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FOHEORD

The protection of man and his environment from harmful

concentrations of radionuclides has been the primary objective

of radioactive waste management activities since the beginning

of the nuclear industry. Current irradiated nuclear fuel

reprocessing practice leads to the discharge into the environ-

ment of virtually all the krypton-85 and tritium and a large

fraction of the iodine-129, formed as fission products in the

fuel. It has been estimated that the annual arisings of the

three nuclides, krypton-85, tritium and iodine-129 will be

500 x 106, 75 x 106 and 6,000 Ci, respectively, by the year

2000.

Although some papers on management of gaseous radionuclides

were presented in the NEA/IAEA Symposium on the Management of

Radioactive Wastes from Fuel Reprocessing held in Paris in 1972,

a need has been expressed by both developed and developing

countries for assembling under one cover the up-to-date

information on the management of gaseous radionuclides from

airborne effluents.

This publication results from a Technical Committee meeting

on Removal, Storage and Disposal of Gaseous Radionuclides from

Airborne Effluents held at the International Atomic nergy

Agency Headquarters in Vienna from 20 to 24 September 1976.

Specific recognition is due to Mr. J. Dempsey (USDOB) for his

personal contribution to the preparation of this report for

publication.

Radioisotopes in the gaseous effluents arising from fuel

reprocessing plants are examined and the state of the art to

remove, store and dispose of them are discussed in the

report. The IAEA would welcome suggestions for improving

this report based on user experience*
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I. INTRODUCTION

The Technical Committee Meeting on "The Removal,Storage and Disposal

of Gaseous Radionuclides from Airborne Effluents" was asked to focus on

the off-gas emissions from fuel reprocessing plants in recognition of the

fact that this aspect comprises the largest and most complex emissions in

the fuel cycle. The purpose of the meeting was to identify and quantify

the emission sources, to define the current state of the art for controlling

them, to comparethe plans and development of various Member Nations to

remove and store the radionuclides from these emissions, and to derive

cost estimates for all parts of the control process wherever possible.

It became evident early in the Committee deliberations that much of

the control and storage technology under consideration has never, in fact,

been fabricated in plant scale or demonstrated in an actual fuel reprocessing

plant under radioactive conditions. This lack of experience greatly limits

the reliability of the cost data given for the various emission control

components. However, the Committee noted that several pilot reprocessing

plants are now,or soon will be,in hot test operation which should provide

a much better basis for these cost estimates over the next few years. An

effort has been made throughout the report to identify when and where this

information will become available in order to provide guidance to the IAEA

in scheduling future meetings most effectively.

There were, however, some practical advantages in limiting the scope

of the meeting to technological rather than policy matters. Most important

perhaps, the meeting served as the important and timely first step in

identifying what can and should be done to control each of the airborne

radioactive emissions from fuel reprocessing plants. A concerted effort

to share the fast-growing pool of data is important in making the decisions

which are already needed concerning the degree and type of control in full-

scale plants.

-1-



-2-

II. Nuclides Generation and Discharge to the Environment

II-1 Introduction

This section treats the generation and discharge of krypton-85,

iodine-129, tritium, carbon-14 and krypton-85 in sequence. The principal

source of emissions in the nuclear fuel cycle for Kr-85 and 1-129 is the

fuel processing plant. C-14 and H-3 may be emitted in appreciable amounts

from both reactor and reprocessing plants.

The dilution and disposal option now utilized for tritium, krypton-85

and carbon-14 results in exposures to members of the public which are a

small fraction of the variation in natural background radiation as well as

being generally within the internationally accepted radiation protection

standards.

Decisions on the need for removal of the gaseous radionuclides

from effluent streams and the decontamination factors required can only

be made after detailed cost benefit analyses.

II-2 Sources. Production, Discharges

1. Krypton-85 (Kr-85) (t-- = 10.76y)

The Kr-85 is a direct fission product. Although some (less

than 1%) of the Kr-85 leaks from failed fuel element during irradiation,

greater than 99% of it is retained in the fuel element until sectioning

and dissolution when it is completely released to the off-gas system.

Production rates for the discharge of Kr-85 for GW(e)y for different types

of fuels are evaluated in [1] and [2]. In accordance with [2] about

3.3 x 105Ci of Kr-85 are released for GW(e)y for LWR fuels and about
5.8 x 105Ci/GW(e)y for HTGR fuel. The differences between the amount of

Kr-85 released from LWRs and HTGRs for an equivalent electrical economy

are a result of the differences in Kr-85 fission yields between U-235 and

and U-233. About 1.2 to 2.1 x 105Ci/GW(e)y are estimated for LMFBRs.

To date essentially all Kr-85 from fuel reprocessing has been

released to the atmosphere.
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2. Iodine-129 (I-129) (t- = 1.6 x lO7y)

All of the 1-129 is produced as a direct fission product

nearly all of which is retained with the fuel until dissolution. Generation

rates are about 1.0 Ci/GW(e)y for all reactor types (Table 1). Dissolution

of the fuel will release more than 98% of the iodine to the off-gas system

and efforts have usually been made in the past to capture the iodine from

the process off-gas for control of 1-131 emissions.

Measurement is required for 1-129 gaseous discharges and in

the environment around reprocessing plants.

3. Tritium (H-3) (t- = 12.3y)

Tritium is generated in nuclear fuels chiefly by ternary

fission at a rate of 2 to 4 x 105Ci/GW(e)y (Table 1). Other sources arise

via neutron activation of a number of light elements present as impurities

or components of the fuel, coolant, moderator, cladding and other reactor

materials, via the following reactions:

D(n,y)T, l%(n,a)7 Li(n,na)T, 1%(n,2a)T and 3He(n,p)T

Production rates (in Ci/GW[e]y) via neutron activation in the coolant,

moderator and fuel of the different types of reactors are given in Table 2.

Tritium is released at both reactor sites and fuel reprocessing

plants either as THO (in liquid effluents or as water vapour in gaseous

effluents) or as TH (in gaseous effluents).

During reactor operation, some of the tritium diffuses out of

oxide fuels and permeates the stainless steel cladding of AGR and FBR fuels

into the coolant circuit, or is retained almost completely as hydride in

the zircaloy cladding of LWR and HWR fuels. The estimated diffusion from

the oxide fuel are: AGR (25%), PBR (-95%) and LWR (30-90%). A large

fraction (-95%) of the tritium released from the fuel of FBR's is expected

to be retained in the primary and secondary sodium coolant and cold traps

as NaT, the remainder being discharged to the environment in liquid or

gaseous effluents. Release of tritium from HTR fuel is expected to be

from 1-30% giving 3 to 6 x 103 Ci/GW(e)y in the helium coolant (including

that formed via neutron activation of He-3 in the helium). The major

fraction of this return is expected to be removed by the helium purification

system.
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Total (liquid and gaseous) discharges of tritium from the

different reactor types are given in Table 4. The fractions released to

gaseous effluents are in general ~500 Ci/GW(e)y except for HWR's where the

high production rate in the heavy water moderator leads to a commensurate

discharge rate in any losses of the heavy water.

At fuel reprocessing plants, all the tritium present in the

oxide fuels (Table 3) is released at the fuel element sectioning and fuel

dissolution stages. From 1 to 2% of the amount present is released to the

vessel off-gas system as TH and discharged in gaseous effluents. Most of

the remainder is discharged in aqueous effluents, or these effluents are

evaporated to give water vapour for discharge to the atmosphere via tall

stacks. Only a small fraction of the tritium trapped in the zircaloy

cladding of LWR's and HWR's is expected to be released from the cladding

on dissolution of the fuel.

In the case of HTR fuel elements, 50 to 90% of the tritium

present is expected to be released to the off-gas systems during the

graphite burning-fuel crushing process before dissolution of the fuel.

Measurements are required on the amount and form of tritium

discharged from reactors and reprocessing plants in gaseous effluents, and

on fission yields for different fissile nuclides, particularly for fast

reactor fuels, in order to estimate tritium inventories and their discharges

more accurately.

4. Carbon-14 (C-14) (ti- = 5730y)

Carbon-14 is produced during reactor operation as a neutron

activation product from carbon, nitrogen and oxygen present as components

or impurities in the fuel, moderator, coolant, cladding and structural

hardware of the reactor via the following reactions:

13C(n,y)14C, 14N(n,p)14C and 170(na14C

The cross sections are energy dependent, and values for LWR's are reported

[1] to be 1 mb(1 3C), 1.48 b(1 4N) and 0.183 mb(1 70).

Calculated production rates in the different reactor types

(excluding that produced in fuel cladding and structural hardware) are

given in Table 5 [1] and [2].
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Primary production routes are:

1) via 170 and 14i impurity in oxide fuels

2) via 170 in the water coolants of LWR's (and HWR's)

3) via 170 and 14N impurity in the CO2 gas coolant of AGR

4) via 13C and 14i impurity in graphite moderators of AGR

The nitrogen impurity level in different reactor materials is

uncertain, and since neutron activation of N-14 is a major contributor

to the production of carbon-14, there is a large degree of uncertainty

in the total product. A range of 3 to 50 ppm N-14 for oxide fuels and 3

to 26 ppm N-14 in graphite is given in [1].

Discharges of Carbon-14

Discharges of carbon-14 are expected to be chiefly in the

form of C02 with some CO and hydrocarbons, although hydrocarbons have been

found to be the predominant form of discharge from PWR's. Discharge rates

from reactors and reprocessing plants are given in Table 6 [1] and [2].

Values for LWR's are based on measured values.

The discharges from reactors comprise the following major

sources:

1) C-14 produced in the water coolant of LWR's;

2) leakage of gaseous CO coolant from AGR which includes
graphite moderator corrosion; and

3) graphite moderator corrosion of HTGR fuel.

Complete release of carbon-14 is expected to occur (chiefly

as C02 ) on dissolution of oxide fuels at the reprocessing plant, and on

burning of the graphite of HTGR fuel elements to release the fuel particles.

