities which are important in assessing the impact of releases
of 14C. These are the maximum individual doses to the most exposed individuals
and the collective doses to population groups. The maximum individual dose will
normally be received by those living within a few kilometres of a facility. Under
the current regulatory practice, the dose calculation is based upon a 70 year
committed dose to a critical group, from 1 year's release.

Individual dose levels decrease rapidly with distance from a source, but as
distances increase, the number of exposed individuals that contribute to collec-
tive dose also increases. Collective doses are normally calculated for three
population groups: local, regional and global. UNSCEAR defines a local popula-
tion as those living within about 100 km of a facility, and likely to contain the
most exposed individuals [UN88]. In its calculations the nearby local population
density is taken to be about 400 km"2, based on current siting practice. This
value, however, is likely to be very site specific; for example, the population
density for those living within 50 km of the Pickering facility is much higher,
about 3,600 km"2 [Pi81].
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The Nuclear Energy Agency (NEA) combines local and regional populations in its
calculations, and for most radionuclides all collective exposures resulting from
releases will be confined to this group for many years. Both UNSCEAR and NEA
consider a regional population as that living within about 2,000 km of the
facility, taken for the purpose of calculation to be sited in NW Europe or North
America, and including about 2.5 x 108 persons. The regional population density
is therefore about 20 km'-.

The global population is the remainder of the earth's population (excluding
regional and local), taken for the purpose of calculations to have reached a
steady-state value of 101" persons.

The collective dose commitments to regional and world populations from releases
of *4C have been calculated in a report issued by the NEA group of experts
[NE80] . For the regional dose the period of integration is taken to be 500
years, at which time it can be assumed that the average individual dose rate in
the region does not differ significantly from the global average. The regional
collective dose from a 14C release over this restricted period is calculated to
be 0.62 person. Sv.TBq"1 [NE80] .

The collective dose to the world population is calculated using a longer integra-
tion period of 10,000 years, which is the period over which passive engineered
barriers should remain effective. Modelling carried out by the NEA Expert Group
[NE80] and UNSCEAR [UN82] give values for the collective effective dose commit-
ment per unit release of 67 to 120 person.Sv per TBq released. These values are
based on an assumed future world population of 1010. The NEA value is based on
an integration period of 10,000 years while the UNSCEAR value is the complete or
infinite dose commitment. Over the same period the regional collective dose
would be 2.4 person. Sv.TBq"1.

It is clear that the regional collective dose commitments are small, compared to
the global collective dose, and therefore their corresponding contribution to the
total nominal health detriment is small.

5.2 Dose Estimates From Ontario Hydro Reactor Releases

5.2.1 Maximum Dose to Critical Group

Under current Canadian regulatory practice, the Derived Emission Limit for 14C
for power reactors is based on the individual dose to a member of a critical
group in the vicinity of the reactor. Current station emission targets would
correspond to an annual dose of 0.05 mSv from 14C, and actual releases of 14C are
calculated to result in an annual dose less than 0.01 mSv to this critical group.
The critical group is to a large extent hypothetical and these dose estimates are
believed to be upper bounds to the actual doses.

5.2.2 Local Collective Dose

Estimates of local collective dose rate from 14C around Ontario Hydro facilities
are published annually, based on measurements in the environment [OH92b,OH93].
The estimates apply only to a population living in the vicinity of the nuclear
stations, out to a distance at which an individual consuming all of his food
requirements from food grown locally would receive an annual dose commitment of
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1 /JSV from excess 14C. This distance corresponds to about 10 km at Pickering NGS
and Darlington NGS and about: 5 km at the Bruce Nuclear Power Development.

For example, in 1991 the population collective dose around Pickering NGS and
Darlington NGS was estimated to be 0.12 person.Sv, corresponding to 0.038 person.
Sv.GWe.y'* [OH92b]. This is equivalent to the annual collective dose received
by 40 persons from natural background radiation.

5.2.3 Global Collective Dose

Because of its long half-life, and its incorporation into biological systems
through the natural carbon cycle, 14C is eventually distributed world-wide giving
rise to a collective dose to the world population. Using an average value of 100
person.Sv per TBq (Section 5.1), the world-wide collective dose commitment from
Pickering NGS-A 14C emissions in 1991 would be about 340 person.Sv. This is the
dose which would be delivered to a future world population of 1010 persons; 67%
of this dose (or 230 person.Sv) would be delivered within the first 10,000 years
[UN82.UN88]. UNSCEAR [UN88] estimates the global dose commitment over 10,000
years from all 14C fuel cycle releases to be 63 person Sv.GWe'1 .y'1. In 1991, the
worldwide production of nuclear power was about 230 GWe.y. Therefore, fuel cycle
releases of 14C for that year would give a global collective dose commitment of
15,000 person. Sv. The Pickering NGS-A contribution of 230 person. Sv is about 1.5%
of this amount. Over the same 10,000 year period the dose to the same population
of 1010 persons from natural 14C would be 1.2 x 109 person.Sv. Current annual
emissions from Pickering NGS-A therefore contribute only about 2 x 10 percent
of the future collective dose to the world population.

5.2.4 Potential Doses From Waste Inventories

It has been estimated in this report that approximately 3,540 TBq of 14C have
been produced in Ontario Hydro reactors between 1962 and 1993 (Table 3). Approxi-
mately 93% of this, or 3,300 TBq is believed to be in temporary storage on resins
either at the station of origin or at the Bruce Waste Management site. This is
of the order of the annual emission limit from Pickering NGS-A (see Table 7).
Hence the maximum potential local dose, in the extremely unlikely scenario that
all of this inventory were to be released in a short period at one site, could
approach the current annual dose limit for the public of 5 mSv.

A very rough and conservative estimate of the potential local population dose can
be obtained by comparison with the population dose around Pickering NGS based on
normal emissions of *4C. In 1991, the local population dose resulting from
emissions of 3.4 TBq of 14C was estimated to be 0.12 person.Sv [OH92b]. The
maximum potential local population dose from the total inventory of 3,300 TBq
would therefore be of the order of 100 person.Sv.

Based on a value of 100 person.Sv per TBq released, the potential global collec-
tive dose from a release of 3,300 TBq is 3.3 x 105 person.Sv, 67% of which would
be delivered within the first 10,000 years. This is 0.03% of the dose to the
same population from natural 14C over the same 10,000 years.
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6. REVIEW OF CURRENT APPROACHES TO REGULATION

6.1 IAEA

General principles for the setting of limits for the release of radionuclides
from nuclear facilities have been given by the IAEA in two recent publications
[IA86.IA89]. Both of these are relevant to 14C and are described in Appendix C.

6.2 ICRP

The ICRP has addressed the issue of the time distribution of collective doses in
its Publication 55 [IC89J. They provide two reasons for truncating the time
integration of collective dose to give an incomplete collective dose commitment:

(1) where "the subsequent contributions are common to all alternatives or it
is no longer possible to distinguish between options"; and, more
importantly for this discussion;

(2) where "large uncertainties associated with the long term components of the
collective dose rate may prevent this measure of the radiation impact
being used as a discriminator between options".

6.3 Argentina

Regulatory authorities in Argentina have specified two dose constraints on
releases of radioactive material to the environment from nuclear power plants
(Be81). These are:

(a) the individual annual dose in the critical group, resulting from the
release, shall not exceed 0.3 mSv.y"1; and

(b) the collective dose commitment per unit of practice shall not exceed
1.5 x 10'2 Sv.MWe.y'1 of electrical energy generated by the plant.

Application of these criteria to 14C releases from the Atucha II nuclear power
plant showed that the first criterion could be met without the use of specific
*4C retention systems. Application of the second criterion, however, would
require a 14C removal system with a decontamination factor of between 50 and 100.

6.4 Canada

In Canada, Derived Emission Limits for the release of radionuclides from nuclear
facilities are set to ensure that the sum of the annual dose and the committed
dose to a critical group from one year's release does not exceed the limit on
annual dose to a member of the public set by the Atomic Energy Control Board
[AE88]. No criterion for collective dose is applied.

For I4C, the critical pathway which is found to give the highest dose to the
critical group is ingestion of food grown in the vicinity of the release point.
It is assumed in the calculations that the 14C in the vegetation is the same as
the average concentration in air at that point arising from releases from the
regulated facility (the specific activity model). This implicity assumes that
there is no build-up of the 14C in the environment and that the activity in the
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food is representative of the average concentration in the air during the growing
season.

7. DISCUSSION

As stated in the introduction, the initial question which this report was to
address was whether emissions of 14C are adequately controlled by limiting the
dose to a local critical group, or whether a further criterion based on col-
lective dose is necessary to provide adequate protection to present and future
populations.

In making this determination it is necessary to define clearly the limitations
of collective dose in the low dose region of concern which is at the level of
small increments above the natural background radiation (i.e. 2-3 mSv.y'1). Any
calculated individual dose due to 14C will be a small fraction of that from the
natural background radiation and will be additive to that radiation. Major
limitations are [Ka87]:

(1) Values of collective dose are calculated and not measured values. The
vast majority of individual doses making up the collective dose are based
on annual dose rates which are too small to be measured directly and which
are much less than both the annual dose limits and natural dose rates to
members of the public.