Total discharge to the atmosphere of the C-14 present in fuels at reprocessing

plants has been assumed in Table 6, although this will depend on the type

of off-gas treatment systems in use, and only 10% discharge (except for

HTGR fuel) is assumed to occur in gaseous effluents in [2], the remainder

being isolated in other waste streams.

Some calculations (37) for C-14 arisings at reprocessing

plants from fuel equivalent to 45 GW(e)y of reactor power are:
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LWR: 400-2200 Ci/y

HTGR: 1660-9000 Ci/y

LMFBR: 100-800 Ci/y

Measurements are required on gaseous discharges of C-14 at

reactor sites and reprocessing plants.

Information is also required as to the proportion which re-

mains in the liquid waste and that which is emitted in the plant off-gas

system*

5. Aerosols and Semi-volatiles

Insufficient data are available to assess the performance of

equipment for removal of radioactive aerosols and semi-volatiles at re-

processing plants. Based on particulate removal data from fuel fabrica-

tion available, particulate filter systems appear to be adequate but

additional information is needed to verify their performance under the ad-

verse chemical and radiation exposures they will receive in reprocessing

plants.

The greatest lack of data is in the area of semi-volatile

releases and from the waste vitrification process now under development

in ma~y nations.

New measurement techniques may be needed to fully assess

this problem.

6. Tables

The calculated production and discharge rates are indicated

in the Tables 1, 2, 3, 4 and 5.

II-3 Discharge Limits

Discharge limits for the gaseous radioisotopes are established in

most countries in accordance with the ICRP regulations. They may differ

from one site to another depending upon assumptions as to the nature of

the effluent and the environment into which the discharges are made.

Furthermore, these limits are often dependent upon value judgements such

as the significance of very low levels of radiation exposure.
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1. Krypton-85

The United States Environmental Protection Agency recently

established a release limitation for Kr-85 of 50 000Ci for GW(e)y to

commence in 1983. This will require a decontamination factor of about 8.

The German Radiation Protection Commission has limited the

Kr-85 release to the environment to 106Ci/y for an 1400 Mt/y reprocessing

plant or 25 000 Ci/GW(e)y.

2. Iodine-129

The United States Environmental Protection Agency established

a value of 5 mCi/GW(e)y, also to commence in 1983. The corresponding decon-

tamination factor is about 240.

There are strong indications that the German Radiation Pro-

tection Commission may require a decontamination factor of 300 for this

isotope.

3. Tritium

The German Radiation Protection Commission proposed a value

of 230 000 Ci/y for an 1400 Mt/y reprocessing plant. This corresponds

to a decontamination factor of 5.

Emission limits for this isotope are under consideration at

present in several other countries but specific limits have not been estab-

lished as yet.

4. Carbon-14

No carbon-14 national limits have been established as yet.

5. Particulates

There is little or no data available in the literature on

population exposure from particulate discharges. However, the existing

standards of the World Health Organisation permit the calculation of the

maximum permissible releases of aerosols with the amount of radionuclides

contained in them.

11-4 Effect on the Environment

It was generally agreed that the effect of the radionuclide

releases on the environment as properly described in [1].
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III. Methods for the Removal of the Radionuclides from Gaseous Streams

III-1 Krypton-85

1. Processes Proposed

A number of processes are being proposed for the removal of

krypton-85 including cryogenic distillation, fluorocarbon absorption,

adsorption, diffusion and selective membranes process. A comparison of

the various separation processes and a brief indication of the development

status of each are given in Table 7. Any of these techniques can probably

be adapted to the separation of krypton-85 from either LWR or HTGR fuel

reprocessing plants.

The cryogenic technique is being developed by most nations

because it is based on the well-proven technology now in use. However, the

need for pre-treatment of the dissolver effluent ahead of the cryogenic

distillation is a unique problem for the nuclear application. Generally

contaminants such as NOx, I2, H20, C02 and hydrocarbons should be removed

down to ,level of about 1 ppm ahead of the cryogenic equipment to prevent

excessive freezing and plugging. Catalytic reduction of the N0x to

nitrogen and water with the following conversion of oxygen to water

followed by selective adsorption or freezing out water end CO2 is one of

the schemes being considered for pre-treatment in a cryogenic noble gas

recovery unit. The process of preliminary removal of CO2 and hydrocarbons

may be used to trap carbon-14 if necessary.

Liquid freon and carbon dioxide (for BTGR plant off-gas)

selective adsorption processes are being developed for krypton separation

at the Oak Ridge National Laboratory in the USA. The same general concept

is already being offered commercially by German and U.S. companies for

krypton recovery at power reactors. These techniques have the advantage of

high tolerance to impurities in the intake of gas mixture. It should be

pointed out, however, that (as opposed to the cryogenic approach) they will

require an extra follow-on process for removal of the more abundant xenon

from the krypton.

Processes involving charcoal adsorption, selective membrane

permeation and gas diffusion have also been considered for this application

but they have not been developed beyond the laboratory stage at the

present time.
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2. Processes Evaluated on a Plant Scale

Several projects are underway to develop krypton-85 recovery

plants. Pilot and full scale units are already being operated on a "cold"

basis in several laboratories.

The cryogenic distillation plant at the ICPP facility in

Idaho and the liquid absorption plants in Oak Ridge are in hot and cold

operation, respectively. Other cryogenic distillation plants are being

developed at the following locations: Marcoul (in cold testing), Karls-

ruhe (under construction), PNC (being designed), GWK (planned) and Mol

(in cold operation). These projects are summarised in Table 5.

3. Short Description and Discussion of Separation Process

3.1 Cryogenic Distillation Process

(1) Process Description

The cryogenic distillation process consists of three major

components: (1) a pre-treatment unit to remove impurities such as acetylene

and other hydrocarbons, oxygen and nitrogen oxide from the feed gas,

(2) a cryogenic distillation unit to remove and concentrate Kr-85 and

(3) a storage unit to store the recovered Kr-85.

The pre-treatment unit consists primaiily of two

catalytic reactors and carbon dioxide/moisture removers to eliminate

impurities which might explode in the presence of oxygen as well as form

plugs at low temperatures and clog the pipeline.

The cryogenic distillation unit consists of two cold

traps, a distillation unit and a batch still to remove and concentrate

Kr-85 which also makes a Xe/Er separation.

The separated gas will probably be stored in pressurized

storage tanks though other options are being evaluated (see Section IV-l).

(2) Discussion of Processes

The cryogenic distillation technology has been well

established in non-nuclear applications, and all components are generally

available for various commercial applications; however, the adaptation

to the special conditions and problems of nuclear reprocessing requirement

needs further development.
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3.2 Liquid Absorption Process

(1) Process Description

The selective absorption process using liquid freon or

carbon dioxide generally consists of three main columns; namely

(1) an absorber to separate mainly the noble gas from the bulk gas,

(2) a fractionator, which serves as an intermediate stripper, and

(3) a final stripper.

(2) Discussion of the Process

These liquid absorption processes have been demonstrated

on a cold pilot plant scale at the Oak Ridge Facility. The process has

high versatility and is relatively insensitive to impurities in the input

gas. It may have some problems with radlolysis of the liquid solutions

due to formation of corrosive radiolysis products. As mentioned earlier,

these processes do not provide a direct means of separating the more

abundant non-radioactive xenon from the krypton.

4. Areas of Future R & D Work

It is considered that research and development are needed

in the following areas to improve or to complete the procass:

- for the cryogenic distillation process:

* development of pre-treatment techniques to reduce

impurities such as NOx, C02, hydrocarbons and ozone;

* total demonstration of the integrated process to

establish the practicable limits for Kr-85 recovery;

- for the liquid absorption process

· study ways to remove secondary waste resulting from
the radiolysis;

. study of long-term impurity effects.

5. Conclusions

The limited experience available to date, on removal of Kr-85

from fuel reprocessing plants effluents, indicates that the cryogenic

distillation process is acceptable for reprocessing plant use. Success,

to date, with the cold operation of the freon and carbon dioxide adsorption

pilot plants suggests that this method will also be suitable. However,

long-term hot pilot plant demonstrations of all processes are needed to

assure their adaptability to special conditions and problems involved in

nuclear reprocessing.
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III-2 Iodine

1. Amount of Iodine to be Removed

The physical amount of radioiodine in spent fuel is rather high

as compared to many other fission products. The largest percentage of the

radioiodine is 1-129 (approx. 80%) with 1-127 accounting for most of the

reminder (20%). The mass of short half-life 1-131 is not significant for

fuels normally reprocessed in industrial plantS. The arisings of fission

product iodine in spent fuels have been given in detail in chapter II.

About 370 kg/y of iodine-127-129 is expected to be produced in a 1400 Xt/y

reprocessing plant. On dissolution of the fuel >98% of this iodine present

should be released to the dissolver vessel off-gas system though a con-

siderable fraction (about 50%) of it may be released during voloxidation

if this head end process is used.

2. Behaviour of Iodine in the aFel Dissolution Process

As mentioned above, during the dissolution process the iodine

contained in the spent fuel should be released almost completely to the

dissolver off-gas. This is desirable to avoid carry over in the process

solutions where its volatility may cause problems in other process steps

or in waste solidification.

In general, iodine in the form of iodate is not volatile in

this system. However during the dissolution of UO2 in nitric acid according

to the formula:

UO0 2.7 HE0 3 -) (bo)2 +0.7 NO + 1*3 .0

Uo2 + 4 mHO-3 - U02 (03)2 + 2102 + 2Ho

sufficient amounts of NO are produced to reduce iodate to elemental iodine.

IC necessary, N0 or nitrite can be added. Iodine occurring in the form of

relatively stable complexes can be removed by addition of carrier stable

iodine and H202 or ozone.

The volatilization of elemental iodine is decisively determined

by the rate of acid distillation from the dissolver during the process of

dissolution. According to experimental work and experience gathered in an

operating reprocessing plant, fission product iodine can be made to vola-

tilize almost completely from the fuel solution.
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3. Processes for Iodine Removl from Dissolver Off-gas

Generally, there are two altenatiae methods for the removal

of iodine from the off-gas; viz., liquid scrubbing and chemisorption on

solid iodine sorption materials. Iodine scrubbing may be done with

alkaline aqueous solutions (NaOH or KOH) or low concentration nitric acid

with an agent added to react with the iodine; e.g., mercuric nitrate.

A recently developed scrubbing process, the Iodox process, employs highly

concentrated nitric acid (20 - 22 M).

As an alternative to wet washing of dissolver off-gases, the

fission product iodine can be directly removed by a solid sorption material.

Since the :f.gases contain NOx only inorganic sorption materials, such as

molecular sieves and impregnated inorganic carrier materials, can be used.
Activated carbon is not suitable because of the risk of ignition or explosion

due to ozone loading.

Some forms of both the liquid scrubbing and solid adsorption

processes have already been used in reprocessing plants, Most of the
experience with plant scale removal is gained for solid adsorbents with

various substracts coated with silver metal; however, some experience is

ncw available with new silver nitrate treated materials. Experience with <-;-

this new type of ma&terial has been limited to one small reprocessing plant

ine since September 1975.

4* Caustic Sorubbin

The caustic scrubbing technology has been applied in some of

the operating reprocessing plants. In a typical flowsheet the off-gas

from the dissolver passes to a condenser and an N02 absorption column

whose effluents are fed to the caustic scrubbing system. This may consist

of a packed column in which the caustic solution is recirculated.
Iodine is removed from the off-gas according to:

2 NaOH + 12 - 1aI + a -OI + HOE;

3 NaOI-- 2 NaI + Na0l3L

The recovery of iodine by the caustic scrubbing method is limited

by the relatively low removal efficiency for organic iodine compounds. The

overall decontamination factor will normally be far below 100.
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Depending on the amount of acid and NOx in the influent, part

of the alkali in the scrubber solution will be used to neutralize the dis-

solver off-gas, generating considerable amounts of salts contaminated by

radioactivity. The process is also complicated for the build-up of carbon-

ate from CO2 removal which can plug the column due to the poor solubility

of sodium carbonate. This problem can be reduced by use of potassium hydro-

xide insteadof sodium hydroxide. The total volume of the radioactive waste

from a caustic scrubber is relatively great. There has been no plant scale

experience to date with recovery of radioiodine from the caustic solution

nor with its transformation into a form suitable for disposal.

5. Scrubbing with Mercuric Nitrate in Nitric Acid as the Solvent

For scrubbing with acid-mercuric nitrate solution a packed

column may be used in which the scrubbing solution is recirculated. The

mercuric nitrate in the nitric acid will react with the iodine to form mercuric

iodide (HgI2) which may be dissolved in the scrubber solution as complex

ions such as (HgI3)- and (HgI4 )
2 .

To reach higher decontamination factors for organic iodine

compounds, the concentration of the nitric acid, which acts as a strong

oxidizing agent, should be as high as 8 to 12 molar, whereas the mercury

concentration will be in the range of 0.2 to 0.4 molar [143. Decontaminated

factors around 102 may be reached with a well designed scrubber system of

this type. Here again however the efficiency of mercuric nitrate/nitric

acid scrubbing is limited by the content of the off-gas of higher organic

iodine compounds and by the removal rate of radioiodine from the recirculating

solution.

As mentioned earlier, no experience has been obtained with the

plant-scale removal of iodine from the liquid phase. Today the iodine con-

taining solution is directly transferred to storage or dispersed into a

large dilutant. These methods are limited not only by the radiotoxity of

1-129, but also by the mercury content of the waste solution, especially

with respect to its reconcentration in certain aquatic species.
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If a process can be developed to recover the mercury and,

for final storage, to transform the iodine into a stable solid compound of

low solubility and vapour pressure (e.g. Ba[I03J2), the method may be

satisfactory for the removal of the bulk of the fission product iodine.

To improve the overall decontamination factor of the iodine

removal system the effluent of the scrubber in one plant now under con-

struction in the U.S. will be passed through silver zeolite filters before

being released [15]. Since the zeolites are sensitive to nitric acid and

nitrogen oxide fumes, the time of useful operation of the zeolite filters

in this system may depend on the efficiency of droplet removal from the off-

gas of the scrubber column; however this aspect needs further investigation.

6. Iodox Process

The lodox process [16] takes advantage of the fact that iodine

is stable as HI308 in the hyperazeotropic nitric acid of concentration above

20 molar, with practically no vapour pressure. In this process, 20-22 molar

nitric acid is recirculated through a bubble cap column (Fig. 1), where the

acid removes elemental iodine and organic iodine compounds by oxidation to HI03

and the subsequent loss of water according to the following reactions:

I2 + 4 HN0 2 I + 2 NO + N 0 + 2 H20;

2 I + + 6 HNO0 + 2 N03 2 I0- + 2 H + + 4 N20 + 2 H20;

3 HI0 H HI 08
3 *, 38

Alkyliodides will be oxidised by the reaction:

CH3I + 3/2 HNO3 1/2 12 + CH3NO3 + 1/2 H20 + 1/2 H02

For high decontamination factors it is important that the

concentration of the nitric acid should not decrease below 20 molar.

Therefore, the hyperazeotropic acid has to be reconcentrated continuously

during the trapping process to make up for the water collected from the

moisture in the off-gas, from the evaporator for HI308 solidification, from

the reaction mechanism for HI308 generation, and from any water added

intentionally in the top section of the scrubbing column.
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No experience with plant-scale operation has been gained with

the Iodox process but the technology has been thoroughly demonstrated in

laboratory and small scale tests. Solidification of the iodine in the

waste product as HI308 has also been demonstrated in the laboratory.

It should be noted, however, that owing to the high corrosivity

of the 20 molar nitric acid, costly materials of construction such as

zirconium will be required and the long-term corrosion behaviour of the

apparatus may present a problem.

7. Chromatographic Columns

The techniques of removing radioactive iodine by means of

the reaction of gaseous iodine with silver compounds has been in use since

the very beginnings of the nuclear industry, and much experience has been

accumulated in this field [38-39]. Initially this method was used for

removing 1-131.

The reaction of AgNO3 with molecular iodine is a reversible

one. The higher the partial pressure of the nitrogen oxides, the more the

equilibrium shifts towards AgNO 3 formation, i.e. in the disadvantageous

direction. However, in nuclear fuel reprocessing plants the iodine has to

be removed in the presence of large quantities of nitrogen oxides. This

can be compensated by conducting the process at a higher temperature. As

the temperature is increased the reaction equilibrium constant changes towards

formation of AgI. Therefore the higher the concentration of the nitrogen

oxides in the off-gas, the higher the temperature that should be used.

Raising the temperature accelerates the reaction. Usually the

practical temperature range for iodine columns is 150-200°C.

It has been shown that dispersal of the silver compounds by

deposition in the pores of a finely porous sorbent significantly increases

the effectiveness of this method. Nowadays columns with various sorbents

impregnated with silver compounds are used for this purpose.

From the phenomenological point of view the process in such

columns is gas-reaction frontal chromatography, and all phenomenological

laws that have been derived for such processes are applicable to it.
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Moreover, it has been shown in connection with 1-131 removal

that, even after the conversion of AgNO3 into AgI, the column may continue

to work on the basis of ion exchange between 12 and AgI. Since continuous

decay of 1-131 takes place at the same time in the column, it works as

what is known as a "perpetual column" [39]. Such columns are termed radio-

chromatographic. An isotope exchange column operating in the radiochromato-

graphic regime removes only 1-131, not 1-127 or 1-129 due to the rapid

radiodecay of 1-131, as mentioned. In practice the service life of such

columns is determined by the harmful secondary reactions taking place within

them.

The problem of 1-131 removal remains a very important one for

the reprocessing of breeder reactor fuel. A considerable proportion of the

experience accumulated so far can also be employed in 1-129 removal. This,

however, has its peculiarities. The principle of radiochromatography can-

not be used because of the long half-life of 1-129. The quantity of I-129

and 1-127 to be removed in a plant with an output of 1500 t/yr will be

about 0.5 t/yr. As a result the silver consumption will also be about 0.5

t/yr, which makes the process expensive.

Since the silver content represents 5-10% of the sorbent

weight, clearly 5-10 t of sorbent will be required for the column to work

continuously for one year. Therefore columns designed for removal of 1-129

over a period of many years must be very large, which entails serious tech-

nical difficulties.

On the other hand, the great advantages of this method

should be noted:

1) High decontamination factors are easily obtained therby;

2) The column operates very reliably;

3) The apparatus is very simple: There are no moving parts,
there is no need to regulate any parameters apart from
the temperature during operation, and the column does
not require maintenance while in use.

The possibility of combining one of the liquid methods as a

first decontamination stage with a chromatography column as the second stage

should be carefully evaluated. In the first stage the bulk of the 1-129

would be trapped, and this could then be removed in the form of solid com-

pounds of relatively small volume. It would not be necessary to make very
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rigorous demands on the decontamination factor of the first stage. Only

small quantities of 1-129 would reach the second stage, and therefore it

would not be difficult to achieve a chromatography column lifetime of many

years and a high decontamination factor of the system as a whole.

8. Practical Application of ChromatograDhic Methods

The sorption material AC 6120/H1, containing AgN03, has been

developed in the Federal Republic of Germany [17]. In laboratory tests

75-94 of the silver of the impregnation reacted with the iodine. The material

has also been tested at a pilot plant at Karlsruhe, where a decontamination

factor of the order of 104 was achieved. Iodine sorption filters with

AC 6120/Hl may be used upstream or downstream of the N02 - absorption

column. The process known as Sorptex is under development at the Karlsruhe

Nuclear Center to remove the total amount of iodine released to the dissolver

off-gas upstream of the NO2 - absorption column (Fig. 2).

In the Soviet Union three types of sorbent containing silver

compounds (A-1-170, A-1-235, S-1-170) have been in production for some years.