(2) The calculations have inherent in them uncertainties in the transport of
radionuclides through the environment both in space and in time. For 14C
it is necessary to extrapolate the calculations at least 104 years into the
future.

(3) The collective dose is suitable as an absolute measure of the collective
detriment only if there is a sufficient knowledge of the risk coefficients
in the dose range to be studied and errors in the estimation of the
individual doses are not so large as to make these estimates meaningless.

(4) At the level of the nacural background radiation there is no direct know-
ledge of the value of the risk coefficients and the values used are extra-
polations from higher dose levels and dose rates. The actual values of
the risk coefficients may be zero and the nominal values recommended by
the ICRP and other organizations are generally regarded as upper values.

It is also not at all clear if there is any added risk from incremental
doses which are a small fraction of the natural background [La92b,HP87].
However, most authorities in the field of radiation protection believe it
prudent to assume that any added dose carries with it a corresponding
detriment. Given the current risk estimates, an increase of 1% of the
natural background radiation gives an increased annual risk of 10"6.

The above limitations support the argument that collective dose is not an
appropriate quantity on which to base an emission limit or standard for C.
However, there are other factors which merit giving special consideration to 14C.
These are:
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(1) It is produced in significant quantities in the moderator and primary heat
transport systems of CANDU reactors. Significant in this context means
that its production rate is approaching 20% of the production rate from
natural sources.

(2) It has a long radioactive half-life of 5720 years.

(3) It can readily become airborne in the form of 14C dioxide, which form
readily interacts with vegetation through the process of photosynthesis.

(4) It is incorporated into the natural carbon cycle and can persist for long
periods of time, whether in the local environment or dispersed globally.

It is recognized that both the critical group doses and collective doses have
been significantly reduced by the utilities through the substitution of C02 for
N2 in the annulus gas system. However, in the course of preparing this report
it has become evident that the most important issue is the quantity of *̂ C stored
on resins at nuclear power stations and waste management sites, and the lack of
knowledge of the physical condition of these resins and of any actual or
potential releases from them. The Committee has also been struck by the rather
informal nature of the 14C monitoring programs. For example, no emission
monitoring is performed at Pickering B, Bruce A, or Bruce B.

8. CONCLUSIONS AND RECOMMENDATIONS

(1) Given the current levels of emissions from CANDU nuclear power stations
resulting from the use of a carbon dioxide annulus gas and the limitations
in the calculation and use of collective dose, the ACRP sees no need for
a collective dose limit to be applied to these sources. The current
practice of basing the release limit on the dose to an individual within
the critical group coupled with operating targets which are a small
fraction of the limit appears to provide adequate protection. However,
even though the ACRP sees no need for a collective dose limit, the AECB
should require licensees of power reactors and vaste management sites to
estimate both maximum individual doses and local collective doses from C
on an annual basis, as part of the ALARA process.

Although calculations of collective dose, where the individual doses are
very small have limited validity in predicting health effects, they do
provide a means of assessing trends arising from changes in the emissions
or populations and land usage around the facility. They will also serve
to reinforce the importance of ^C as a potential source of dose and
provide formal public documentation of the impact of 14C as a source term.
It is this formal reporting of *4C emission and dose data which is lacking
at the present time. The calculations suggested by the Committee need not
be onerous and may be limited to the local area, for example within about
100 km as defined by UNSCEAR [UN88]. In accordance with the Committee's
previous recommendations [AC91], the calculations could be limited to the
summation of doses in excess of 1 microsievert per year.
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(2) Considering the relatively high production rate of **C in the moderator
system, the large inventories present in ion exchange resins at the
stations (and the potential for a high release) , and the fact that Derived
Emission Limits (DELs) have been set for 14C (with the exception of Point
Lepreau NGS), the AECB should require power reactor licensees to demon-
strate, on an ongoing basis, that releases of C are maintained at a small
fraction of the DELs. This is best done through mandatory emission moni-
toring. Environmental monitoring, as currently practised, is useful as an
indicator of releases only in the active growing season when the samples
are taken. It provides no information regarding emissions during the
winter months.

(3) Considering the scarcity of information on the physical condition of the
ion exchange resins within nuclear power stations and in waste management
sites, and on the inventories and releases of 14C from these resins, the
AECB should require power reactor licensees to provide an annual inventory
of 14C held within reactor buildings and waste management sites and also
to provide information annually on the stability of the ion exchange
resins and their continuing ability to retain the ™C in storage.
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APPENDIX A
SUMMARY DATA USED IN CALCULATIONS

This Appendix presents summary tables of the data used in many of the calcula-
tions in this report. The data used has been collected from a number of sources
and it is reproduced here for ease of reference.