These materials have been tested in laboratories and have been in plant-scale

use in chromatographic columns. The sorbents are resistant to nitrogen

oxides and nitric acid vapours. A good reaction rate of the silver compounds

with both molecular iodine and iodine compounds present in the off-gases is
observed.

In the United States work is in progress on the use of zeolites

containing silver [19-21]. Silver zeolite filters are being installed at
the Barnwell Plant (BNFP) of AGNS as a backup for the primary iodine removal
system [15] which is a mercuric nitrate/nitrate acid liquid scrubber. Data
for the removal efficiency of silver zeolites in plant-scale operation are
not available today.

With the use of silver molecular sieves, type Linda 13 X AG,
a lower utilisation of silver was measured compared to AC 6120/,1. The
reacted amount ranged from 35% (5%No2, 150°C) to 56.4% (ON02, 150%).

A new method to remove the iodine from and thereby regenerate
and recycle spent silver zeolite (Fig. 3) is being evaluated in the
laboratory [22]. Results to date indicate that the silver nitrate impreg-
nated adsorbent degrade at the high temperature (400 - 5000C) required for

this process, whereas certain silver zeolite forms can be reused many times.
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9. Fields of Future R & D Work and Conclusion

The methods of radioiodine removal by alkaline scrubbing prob-

ably offer little potential for additional development. Future r & d work

will concentrate on the separation of radioiodine from the scrubbing solu-

tion and its conversion into a more suitable solid form.

Because of high mercury content of the wastes from the

mercuric nitrate/nitric acid process, further development work will be

required on techniques to separate the iodine bearing mercury salts from

the solution and, if applicable, on the recovery of mercury and the con-

version of radioiodine into a condition suitable for long-term storage.

The plant scale experience mentioned above on the solid

sorption radioiodine removal methods is still underway. It will be neces-

sary to determine the properties of the sorbents and to develop a rational

column design and an optimum gas decontamination system combining the trapping

of aerosols and of radioactive iodine. Further research is needed on methods

of removing iodine from solid sorbtion materials in order to reduce the

volume of waste to be stored.

Scaling up the Iodox process will also require further develop-

ment work. The separation of radioiodine from the hyperazeotropic nitric

acid and its conversion into a form suitable for final storage on a plant

scale will require considerable additional work.

The silver-bearing sorption materials may prove to be a

suitable form for direct storage of radioiodine. Depending on national

requirements and cost considerations the solid sorbent can either go directly

to storage or be readily converted into a more acceptable form at little

expenditure, e.g. by concreting. The possibility of recovering the silver

warrants the continuation of the recycle r & d work mentioned above [22]

and it should be expanded to include development and evaluation of suitable

solid forms for storage of the iodine released.

In summary, sufficient development work on removable methods

for radioiodine is already underway. Future work should concentrate on

separation from the scrubber solutions and on immobllization for ultimate

storage.
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III-3 Tritium

1. Introduction

Arisings and discharges of tritium have been reviewed in

Chapter II. Although tritium is known to be a relatively minor contributor

to the radiobiological dose commitment from nuclear power, it is never-

theless considered prudent to be prepared to extract and contain this iso-

tope should the need arise in the future as the industry grows. This section

is concerned with the various processes which are being developed or evaluated

for future use. The discussion is again limited to tritium wastes from re-

processing plants.

2. Proposed Processes for Management of H-3 in Reprocessing Plants

2.1 Dispersal of Tritium

For most oxide fuels, it is expected that about 99% of the

tritium contained in the spent fuel will be released to the dissolver solu-

tion as HTO (tritium in zircaloy excluded). The rest will escape as HT and

convert slowly to HTO in the atmosphere. The major fraction will remain in

the aqueous phase and be released as in aqueous effluents or as water vapour.

Environmental and radiological hazards from this release operation have

been reviewed in a number of documents. Such predictions invariably show

that whole body dose rates are well within internationally-accepted standards.

2.2 Major Recovery Options

The reprocessor has three principal options for the recovery

of tritium from oxide fuels: (1) volatilisation and collection of tritium

from the chopped fuel before dissolution, (2) isotopic enrichment and

collection from the liquid effluents, and (3) aqueous recycle with removal

and solidification of a small side stream. At the present time, none of

the techniques is generally considered to be reasonably developed for

immediate application.

2.3 Head-end Processes

Several head-end processes have been considered for tritium

removal. It is unlikely that any single one of them will be generally

applicable to all reactor fuel types. Two such processes will be described

briefly in this section.
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The "Voloxidation" is the principal process under development

for removing the tritium from the chopped spent fuel [24]. It depends on

oxidation of UO2 to U308 to breakdown the crystal lattice and release gases

from it. Tritium release efficiencies of greater than 90% are expected

from the fuel with this process by exposing the fuel to 450 to 5000 C for

several hours (4 to 6) in a rotary kiln. The evolved gas is passed through

a catalytic converter to ensure all of the tritium has been converted to HTO

before it is removed as water in solid adsorbents. A large fraction of the

tritium left in LWR fuel elements is probably bonded in the zircaloy cladding

and will remain with the cladding during fuel dissolution. There are a number

of development problems to be solved before this process can be considered

operational, and an active development programme is in progress (Fig. 4).

It is useful to note that this process would probably not work

for ThO2 fuels since there is no higher oxide of thorium. Metal fuels may

also be difficult to treat in this way because heat generation rates may be

difficult to control during oxidation.

Pyrochemical processing may also be adaptable to head-end

recovery of volatile species including H-3. Several such process possibil-

ities exist and only a general indication will be attempted here. The sheaths

or hulls can be either removed mechanically, melted off or alloyed with other

metals, e.g. zircaloy with zinc. The next step may be to reduce UO2 to U metal

with calcium. Alternatively, the fuel could be attacked by fusion with salts.

In either case, the gases should be readily recoverable since no contaminants

accrue from the dry pyrochemical techniques. However, subsequent steps in the

chemical reprocessing would be greatly complicated by the existence of con-

taminated inactive solids. One possible flow-sheet is shown in Figure 5. It

should be noted that no pyrochemical process for tritium removal is under

development at the present time.

2.3 Isotope Separation from Plant Streams

Various isotopic H1-3 enrichment processes are being invest-

igated for removal of tritium from the waste water which is presently

released or evaporated. Catalytic exchange techniques similar to the one

now being used to remove 1-3 from the Celestin reactor (from the heavy water

moderator) in Marcoule, France are under investigation in the United States.

A hydrophobic catalyst developed at Chalk River Laboratory (Canada) is
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being evaluated which promotes the chemical exchange reaction between

liquid water and gaseous hydrogen (or trltlum) in direct contact. This

approach should minimize the problems of catalyst deactivation and simplify

(and reduce cost) reactor design. The process is in an early stage of

development, and a number of problems must be solved before it can be considered

to be practical for reprocessing application. Water distillation and hydrogen

distillation are also being considered for tritium enrichment.

Isotopic enrichment by reversible electrolysis is also being

investigated in the United States [253. This technique shows promise for

obtaining large separation factors via multistage electrolytic decomposition

of tritiated water. In principle, the process can be carried out without the

recombination of hydrogen into water between stages, which gives more

efficient use of the energy required for the electolyses (Fig. 6).

Recycle of all the water and nitric acid as a means of con-

taining tritium in reprocessing facilities has received considerable attention,

but the study conclusions are generally the same; viz., a large amount of

expensive pilot-scale development work would be necessary to prove the

feasibility of the technique. Two simplified block flow diagrams are shown

in Figures 7 and 8. To limit the amount of tritium released in form of HTO,

the off-gas may be dried by freezing or by other drying means. Potential

technical and occupational safety problems associated with the build-up of

high tritium concentrations in all plant water streams appear to make the cost-

benefit ratio unfavourable.

Studies in the UK and USA on the distribution of tritium in

reprocessing plant streams indicate that it should be possible to arrange the

recycling so that most of the tritium present in the liquid streams is

confined to the part of the plant up to and including the first extraction-

scrub contactor. This avoids diluting it with the much larger volumes of

aqueous phases later in the plant and leads to substantial economies at a

subsequent isotopic enrichment stage. Roughly a ten to twenty-fold increase

in tritium concentration should be achieved in the early part of the plant.

There are potential safety problems associated with this increase, but they

do not affect the whole plant. Detailed flow sheet studies related to parti-

cular reprocessing plants are required to achieve the necessary water and

nitric acid balances.
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3. Process Evaluation

All of the techniques mentioned above for tritium removal are

in too early a state of development to permit a conclusive process evaluation.

Voloxidation, the process which is furthest along in develop-

ment, is simple in principle, and it is generally assumed that a unit could

be on-stream within a decade. However, any one of several unresolved

technical and safety problems could preclude the use of the process.

Examples of such problems are as follows:

a) High heat evolution rates due to rapid oxidation of UO2
or Zr fines;

b) The production of stable aerosols may occur which could
enhance gas clean-up problems;

c) Emission of Ru and Cs may take maintenance of the system
extremely difficult;

d) The cost may be too high;

e) Undesirable fine powders are formed;

f) There are major technical problems associated with
reliable operation of the equipment.

The more immediate question that should be considered is whether

tritium should be concentrated or not. Valid technical alternatives are

(1) to make leach-free cements of all tritium-containing plant liquid rejects

or (2) to practice deep-well injection. Other storage options also exist

and some have been reviewed in Section IV. Indeed, various cost-benefit

comparisons indicate that the present practice of environmental discharge

is quite satisfactory.

4. Required R & D

R & D in four areas is clearly indicated and should be pursued.

1) The distribution and mechanism of tritium diffusion in all
major reactor fuels should be investigated;

2) Head-end processes such as voloxidation should be studied in
a pilot plant as soon as possible. A detailed assessment of
pyrometallurgical processes should be made with a view to
determining the feasibility of a single process applicable
to most reactor fuels;

3) Basic research and engineering studies on hydrogen isotope
separation processes should be pursued;

4) The solidification (stabilization) of tritium compounds
should continue to be studied.
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III-4 Aerosols

1. Necessity for the Removal of Aerosols

Decontamination of off-gases in nuclear fuel reprocessing

plants is necessary at all stages of the technological process. However,

the most difficult task is the decontamination of the gases released at

the points where the fuel elements are cut and dissolved. The off-gas streams

from fuel decladding and dissolution operations contain solid particulates

and a large leading front of moisture in vapour and in droplet form. The

solution droplets contain dissolved fission products, uranium and plutonium

salts and nitric acid.

In the final stages of aerosol removal, high-efficiency fil-

ters must be used to ensure high decontamination factors for the system as

a whole, Such filters may be of various types. The filters of one type

(HEPA) are intended for filtering solid dry aerosols. The self-regenerating

filters of another type are designed for filtering liquid or mixed aprosols.

These filters are described in more detail in the following sections.

When HEPA filters are usedfor final removal of solid aerosols

it is necessary to ensure that the aerosol removal system is designed to

satisfy the following requirements:

(a) Droplet aerosols must be removed completely so that none
reach the HEPA filters and in such a 'way that the liquid
can be returned to the process vessels.

(b) The dust holding capacity of the aerosol filter should be
high so that the filter can be used for as long a time as
possible without replacement.

(c) The particulate removal efficiency of the pre-HEPA fil-
tration component should be as high as possible so as to
avoid frequent change out of HEPA filters and related
waste disposal problems.

(d) Aerosols should be completely eliminated ahead of the
iodine filter to avoid its contamination with other
fission products.

(e) The filter system should be fireproof, resistant to the
corrosive action of the acid vapors and other chemicals
in the gases and also to radiation damage.

2. Removal Methods with Description and Status of Development

2.1 General

Very little data is available regarding the design and perfor-

mance of the various aerosol and droplet removal equipment utilized in power
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fuel reprocessing plant off-gases. Likewise, little is known about the

particulate filtration needed for dissolver off-gas as pre-treatment for

the various krypton-85 removal processes. More r & d work and better

information sharing is needed in this area.

The list of gas decontamination devices in this section is

not at all exhaustive; there are many other means of aerosol removal which

can be used in the preliminary stages.

2.2 Equipment for Droplet Removal

When the gas stream is loaded with liquid droplets, parti-

culate filters such as HEPA filters and glass wool filters lose some of

their filtration efficiency. Both pressure drops and penetration increases

sharply and the filter media loses its strength and may rupture. Because

of moisture droplets and condensation, the fibres can coalesce allowing

gas channelling to take place. Demisters of various designs can be used

to remove the droplets upstream of these filters. A brief description of

these follows:

(a) Metal sheet baffle type demister. This type of demister

generally consists of a number of equidistant corrugated metal sheets with

baffles which require the flowing gases to pass through a series of narrow

paths. Due to frequent change in the direction of the gas and impaction on

the baffles the droplets coalesce and are collected. The efficiency of such

demisters has been reported to be nearly 100% for droplets of 16 microns

diameter, however, there is some dependency on air velocity. Work on this

equipment has been reported on in West Germany [9] and the United States [2].

(b) Woven wire mesh type demisters. The filter consists

of a deep bed of loosely woven stainless steel wires followed by another

deep bed of glass fibres with high packing density. Such a filter has been

in use in a krypton removal system being developed at the Mol Belgium

Nuclear Research Centre [26].

(c) Facked columns. Packed columns of corrosion resistant

packing material can also be used for droplet removal from off-gases.

Experimental data is not available for their performance in fuel reprocessing

plants, however, similar commercial applications using rings, saddles,
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spheres and special packings have been shown to successfully collect very fine

mists at air velocities up to 30 ft/sec. Collection efficiencies of about 50%

for 1 millimeter size droplets are obtained [27]. The mechanism of removal

in this case is similar to that of demister referred under (a) above. However,

the removal efficiency is generally limited and the pressure drop is high.

(d) Sand-beds. Suitably designed sand-beds act in a similar

way as packed columns and may serve as good droplet as well as particulate

removers. Pressure drop is, however, relatively high as compared to metal

sheet baffle demisters. Experiments have shown that the coarse layers used

on the upstream side of graded sand-beds are quite efficient in removal of

droplets in a simulated dissolver set up. Once these layers are saturated,

the collected droplets drain down and the liquid can be recycled back to the

dissolver. Quantitative experiments to determine the droplet size and

removal efficiency for different layers and pressure drop increases have

been carried out in various laboratories.

(e) Glass fibre demisters. This type of demister consists

of a bed of loosely packed glass fibre beds in which airborne water drop-

lets are arrested mainly by the mechanism of impaction and interception.

The packing density of the fibres is usually quite low and the droplets

collect on the fibres and then readily drain to the bottom of the filter

housing to be returned back to the process. The advantage of this device

is its low cost and relatively simple design. However, the characteris-

tics of the glass fibre bed may change with time because of packing changes

and water or solids loading.

2.3 Equipment for Particulate Removal

(a) High efficiency particulate air (HEPA) filters. The most

commonly used HEPA filter configuration is a metal or wooden "box" open on

two sides for air passage and filled with multiple folds of glass fibre fil-

ter (media). The filter media is sealed to the inner surface of the box in

such a way.that the air has access to its entire surface which is large enough

to assure a face velocity of no more than five feet per minute. This assures

the required filtration efficiency of at least 99.97% for 0.3 millimeter

dioctylphthalate (DOP) smoke and even higher for larger mean diameter aerosols.
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Used properly, the HEPA filter is an excellent device,

however, it has several limitations which must be recognized; viz.,

(1) it is susceptible to rupture by shock or overpressure; (2) it loses

efficiency and strength if it becomes wet; (3) it can plug up and rupture

rather quickly from smoke collection in the event of an accidental fire;

(4) it has a rather low tolerance for acid vapors; (5) it must be replaced

relatively frequently, which is a costly and waste producing process.

(b) Glass fibre packed deep bed filters. There have been

some efforts to employ this type of filter for the removal of particulate

matter from vessel off-gases. Efficiency is high but so is the pressure

drop. Channelling sometimes occurs due to moisture and/or solids con-

densation. This permits some air to pass unfiltered through the channels.

Work in the United States on these filters has shown that it is possible

to minimize these problems by proper design [29] e.g., by using a gradation

in fibre sizes from large at the inlet to fine (sub-micron) at the outlet,

and by providing a spray system for washing condensed solids from the inlet

side occasionally. These devices have the important advantage of tolerance

to moisture, acid vapors and overpressure; however, the long-term stability

of their filtration characteristics has yet to be demonstrated.

(c) High-efficiency self-regenerating fibre filters. These

filters, made of thin glass fibre, have been developed in the USSR and are

intended for the last stages of decontamination. When liquid aerosols are

filtered the liquid is continually removed from the filter layer. When

(solid/liquid) aerosols are filtered the solid particles accumulate in the

filter layer, while the liquid is removed. The filter efficiency is

sufficiently high for both solid and liquid particles. The aerodynamic

resistance is low, and the mechanical strength of the filter layer is

adequate.

Some experience has already been accumulated with such

filters operating under various conditions. However, the lifetime over which

these filters will yield consistent performance under the conditions pre-

vailing at fuel dissolution points remainsto be determined.
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(d) Sand-bed filters, Sand-bed filters have been utilized

for many years for cleaning of gases from fuel reprocessing plants especially

in the United States [30, 31]. Suitably designed graded sand-beds of

selected gravels and sand, offer a high efficiency of the order of 99% for

sub-micron particles when operating at a face velocity of 2 cm/sec. The

initial pressure drop is around 6,86 x 10 Pa and estimated to be about

10,78 x 10 Pa after operation of five years. In one case, efficiency was

found to increase with time from 98.75% to 99.25%. In general, sand filters

have chemical stability, resistance to shock and fire and low maintenance

requirements as compared to other alternatives. Long experience of using

sand filters for cleaning of exhaust off-gases from fuel reprocessing plants

is available and detailed operational data has been published [32]. The

drawbacks to their use include higher pressure drop, large size, and high

initial cost.

It appears very attractive to design sand filters large

enough to last for the entire life of the plant and in a manner to permit

them to be buried in-sltu after use. However, the design of the system must

give careful consideration to the possibility of long-term criticality

considerations, structural stability, corrosion and water drainage problems.

3. Areas of Future R & D Work

There is a need to develop better equipment for the efficient

pre-cleaning dissolver vessel off-gas especially for the removal of droplet

aerosols. R & D work should continue or be undertaken on the following

aspects:

(a) Increase of the service life of filter components with a
view to developing a system to serve the entire life of
the plant without replacement;

(b) Analysis of the possible accidental conditions and assess-
ment of the performance under these conditions;

(c) Study of the corrosion aspects of the materials of
construction of system components.

(d) Easy and safe methods of volume reduction and disposal
of the spent filters.
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4. Conclusions

Data for the design of the equipment required for cleaning

of highly radioactive and corrosive aerosols arising from large fuel

reprocessing plants especially in conjunction with the systems for the

recovery of krypton-85, iodine and tritium, are limited or unavailable.

The type of components used to date may not be adequate for use in an

integrated system as needed in a full-scale reprocessing plant treating

high burn-up fuels. Considerably more research and development work is

needed to develop and evaluate satisfactory processes and equipment.

A study of the nature of aerosol encountered in fuel reprocessing plants

is especially needed to aid in this development work.
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IV Techniques for the Storage of the Radionuclides

IV-1 Krypton-85

1. Introduction

The long-term storage of Kr-85 has been the subject of

considerable study but no operational experience is available. The com-

paratively short 10.7-year half-life and high concentration of fission

product Kr-85 makes engineered-storage feasible through the entire

100-200 year period it takes to decay away for all practical purposes. The

simplest approach is to place the collected, separated, and purified Kr-85

product in high-pressure steel cylinders. It is generally agreed that the

fission product xenon can and should be separated from the krypton to

reduce storage volume and/or pressure requirements. The greatest concern

in this mode of storage for krypton is its potential release resulting from

damage to the pressure cylinder during handling and transportation. This

disadvantage could be overcome by the new techniques being developed for

incorporation of Kr-85 in metals or encapsulation in inorganic materials.