TABLE A-l

MEASURED EMISSION RATES TO AIR OF 14C FROM PICKERING NGS-A
(taken from AE94, St91, La92, La94)

YEAR

1985

1986

1987

1988

1989

1990

1991

1992

1993

MEASURED
EMISSIONS

(TBq)

4.4 (a)

13.3

13.0

12.0

4.6

2.9

3.4

2.1

1.6

UNITS
MEASURED

3,4 (Sept-Dec)

3,4 (Jan-Dec.)

3,4 (Jan-Dec)
1 (Sept 10-Dec)

1,3,4 (Jan-Dec)
2 (May 5 - Dec)

1,2,3,4 (Jan-Dec)

1,2,3,4 (Jan-Dec)

1,2,3,4 (Jan-Dec)

1,2,3 (Jan-Dec)

GW.h

2,058

6,850

7,996

11,539

10,488

6,970

9,923

10,994

TBq.GW^.y-1

18.7

17.0

14.2

9.0

3.7

3.6

3.1

1.5

(a) Emissions only for part of the year. No reliable data prior to 1985.
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TABLE A-2

SUMMARY OF 14C PRODUCTION RATES IN ONTARIO HYDRO NUCLEAR POWER STATIONS

NPD

Douglas Point GS

Pickering NGS-A

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A, B

Darlington NGS

MODERATOR

980

645

659

659

595

763

633

(Ci.GWe'1.

PRIMARY
COOLANT

16

12

13

13

13

11

13

ANNULUS
GAS

160 (a)

198 (a)

429 (b)

0.6 (c)

0.6 (c)

0.7 (c)

0.8 (c)

FUEL

25

19

15

15

15

19

17

STATION
TOTAL

1181

874

1116

688

624

794

664

Table taken from Kabat and Gorman [OH80] with isotopic abundance of 170 in heavy water
adjusted from 0.037% to 0.055% due to enrichment during the production process.

(a) Air Annulus Gas
(b) N2 Annulus Gas
(c) CO, Annulus Gas

TABLE A-3

SUMMARY OF 14C PRODUCTION RATES IN ONTARIO HYDRO NUCLEAR POWER STATIONS
(TBq.GWe^.v'1)

NPD

Douglas Point GS

Pickering NGS-A

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A, B

Darlington NGS

MODERATOR

36

24

24

24

22

28

23

PRIMARY
COOLANT

0.6

0.4

0.5

0.5

0.5

0.4

0.5

ANNULUS
GAS

5.9 (a)

7.3 (a)

15.9 (b)

0.02 (c)

0.02 (c)

0.03 (c)

0.03 (c)

FUEL

0.9

0.7

0.6

0.6

0.6

0.7

0.6

STATION
TOTAL

43.7

32.3

41.0

25.1

23.1

29.4

24.6

(a) Air Annulus Gas
(b) N2 Annulus Gas
(c) CO2 Annulus Gas



- 26 -

TABLE A-4

TOTAL NUCLEAR ELECTRICAL PRODUCTION - ONTARIO HYDRO
(GWe.h)

(from Ryj)4)

YEAR

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

SIS

NPD

54

83

135

115

156

82

82

76

114

95

56

101

158

153

177

133

136

76

168

131

154

149

122

110

146

54

3,019

DP GS

616

304

669

774

304

1.043

1.128

1.282

1.079

764

832

1.064

294

1.109

1.344

1.398

539

14,541

PNGS-A

1.592

5.766

14.279

14.148

11,827

16.546

17.262

16.683

16,267

15,807

16.798

16.519

14.467

7.857

6,568

7.266

8,537

12.243

11.169

7.513

10,621

11.681

15,248

276,665

PNGS-B

2,813

7.498

11.518

15.304

16.546

17.885

15.913

14.696

16.963

14.067

15.444

148,648

BNGS-A

3.836

14.911

20.737

24,223

25.277

24.245

26.084

27.266

23,945

22.942

20.346

18.866

17.213

15.254

20.270

17.775

10.873

334,044

BNGS-B

2.196

11,606

18.768

24,059

25.248

28.112

25,796

28.201

25.176

21.529

210,691

DNGS

1.256

57

2.477

22.956

26,745

NOTES:

(1)

(2)

(3)

Values for Pickering NGS A and B, Bruce NGS A and B, and Darlington are gross electrical production. Values for
NPD and Douglas Point NGS arc net electrical production as gross Tigures were not available.