2. Storage in Cylinders

The limiting factor for the filling pressure is the removal

of the decay heat of Kr-85. For example, 130 000 Ci in a standard 50 litre

tank would release about 187 thermal watts. This amount of gas would give

a tank pressure of about 35 atmospheres, leaving a large safety factor which

seems advisable until more operational experience is available. Calculations

indicate that under cooling by convective air, the temperature of the wall

of the cylinder when filled to this extent will increase to about 40° above

the ambient storage temperature.

The valve of the gas storage cylinder should be of high quality

with extremely low leakage. It has been estimated that a maximum leak rate
-8

of 1.10 torr/litre/sec. is needed to ensure adequate long-term containment.

There is not enough experience at present to determine if such valves are

available. From the point of view of safety, the separation of xenon from

krypton is advantageous because the filling pressure can be reduced. This

option may also be favoured by economic considerations. For transportation

it will be necessary to place the filled cylinders in shielded transfer
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casks or "overpacks" in order to reduce both the radiation hazard and the

risk of physical damage (e.g. fire).

3. Encapsulation in Inorganic Materials

Encapsulation of krypton in inorganic (e.g. glass or ceramic)

or metal substrates is also being considered. Krypton can be encapsulated

in certain zeolite materials if they are heated to high enough temperatures

so that krypton can enter the zeolite cavities. The krypton leaking is con-

trolled by the amount of pressure applied. The temperature is reduced while

the krypton is still under pressure, trapping the krypton in the zeolite

cavities. Krypton loadings nearly as high as those in high pressure steel

cylinders are obtainable by this technique for an equivalent amount of stored

volume. Because the krypton is encapsulated in the zeolitic material, the

zeolite serves as the pressure barrier. Hopefully, the leakage rate from

the zeolite will be low enough that the zeolite container can be stored while

vented to the atmosphere to preclude any possibility of the tanks bursting.

Leakage rates of less than a few tenths of a percent over the stored lifetime

are estimated for this process. However, experimental verification has not

yet been accomplished.

Even if none of the encapsulation techniques prove to exhibit

the desired low leakage rates over the storage lifetime, chey should provide

the necessary product integrity for the rigorous containment requirements

expected in some countries for transport to the long-term storage location

or for long-term on-site storage.

4. Incorporation in Metals

A process for incorporating krypton in a metal matrix is also

being developed. The krypton is injected into the metal by implantation

from a low energy glow discharge formed by applying a negative potential

of 2-5KV to the metal electrode in the presence of krypton gas at a pressure

of 10 torr. The implanted gas layer is then coated with a layer of metal

sputtered from the opposite electrode. By repeating this process a thick

layer of deposit is built up containing gas at concentrations of 5-10 atom %

(170-340 litres/litre). The krypton is thus dispersed throughout the matrix

as bubbles of diameter less than 20 R.
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The process can be carried out in a cylinder with the matrix

being deposited on the inside of the cylinder wall. When a thick layer has

been built up a sealing layer of inactive metal is deposited on top of it

by the same process and the connections to the cylinder are capped off. The

cylinder then forms the storage vessel and a second line of containment.

The process takes place at ambient temperature and sub-atmos-

pheric pressure and operates automatically. The matrix is rugged, resistant

to radiation and corrosion, and provides leak-free containment"bof the gas

up to 500 C for copper and higher if more refractory metals are used. The

storage capacity is comparable to that of a high pressure gas ey-inder and

there should be negligible leakage even if the vessel and matrix ar: fractured.

The scientific feasibility of thisprocess has been proved

experimentally but the process has not yet been developed to the point where

it can be adopted industrially.

5. On-site-Storage of Krpton-85

The pressurized cylinders containing krypton-85 gas will probably

be stored at the reprocessing site for several months or years before being

shipped to a final disposal site. Obviously, the longer this interim storage

period, the less activity will be involved in handling and shipping because

of isotope decay. If the storage cylinder filling pressure is limited to

35 atmospheres, air cooling is acceptable; at higher pressure, water cooling

may be necessary. In the latter case, redundant fans or pumps and an

emergency power supply should be provided in order to remove heat under

emergency conditions. The atmosphere of the storage facility should be

monitored continuously for Kr-85 so as to detect a leaking cylinder as soon

as possible. Means for locating and isolating the problem cylinder should

also be provided.

If superheating of the stored cylinders (e.g. by breakdown

of the cooling mechanism) is excluded by proper design and the storage facility

is safe against external impacts (earthquake, aeroplane crash, explosions)

the maximum credible accident is the sudden release of the content of one

cylinder. It is estimated that such a sudden discharge into the atmosphere
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through the stack of the reprocessing plant or storage facility would

result in about 200 mrem skin dose and 10 mrem whole-body dose in the immed-

iate vicinity of the plant. Under these conditions it seems unnecessary to

provide a system to recover the released activity, e.g. by recycling the

total air to a krypton separation plant. However, it is quite possible to

design the facility for recovery of the gas if deemed necessary by national

regulations.

6. Long-term Storage and Disposal of Krypton-85

As indicated above, the pressurized gas cylinders can be stored

until only a small amount of Kr-85 remains i.e. for over 150 years. A long-

term storage facility should be large enough to contain the accumulated

krypton content of at least one fuel reprocessing plant. Assuming a time

of operation of 30 years, the interim storage facility will contain about

250 MCi Kr-85 with a decay heat of about 425 KW at the end of this period.

No upper storage capacity limitation is required as long as sufficient cooling

capacity is provided.

Assuming a leak rate of about 1.10 8torr./litre/sec. of each

steel cylinder the Kr-85 release rate from the completely filled storage

facility after 30 years would be of the order of about one Ci/h. The

radiation burden to the population caused by this release would be negli-

gible. However, accidental releases could contribute an appreciable amount

to the radiation burden of the local population, if accidental release should

be more than about one cylinder per year. To reduce this latter possibility,

it seems economically preferable to provide better cylinders instead of

equipment to recycle facility air to a krypton separation plant.

Other methods for krypton-85 are also being considered in

some nations. For example, injection into porous underground formations

either as gas or in water or cement solution is being studied in the

Soviet Union and in the United States. Exhausted oil and natural gas

fields and sealed underground caverns may also be suitable for final

disposal of the gas. Dumping of the Kr-85 containers into the deep sea

under controlled conditions is also under consideration. However, environ-

mental studies and tracer demonstrations must be performed before the

approach is adapted to assure its long-term environmental acceptability.



- 33 -

IV-2 Iodine-129

1. Introduction

Almost all the iodine-129 generated by reactors remains in the

fuel elements and finds its way to the off-gas control system at the fuel

reprocessing plant. A 1400 IMt/y reprocessing facility will produce about

370 kg per year of this radioisotope. This activity has to be removed and

stored with a view to subsequent disposal. Depending on the time the

spent fuel has been out of the reactor, the 1-129 will be accompanied by

more or less 1-131.

2. Forms

The different techniques under consideration for removing

iodine produce a variety of forms of the product for further treatment or

storage. Briefly, these forms are as follows:

- iodine precipitates from washing tower (scrubber) reagents;

- silver molecular sieves and other solid adsorbents;

- charcoal filters impregnated with various doping agents.

3. Characterlstics

The extremely long half-life of 1-129 and its high mobility

in water combine to make permanent disposal of this waste product an

especially difficult problem. No chemical form or secondary container is

likely to retain it for any appreciable portion of the more than 100

million years which it will take to decay away substantially.

4. Storage Conditions

At first consideration the problem of disposing of such a long-

lived product appears formidable indeed. However, contrasting 1-129 with the

many hazardous chemicals such as arsenic, chlorine, and barium,- which are

widely used throughout the world today, brings the problem into better per-

spective [36]. Some of these chemicals have a much higher potential toxicity

than long-lived radioisotopes such as 1-129.
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An evaluation of possible pathways of very long-lived isotopes

back into the environment from deep geologic storage indicates that the

dose commitment from long-lived isotopes would be well below hazardous levels.

Accordingly, well-designed deep geologic disposal is considered satis-

factory for management of waste 1-129. However, as safe storage conditions

for 1-129 are not proven yet it might be reasonable to organise a temporary

retrievable storage for that radioisotope for 100-200 years.

Interim storage and transportation of the 1-129 waste should

pose little problem since its external radiation emission should be quite

low. Depending on the process used to collect the iodine howevert it may

be mixed with other externally hazardous fission products that will give a

high external radiation which must be considered in container design. Care

must be taken to convert the waste product into a form of low dispensability

and to assure leak-tight, corrosion-resistant secondary containment during

this period. One possibility would be to incorporate it into stable compounds

and/or matrices (such as a mixture of barium iodate and cement).

Additional r & d work is needed to determine if there is an

optimum chemical form and storage method which will add appreciably to the

long-term containment of 1-129 in geologic storage. Certainly a completely

dry geologic formation is important for the storage of this isotope. However,

more work is needed to determine the type, depth, and sequence of geologic

formation best suited to assure its long-term containment.

5. Desirable Research and Development

The potential radiological hazard created by iodine-129 when

stored stems from the solubility of its chemical compounds, the leachability

of the matrices in which it is packaged, and its capacity for dispersion in

the medium enclosing the final storage site.

The following activities can therefore be proposed with a

view to international co-operation:

a) Research on the most highly insoluble chemical compounds;

b) Study of potential iodine-containing matrices exhibiting
minimum leachability;

c) Study of iodine transfer rates in various rock formations
(including salt) and soils to determine which types are
least favourable for its dispersion;
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d) Study of the most suitable final disposal sites and methods
for iodine-129 to assure that any re-emergence into the
environment will be sufficiently slow and at such low
dilution so as never to be hazardous to man or the
environment. These should include:

- salt domes (dispairs) surrounded by impermeable layers;

- confined aquifiers;

- ocean plateaux, etc.