SIS = Since in Service

BNGS-A figures are gross electrical plus steam production.
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TABLE A-5

SUMMARY OF PRODUCTION OF 14C IN PICKERING NGS-A ANNULUS

UNIT

1

2

3

4

TOTAL

DATE OF CHANGE
N2 TO CO-,
IN ANNULUS

1983

1984

1990

1991

To end of 1993

GW.h (N2)

47,201

46,143

63,002

65,910

222,256

GW.h (CO2)

21,712

19,678

9,525

3,493

54,408

14C PRODUCTION
Ci (TBq)

2,312 (85.6)

2,259 (83.7)

3,084 (114.3)

3,226 (119.5)

10,881 (403)

Based on production rates from Table A-2 and Table A-3, and power generation from Table A-4.

TABLE A-6

TOTAL 14C PRODUCTION (Ci) IN ONTARIO HYDRO REACTORS
(In Service to December 1993)

STATION

NPD

DP GS

PNGS-A

PNGS-B

BNGS-A

BNGS-B

DNGS

TOTAL

MODERATOR

338

1,070

20,800

10,090

29,075

18,339

1,931

81,643

PRIMARY
COOLANT

5.5

20

410

220

419

264

40

1,379

ANNULUS
GAS

55

328

10,880 (a)

10

27

17

2

11,319

FUEL

8.6

32

470

254

724

457

52

1,998

STATION
TOTAL

407

1,450

32,560

10,570

30,245

19,077

2,025

96,334

Based on production rates in Table A-2 and electrical production from Table A-4.

(a) From Table A-5
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TABLE A-7

TOTAL 14C PRODUCTION (TBq) IN ONTARIO HYDRO REACTORS
(In Service to December 19931

STATION

NPD

DP GS

PNGS-A

PNGS-B

BNGS-A

BNGS-B

DNGS

TOTAL

MODERATOR

12.4

40

757

373

1,067

673

70.2

2,993

PRIMARY
COOLANT

0.2

0.66

15.8

8.5

15.2

9.6

1.5

51.5

ANNULUS
GAS

2.0

12

403 (a)

0.3

1.1

0.7

0.09

419

FUEL

0.3

1.2

18.9

10.2

26.7

16.8

1.8

75.9

STATION
TOTAL

14.9

54

1,195

392

1,110

700

73.6

3,540

Based on production rates in Table A-3 and electrical production from Table A-4.

(a) From Table A-5

TABLE A-8

ESTIMATED 14C PRODUCTION IN ONTARIO HYDRO NUCLEAR REACTORS
(Production Since in Service to December 1993)

STATION

NPD

DOUGLAS POINT

PICKERING NGS-A

PICKERING NGS-B

BRUCE NGS-A

BRUCE NGS-B

DARLINGTON NGS

TOTAL

Ci

407

1,450

32,560

10,570

30,245

19,077

2,025

96,334

TBq

14.9

54

1,195

392

1,110

700

73.6

3,540

Summary of data in Tables A-6 and A-7.
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TABLE A-9

TOTAL ESTIMATED 14C PRODUCTION IN ONTARIO HYDRO NTTCT.F.AR STATIONS
1962 TO DECEMBER 1993

SYSTEM

Moderator

Primary Heat Transport

Fuel

Annulus Gas

TOTAL

14C PRODUCTION
(Ci)

81,643

1,379

1,998

11,319

96,334

14C PRODUCTION
(TBq)

2,993

51.5

75.9

419

3,540

Summarized from Tables A-6 and A-7.

TABLE A-10

ESTIMATED ANNUAL NUCLEAR ELECTRICAL POWER AND 14C PRODUCTION RATE

ONTARIO HYDRO

MODERATOR SYSTEM

STATION

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A (a)

Bruce NGS-B

Darlington NGS

TOTAL

EST. ELECTRIC
PRODUCTION
(GW.h.y"1)

10,000

15,000

15,000

20,000

20,000

80,000

14C PRODUCTION
(ci.y1)

752

1,018

1,306

1,741

1,444

6,261

14C PRODUCTION
(TBq.y"1)

27

38

48

64

52

229

Production rates from Tables A-2 and A-3.

(a) One unit at Bruce NGS-A is scheduled to be mothballed in September 1995. The calculations do not take
this into account. This would reduce the future production from Bruce A by 25% and from the entire
Ontario Hydro system by 4.6%.



- 30 -

TABLE A-11

ESTIMATED ANNUAL NUCLEAR ELECTRICAL POWER AND 14C PRODUCTION RATE

ONTARIO HYDRO

PRIMARY HEAT TRANSPORT SYSTEM

STATION

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A

Bruce NGS-B

Darlington NGS

TOTAL

EST. ELECTRIC
PRODUCTION
(GW.h.y"1)

10,000

15,000

15,000

20,000

20,000

80,000

14C PRODUCTION
(Ci.y"1)

14.8

22.2

18.8

25.1

29.7

110.6

14C PRODUCTION
(TBq.y1)

0.57

0.86

0.68

0.91

1.1

4.1

Production rates from Tables A-2 and A-3.