IV-3 Tritium

1. Storage and Disposal of Tritiated Water

Waste water which contains a substantial quantity of tritium,

should be stored in sealed containers prior to disposal. Low concentrations

can be safely disposed of in deep wells in certain areas and under well-

engineered conditions which preclude contamination of fresh water aquifiers.

More concentrated tritium in either the gaseous or liquid phase should be

immobilized in a durable solid suitable for long-term geologic or engineered

storage.

Low concentrations of tritium in waste water may possibly be

safely disposed of to the ocean.

1.1 Temporary Storage of Concentrated Tritiated Water in Tanks

In the storage of highly concentrated tritiated'water, special

care is required due to the possible build-up of explosive quantities of hydro-

gen (HT) from radiolysis. To avoid this problem, force ventilation is usually

provided in the tritiated water tank using special equipment such as circu-

lation pumps, heaters, regenerative heaters, and water-cooled heat exchangers.

Care must be taken to ensure that any vapours which escape from

the tank pass through an adsorption column filled with a drying agent such as

a molecular sieve in order to prevent the escape of tritium into the atmosphere.

1.2 Disposal of Tritiated Water in Geological Formations

As mentioned above, low and intermediate-level tritiated water

can be safely disposed of in deep porous water-bearing formations under

certain conditions. This method imposes particular requirements with regard

to the water conditioning, namely:
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1) Compatibility of the tritiated water and the natural
formation waters in order to avoid undesirable chemical
reactions upon mixing. In some cases, such reactions
can result in solid precipitants which reduce the
permeability of the host formation.

2) The content of suspended particles should be minimal to
prevent clogging of the rock porosity near the well bore.

The hydraulic fracturing method of disposal is also an accept-

able method for relatively short-lived isotopes such as tritium. In this

technique, the radioactive waste* is mixed with cement and forcedinto cracks

in the underground formations for final solidification. (*HTO)

2. Storage of Concentrated Tritium

The storage requirements for concentrated tritiated wastes will

be different from that for the-more diluted forms. Either geologic disposal

or engineered storage of the concentrated wastes may be acceptable; but in

either case, immobilisation and secure containment of the tritium must be

ensured.

The most promising technique for the storage of this type of

waste isa combination of fixation within concrete together with secure sec-

ondary containment or fixation in a concrete-polymer combination material

recently demonstrated in the United States [35J. This latter tech-

nology has not yet been demonstrated with highly concentrated tritium, how-

ever results are very favourable to date. Unfortunately, tritium migrates

rather rapidly out of concrete when moisture is present so the secondary

containment and/or dry storage conditions must remain intact for the entire

storage life of the product when concrete alone is used (i.e. 150-200 yr.).

Tritium-contaminated water vapour is frequently collected in a

somewhat concentrated form with the use of drying agents such as silica gel,

activated alumina, or molecular sieves. Further immobilization of these

materials using one or more of the above techniques should be performed

prior to transportation and storage.

Stable metal hydrides such as zirconium hydride also hold

promise as concentrated tritium storage media because of the high loadings

attainable, negligible radiolytic damage, product recoverability and high

temperature stability.
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IV-4 Carbon-14

1. Introduction

Collection and storage of C-14 -containing compounds from

nuclear facilities were not deemed necessary by all of the participants of

the Technical Committee meeting, particularly in the immediate future.

Nevertheless, it was agreed that suitable storage technique should be dis'

cussed should collection and storage be deemed necessary in the future in

some nations.

2. Storage Conditions

Because of the relatively long half-life of C-14 (5730y)

storage in geological formations appears to be the only acceptable method

to assure its isolation from the environment while it decays away (about

50 000 years). Either deep mine or sea-bed storage with well chosen

preparation, handling, and operating procedures should be satisfactory.

Storage sites should be free of conditions that may facilitate the

re-entry of the waste product into the environment.

The collected C-14 should be immobilized in a solid form and

adequately packaged so that it cannot be readily dispersed into the environ-

ment as a result of an accident during collection, handling and transporta-

tion to the final storage location. The exact packaging requirements will

depend on the concentration of the C-14, the form and stability of the collected

product and the transportation method to be employed.

3. Forms of Storage

Calcium carbonate appears to be the most likely waste form

for this radioactive isotope at this time. Further treatment (e.g. by

concreting) may be necessary for the more highly concentrated C-14 in this

form in order to reduce the possibility of dispersal in the environment if

a shipping container is breached during handling and transportation. If the

C-14 content is quite high, sealing of the concrete to ensure its insolubility

would also be desirable e.g. with polymerised styrene monomer as developed

for tritium containment. (See Section IV-3 above).



The concentration of the C-14 removed from HTGR burner off-

gas will be several orders of magnitudes lower than that from light water

fuel reprocessing, but the volume will be much greater. Accordingly, much

less stringent containment specifications will be required in the immob-

ilization, transportation and storage requirements of this waste than that

collected at LWR plants.

A more thorough characterization of the actual C-14 containing

wastes will be necessary before more comprehensive storage requirements can

be defined. There is no work underway at the present time to develop tech-

nology to remove this waste from plant off-gas at the present time. However,

similar technology in use in non-nuclear industries should be readily adapt-

able to meet this requirement.
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V. Economic Aspects of Removal of the Radionuclides

V-1 Introduction

Available cost data for equipment, installation, and storage

facilities associated with controlling release of Kr-85, 1-129, H-3, C-14

and associated particulate generation are considered in this section. The

available information is summarized together with comments and recommenda-

tions for further action.

V-2 Limitations of Information

Very little firm cost data were available at the Technical Committee

meeting for the waste concentration and immobilization processes under dis-

cussion. The basis for the few estimates available was not consistent or

well defined. Accordingly, direct comparison of the data from the various

sources can be misleading. Many of the cost data included in this summary,

taken from available US Environmental Protection Agency documents, were not

discussed at the meeting. They are included here in order to provide as

much information as possible to facilitate future consideration of this

subject.

No direct information was available on the costs involved in

recovery and storage of particulates. Neither was it possible to extra-

polate costs of this operation from known particulate collection systems

because the magnitude of the particulate recovery requirements were not

defined. Because of the early stage of development, no cost estimates

were available for the methods discussed for removal of the radionuclides

from radioactive effluents and their storage.

Of course, the costs of developing all of the technology needed

for gaseous effluent handling must be amortized against the relatively

few reprocessing plants which are constructed. No attempt was made to

include this cost factor in the present deliberations.
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V-3 Cost Estimates on Effluent Control Systems

1. K rypton-85

1.1 Cryogenic Separation

The cost of a complete cryogenic system for Kr-85 removal

depends substantially upon the amount of input gas to be treated. This,

in turn, depends upon several factors such as the design and operation of

the fuel dissolution vessels, the vessel sparging methods, the amount of

air in-leakage, etc. The USEPA report gives the following costs for a com-

plete cryogenic Kr-85 separation system, including pre-treatment to remove

impurities:

Capacity (Scfm) Cost Estimate*

50 $ 18 200 000

100 24 100 000

550 38 600 000

* in 1976 dollars

These estimates are based on partial redundance (i.e.

duplicate equipment is included for the more essential system functions).

Full redundancy may cost about 20% more.

Similar estimates by Committee representatives from Federal

Republic of Germany suggest a cost of 6 000 000 Marks for r & d work on

noble gases separation system.

2. Iodine-129

Table 9 summarizes the cost estimates for several different

approaches to iodine removal. They are seen to fall generally in the range

$ 1-4 million. It is important to remember that the waste forms provided

by some of these methods must be treated further to be acceptable for trans-

portation and storage. For example, the acidic liquid products produced
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by both the mercuric nitrate or Iodox scrubbing methods will be very

corrosive and mobile without further treatment.

The estimates by Committee representatives from Federal

Republic of Germany suggest a cost of 4'000 000 marks for r & d work on

iodine and aerosol removal through a pilot plant stage.

3. Tritium Control

The only cost estimate available in the literature for tritium

control via the voloxidation process was derived by scientists at Oak Ridge

National Laboratory where the technique is now being developed. The total

estimate is approximately $ 13 000 000 (in 1975 dollars).

The Committee generally considers this estimate to be too

low in view of the many problems expected with this technique (see Section

IV-3). Twice this amount would seem more realistic, especially if amorti-

zation of development costs are considered.

A UK assessment of the costs of isotopic enrichment techniques

for the concentration of triit-um in aqueous reprocessing effluents is given

in [3]. The estimates are, based on an assumed water feed of 10 te/d, an

enrichment factor of-10 in the tritium product (0.1 te/d) and a decontami-

nation factor of 102 - 104 in the waste water.

Enrichment techniques included in this study were:

a) cryogenic distillation of liquid hydrogen

b) H2S / H20 chemical exchange

c) fractional distillations of water

d) electrolysis

Capital plus operating costs for the first three processes

were found to be similar at about 1 000 000 pounds per year for DF's up to

10 and twice this for DF's up to 104. Electrolysis costs are higher because

of power consumption, except at low DF's.
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4. Carbon-14

4.1 Control Costs

The U.S. representatives on the Committee estimated a cost

of about $ 1 million to remove carbon-14 dioxide from dissolver off-gas

based on the assumption that similar non-nuclear technology can be readily

adapted to meet the nuclear requirements: i.e. either the caustic scrubbing

or selective zeolite adsorption techniques. A decontamination of at least

10 should be attainable.

V-4 Recommendations

Careful estimation of the costs for the various methods of radio-

nuclide collection and storage will permit comparison of the cost and

environmental benefit of each process and will determine which methods

can be recommended for general use in order to achieve an acceptable

level of worldwide environmental protection.