TABLE A - 1 2

ESTIMATED ANNUAL NUCLEAR ELECTRICAL POWER AND 14C PRODUCTION RATE

ONTARIO HYDRO

FUEL

STATION

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A

Bruce NGS-B

Darlington NGS

TOTAL

EST. ELECTRIC
PRODUCTION
(GW.h.y'1)

10,000

15,000

15,000

20,000

20,000

80,000

14C PRODUCTION
(Ci.y1)

17

26

33

43

39

158

14C PRODUCTION
(TBq.y1)

0.68

1.0

1.2

1.6

1.4

5.9

Production rates from Tables A-2 and A-3.
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TABLE A-13

ESTIMATED ANNUAL 14C PRODUCTION RATE

ONTARIO HYDRO

ALL STATION TOTALS

SYSTEM

Moderator

Primary Heat Transport

Fuel

TOTAL

14C PRODUCTION RATE
(Ci.y-1)

6,261

111

158

6,530

14C PRODUCTION RATE
(TBq.y"1)

229

4.1

5.9

239

From Tables A-10, A-ll , and A-12.

TABLE A - 1 4

TOTAL NUCLEAR ELECTRICAL POWER AND 14C PRODUCTION - ONTARIO HYDRO
STATION IN SERVICE DATE TO DECEMBER 1993

MODERATOR SYSTEM

STATION

NPD

Douglas Point

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A

Bruce NGS-B

Darlington NGS

TOTAL

NET ELECTRIC
PRODUCTION

(GW.h)

3,019

14,541

276,665

148,648

334,044

210,691

26,745

1,014,353

14C PRODUCTION
(Ci)

338

1,070

20,800

10,090

29,075

18,339

1,931

81,643

14C PRODUCTION
(TBq)

12.4

40

757

373

1,067

673

70

2,992

From Table A-4.
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TABLE A-15

ESTIMATED FUTURE PRODUCTION RATES OF 14C - ONTARIO HYDRO
TBq.v"2 CCi.v'1)

STATION

Pickering NGS-A

Pickering NGS-B

Bruce NGS-A

Bruce NGS-B

Darlington NGS

TOTAL

MODERATOR

27

38

48

64

52

229

(752)

(1,018)

(1,306)

(1,741)

(1,444)

(6,261)

COOLANT

0.57

0.86

0.68

0.91

1.1

4.1

(14.fa)

(22.2)

(18.8)

(25.1)

(29.7)

(110.6)

0.68

1.0

1.2

1.6

1.4

5.9

FUEL

(17)

(26)

(33)

(43)

(39)

(158)

TOTAL

28

40

50

67

55

240

(1

(1

(1

(1

(6

(784)

,066)

,358)

,809)

,513)

,530)

Summary of Tables A-10, A-ll, and A-12.
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APPENDIX B

ON-GOING RESEARCH IN WASTE MANAGEMENT AT AECL

B.1 Low and Intermediate Level Waste

AECL Research is developing an Intrusion Resistant Underground Structure (IRUS).
This is in line with the CRL move away from a strategy of radioactive waste
storage to one of disposal. IRUS is a subsurface vault of reinforced concrete
for wastes with a hazardous lifetime of 500 years or less. Risk assessment by
modelling was used to determine the long-term impact of an IRUS facility on the
critical individual, i.e., a farmer living on the shore of a lake. Tritium
produced a dominant peak at 26 years; the second highest peak, which occurs 3560
years after closure, is due to plutonium. Carbon-14 is a major component of the
third highest peak that occurs at about 1350 years after closure. For most
radionuclides, the pathway giving the highest dose is through the consumption of
vegetables.. Carbon-14 is unusual in that its major dose pathway is through the
eating of fish from the lake. It was proposed that to reduce the dose to the
critical group, waste containing significant quantities of 14C should be segre-
gated and placed in storage pending development of a suitable waste disposal
facility, such as shallow rock cavity.

Intermediate-Level Waste (ILW) is almost exclusively generated by the electric
power utilities, AECL and Nordion, an isotope manufacturer. This inventory
mainly resides on ion exchange resins. It has been assumed from experience with
HLW modelling, modelling of IRUS, and the experience of others who modelled the
ILW disposal that 14C will be the critical radionuclide in the repository (To93).
Carbon-14, present as dissolved carbonate/bicarbonate in the moderator heavy
water in CANDU reactor systems, is removed by moderator purification systems
consisting of a mixed bed resin. With time, the short-lived radionuclides decay
to near background levels and 14C will account for more than 99% of the resins'
bulk radioactivity. It is estimated that by the year 2005 approximately 5.9 x
1016 Bq (1.6 MCi) of 14C will have been generated as waste associated with ion
exchange resins used in the normal operations of Ontario Hydro's power plants
[St82].

A Low and Intermediate Level Waste (L&ILW) research and development program is
being implemented by the COG partners about the characteristics of LLW and ILW
disposal systems with the aim of providing a comprehensive approach to the
management of all LLW and ILW generated by the CANDU program. The development
of a disposal strategy for L&ILW is currently at the planning stage with a target
for completion during 1995 [To93]. Only a few isotopes such as 3°C1, 94Nb and 14C
are expected to be important in decommissioning waste disposal sites. Specific
issues that are being assessed include the option of disposal of L&ILW in a
single multi-purpose repository, or alternatively with segregation based on their
hazardous lifetime, and disposal of the waste in separate facilities. If the
waste is to be segregated, then the low-level waste would be disposed of in near-
surface facilities, such as IRUS and trenches.

A major component of the 14C isolation research program at Ontario Hydro has
focussed on the assessment of the effectiveness of engineered barriers to provide
the desired containment. Although transport behaviour of radiocarbon species in
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the natural geologic environment is relatively unaffected by retention in solids,
it appears that cement-based engineering barriers can effectively control 14C
migration in a waste repository. The cement waste form would have minimum
porosity to reduce chemical ingress and 14C losses. An alkaline environment will
inhibit the release of 14C from the waste form [Da92] . Since the 14C should be
retained in the waste form for ten half-lives, i.e. , about 50 000 years or more,
deterioration of the waste form is an important consideration. Engineered barrier
combinations are proposed to minimize the effects of fracturing of the waste form
and the subsequent channelling of the groundwater flow through the fractures. The
waste form would be surrounded with a clay buffer or, alternatively, a cement
grout which acts as a geochemical sink for 14C via carbonation reactions.

It has been considered that the most important pathways of internal exposure
arising from releases of 14C from a storage or disposal facility to shallow
ground water are the consumption of contaminated fish and the drinking of con-
taminated water. Current assessment modelling scenarios frequently predict that
the largest contributor to critical group doses is 14C in fish. These models
have assumed that all groundwater-transported radiocarbon remains in surface
waters. Studies at the Experimental Lake Area in North-Western Ontario [He80]
and a CRL Waste Management Area [Ki93] concluded that the dominant loss from
lakes and wetland was to the atmosphere, and that the surface water *4C pathway
is a minor component. In the groundwater, most of the dissolved *4C is present
as bicarbonate, and dissolved organic compounds account, on average, for 10% of
the 14C. The majority of the carbon content of plants comes from C02 in air by
photosynthesis, with C uptake in water by the roots being of much lesser
importance. Higher levels of the atmospheric burden of 14C may mean increased
exposure to the critical group from foodstuffs in general and lower exposures
from fish in particular. It can be expected that the overall effect of higher
releases to the atmosphere, and the subsequent dispersion of *4C02, will greatly
reduce critical group dose predictions. The significance of these findings is
being evaluated by AECL Research by further performance assessment modelling and
analysis of L&ILW management concepts.

B.2 High Level Waste

Used fuel from Canadian nuclear generating stations is currently stored at the
sites in both pool storage and dry storage systems. In 1978, the governments of
Canada and Ontario established the Canadian Nuclear Fuel Waste Management Program
(CNFWMP) to investigate the safety, security, and desirability of a concept for
permanent disposal of fuel waste. Participants in the R&D program and concept
development have included AECL (lead agency for research on disposal), Ontario
Hydro (which has advanced the technologies for storage and transportation),
Energy, Mines and Resources Canada, Environment Canada, Canadian universities,
the private sector and public groups. AECL will soon be submitting to a federal
environmental assessment review panel an Environmental Impact Statement which
describes in detail AECL's concept for the disposal of nuclear fuel waste [A193].
The fuel waste, in the form of either used fuel bundles or vitrified high-level
waste from reprocessing, would be enclosed in corrosion resistant containers and
emplaced in a vault excavated 500 - 1000 metres deep in plutonic rock of the
Canadian Shield. Buffer materials would be packed around the containers to impede
groundwater flow and retard movement of materials eventually leached from the
containers and the waste.
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A biosphere model, BIOTRAC, has been constructed to assess Canada's concept for
nuclear fuel waste disposal in a vault deep in crystalline rock at some as yet
undetermined location in the Canadian Shield. The model is therefore very
general and based on the Shield as a whole. The dynamic model simulates physical
conditions and radionuclide flows from the discharge of a hypothetical nuclear
fuel disposal vault through groundwater, a well, a lake, air, soil and plants to
a critical group of individuals. Sensitivity results show that 129I dominates
the dose to man, and that C is ranked second making a significant, but smaller
contribution; 99Tc makes a contribution substantially below that of 14C. The
dominant pathway for 14C, the eating of garden crops taking up 14C from soil,
contributed over 80% of the dose to man and is the same pathway that produced the
highest contribution to the 129I dose [Re92]. The model assumes the ICRP's
reference man [IC75] and further work is on-going to account for age-dependent
factors such as diet and dose conversion factors.
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APPENDIX C

IAEA APPROACHES TO DERIVING LIMITS FOR THE
RELEASE OF RADIONUCLIDES FROM NUCLEAR FACILITIES

C.I IAEA Safety Series #77

IAEA Safety Series #77 [IA86] adopts as its starting point the individual-related
primary dose limit to the general public (Hj^). This is the average annual
effective dose of 1 mSv or the limit to single organ of 50 mSv. It applies this
limit to the sum of all controlled exposures to an individual from all sources -
local, regional and global. A source-specific upper bound on dose is defined as:

HUB = F Hlimit " Hrcgional " Hglobal

F is a fraction, set by the competent authority, which specifies how much of the
primary dose limit can be contributed by a single practice, e.g. nuclear power
production. Hrcgjona] and Hglobal are dose limits set by international agreements on
regional and global sources.

Release limits would be set by an optimization process, however what is important
for this document is the treatment of collective dose in this process. The IAEA
recommends that "the estimation of collective dose commitments should include all
individual doses, regardless of their magnitude and when and where they occur".
This means that in principle, there is no lower cut-off on individual doses and
that the integration should extend over the entire globe and to a time in the
future when the radionuclides have decayed away completely. However, the IAEA
document concedes that in practice the integration need only extend to the point
where further contributions to the collective dose will not have any impact on
deciding between different options in the optimization process. It states:

"When radiation exposures from very long-lived nuclides persist into the
far future, an assessment of the collective dose commitment is highly
speculative. In optimization, however, one deals with differences of
collective dose commitments between different control options. The period
of interest is therefore only the period in which the alternative control
options have different influences on the exposure pattern. This shorter
period for the relevant (incomplete) collective dose commitment makes such
assessments more reasonable than would appear from the half-lives of the
nuclides involved." [IA86]

The IAEA document further recommends that no discounting be allowed when assess-
ing detriments to future generations. The usual economic practice of discounting
is properly applied only to a single generation, and not when a substantial part
of the detriment will occur in future generations.

C.2 IAEA Safety Series #92

Whereas Safety Series #77 looks at limits on local sources, this document
examines upper bounds on the doses that may be allowed from regional and global
sources. Equation (1) from the previous document is rewritten slightly:
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Hsub = F P Hlimit " GPHGUB " R P HRUB

W h e r e :

Hsub = dose upper bound for a local source
H G U B = dose upper bound from global sources
HRUB = dose upper bound from regional sources
Fp, Gp, and Rp are the fractions of the respective dose upper bounds

allotted to a practice P.

The values of H G U B and Gp must be established by an international agreement. H R U B

and Rp must be established by bilateral or multilateral agreements between
nations sharing the same geographical area. The authors of the document were
evidently thinking of relatively small European nations, but the concept of a
regional upper bound could also be applied to a Canada-U.S. agreement on sources
in the Great Lake Basin. The document has more to say about global than about
regional upper bounds.

For HGug, the document recommends a value somewhere between 3% and 30% of H^^
(between 0.03 and 0.3 mSv effective dose). The lower value is based on an UNSCEAR
(UN82) estimate that the average annual global dose per person from all nuclear
power production could rise to 25 A*SV, or 2.5% of the current %m;t, by the year
2500. Thus any value of HGUg below 3% of H ] ^ could place an undue restriction
on global nuclear power production. On the other hand, it was felt that any
value above 30% could place undue restrictions on local sources. Some countries
have already adopted Fp values of 0.3 to 0.5 of H^^ for local sources.

The document proposes an alternative approach for the particular case of C.
A fraction of the global dose upper bound would be assigned to 14C. Then a
fraction fm would be assigned for each activity, m, producing

 14C, e.g. gaseous
or liquid releases from reactors, solid wastes from processing, medical or
industrial applications. For a given activity, each country would be assigned
a fraction fr.

These fractions are subject to the constraints:

2 f r- i; s fm = l

The values of fr could be assigned to countries on the basis of total installed
nuclear capacity or on population size.
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