Since the data available for cost evaluation are not comprehensive,

it is recommended that the IAEA and the Committee undertake a survey of

its Members to collect sufficient data to make a proper evaluation. In

order to be useful the basis for each estimate should be clearly defined in

terms of capacity, type of operation, space requirements, transportation

and storage, design standards, power and utility requirements, operation

and maintenance levels, and integration of the separate systems. An estimate

of the uncertainty in cost would be useful in establishing the reliability

of the data.
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VI. Cooperation and Coordination in R & D Activities

1. The Technical Committee identified a need for close cooperation

on sampling and measurement techniques for airborne and gaseous waste from

fuel reprocessing plants, reactors, and waste treatment facilities, such

as waste incinerators and solidification plants. There is at present

insufficient knowledge and experience in this field and it is proposed

that the state of this art should be reviewed by a panel of experts who

would evaluate available technology, identify gaps and make recommendations

for further work, possibly as a coordinated research programme between

all countries interested.

The ultimate objective of this activity would be to develop

a satisfactory technology for the sampling and measurement of airborne and

gaseous waste and to constitute a suitable basis for the establishment of

technical requirements in this field.

The review on the state of the art should cover the identifi-

cation and measurement of all isotopes present, including their particulate

forms. Emphasis should be placed on tritium, noble gases, carbon-14, iodine,

ruthenium, plutonium, cerium, caesium, strontium and technetium. Measure-

ments made under operational conditions should be encouraged in so far as

possible between now and the convening of a panel meeting, so that pre-

liminary results could be available for the experts.

In view of the similar proposal made within the Nuclear

Energy Agency of OECD (NEA), it is recommended that close cooperation should

take place between the two Agencies.

2. In view of the many tritium separation techniques now under

development in various countries, it is recommended to devote a special

session of the Agency's planned 1978 Tritium Symposium to the problem of

tritium concentration and separation from reprocessing plant effluents.

In addition, it might be desirable to convene a panel meeting to follow the

conference immediately for the purpose of comparing the various techniques

and making possible recommendations in this respect.
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3. Due to the extremely long half-life of iodine-129 (16 million

years), its disposal has to be considered in the light of possible signi-

ficant geological changes during the time scale necessary for its isolation

from the biosphere. It is recommended that this problem should be brought

to the early attention of the IAEA Technical Committee which already deals

with the disposal of high-level and alpha-bearing waste. Consideration

should be given to the effects of isotopic dilution by natural stable

iodine.

4. The properties of the iodine sorbents now available or under

development are only partially known or are published under non-standardized

conditions. In order to allow proper design of iodine traps within an off-

gas purification train, a complete description of the performance of a

sorbent is needed. Therefore, an expert group should be convened by IAEA

in order to define the characterizing parameters which must be quantified

to describe the performance of a sorbent as well as test conditions. Thereby,

distinction should be made between applications under most air conditions

(for example off-gas from a nuclear power station) and applications in the

presence of chemical compounds (for example, dissolver off-gas in a

reprocessing plant).

In addition, the expert group should stimulate the exchange of

data obtained in different laboratories under the specified test conditions.

In view of the work already in progress within the CEC, it is

recommended that close cooperation should take place between CEC and IAEA.

5. The IAEA should on a short term basis launch an international

enquiry into the life time of charcoal filters in existing nuclear power

stations. The IAEA should promote measurements of the quality of the air

both in and around those stations where quick degradation of charcoal fil-

ters is observed. Furthermore, a coordinated research programme should be

started to quantify the effect of various organic and inorganic compounds

on the degradation behaviour of charcoal. In addition, the possibilities

and conditions for recycling degraded charcoal should be investigated.
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Finally, an expert meeting should be convened to discuss

the results of the enquiry of the in situ environmental measurements and

of the laboratory investigations. These experts should make recommendations

on the application conditions of charcoal filters and on the control and

monitoring technology to be applied in situ.

6. The IAEA should also consider initiating a coordinated research

programme to identify and quantify sources and forms of carbon-14 emissions

at nuclear installations and in nature. The objective of this programme

is to contribute to a better assessment of the significance of carbon-14

releases into the environment. Depending on the results of this assessment,

the Agency should consider the initiation of an appropriate research programme.

7. Because the high-level waste is such a highly concentrated form

it may appreciably impair the environment if the effluents from the various

solidification processes are not properly treated. Therefore, it is

recommended that the Agency establish a procedure to collect and disseminate

appropriate information concerning effluents from high-level waste solidi-

fication processes. Further, the Agency should encourage development work

that will lead to quantification of effluents from various process treatment

steps and the efficiencies of the removal techniques proposed.

8. Through the sampling and monitoring of airborne effluents in

reprocessing plants was not one of the major concerns of the Committee,

there was a general concensus that this technology is closely tied to

emission control and that it needs more R & D attention in the future.

Following are some specific recommendations in this regard:

1) Sufficient developments and actual experience on sample
measurements need to be reviewed and a standard sampling,
measuring and reporting method selected. Standardization
must necessarily include physical requirements of sampling
in the stack through and including periodic calibration
procedures and readout of the entire system.

2) A background data on actual plant emissions and the
relationship to capacity and decontamination factor (DF)
is needed to verify DF's obtainable.

3) Sufficient redundancy in sampling is desirable to provide
cross checks of system performance and to provide selec-
tivity in continuous monitoring.

4) The response of the sampling system should be demonstrated
for process upsets or off-standard conditions, e.g. the
emission of only ruthenium, etc.
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5) More specific analytical methods are needed to measure
certain isotopes in the presence of others; e.g. for
analyzing 1-129 in the presence of Ru-103 or Ru-106.

6) Improved methods are needed for particle analysis,
including means for isolating and measuring semi-volatiles
condensed on the surface of other particulates. This
will be especially for identifying emissions from high
active liquid wastes (HLW) vitrification processes.

7) Monitoring equipment specific for tritium and carbon-14
are needed.

9. In general, the Technical Committee recommended closer coopera-

tion on off-gas purification techniques, and on the conditioning, transport

and disposal of the resulting concentrated waste streams containing the

isotopes trapped. The IAEA should therefore encourage the widest possible

exchange of information on these matters and take measures to evaluate

periodically the results achieved. For this purpose it seems reasonable

to envisage another meeting of the Technical Committee within two years

time to:

- Discuss and evaluate the progress achieved as a result of the
specific recommendations made;

- Integrate all the information available for various air cleaning
techniques in a set of recommendations for suitable trains for
the purification of various nuclear installations off-gases;

- Coordinate R & D activities;

- Propose overall schemes for the recovery, storage, transporta-
tion and disposal of radionuclides from gaseous effluents.
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LIST OF ABBREVIATIONS

- International Atomic Energy Agency

- Nuclear Energy Agency

- Commi.sqion of the European Communities

IAEA

NEA

CEC

Reactor Types

LI{R - light-water-cooled and moderated reactor

HWR - heavy-water-moderated reactor

L4FBR - light-water-moderated fast breeder reactpr

AGR - advanced gas-cooled, graphite-moderated reactor

HTR - high-temperature reactor

HTGR - high-temperature gas-cooled reactor.
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TABLE 2

Production Rates of Tritium via

Neutron Activation (Ci/GW(e)y)a

cPC d ~ e f 9g h
PWR BWMR HTR FBRf AGRg HWR

CEC 1 x 103 15 3.5 x 103 < 1.75 x 103 450 6.9 x 105

USA < 1 x 103 15 3.3 x 103 2.1 x 103 -

excludes production in boron control rods of BWR and FBR since the
tritium formed is expected to be retained in the rods

ANL-8102 (1974), L.E. Trevorrow, B.J. Kullen, R.L. Jarryand M.J. Steindler,
Tritium and noble gas fission products in the nuclear fuel cycle. I.Reactors

Chiefly from soluble boron poison in the coolant

d
from deuterium impurity in the coolant

from 3He in helium coolant and lithium impurity in graphite

f
from boron and lithium impurities in core and blanket fuel

from lithium impurity in graphite moderator

from deuterium in heavy water



-
54 

-

rrE I02 0 c-

ea mW Ia' <
c

r( HHIflk C
,

I- 4m4nH <
<

0

0r-f
H

r

4 --4

*
. 

.

'?
 

.0 
rn

E
E

 
-i

r4

: 
_

6- 
'm

- 
0

'-
 

H

40 
0H

 
tM

 

C
u 

e
ll

o
)l

tH(t
4,0*
00 4,

8

Qo qO
. 

0
o 

a
H

 
o

O
 

W
a 

O
8>

 
8W

H
H

 
H

02 
0

oo 
o

$40 
02

a>

O
 

o 
tr

0 
U

'
A

B
 

-
H

 
-

4 
C

T
)

a>
 

o

rd 
rd

0 
'4 

-

-02W
4-

O
 

_c

0 
*r4

C
 

<
 

0

9; 

m
o 

,

a) 
3: 

°o

0l 
W

0
2

4
 

H
t 

o 
c

H
 

02 
ce-i

N
- 

(
*
 

0
 2

H
c 

cis 

O
I 

H
 

'H

o 
C

 
o 

-C
 

.- 
0r

4, 
m

n- 
$4 

^
~

 
r

t

0 
0

H
 

o 
O

o 
S

- 
ov

H
 

0rl 
0

at 
3: 

a) 

9 
S 

c0
0 

$4. r-1 
4
,

44 
o 

0e
0 

-
0G

O
 

h
 

0
P0 

$4o02

02s 
H

 
h
) 

.> 
o

a
r 

n
 

o
 

0
o

 H 
.O

$
 ~ 

h q 
q

O
4 

H
~

 
H

2 o a 
cu

o 
r ^ O

d
o 

t; 4 
>

 
44

§ 
V

S
 

9 
£

hv 
u

'4
0

 
(l,3 

oi 
+

 
o 

u 
_) 

3_

boT
0

t5

o
 

o
H

 
*
H

« 
X

 
H

0 H
 

H`xx

C
O

 
0

0, 
-

m
 

m
H

g
 

In
->m

M

,.

oo'4I.,

moH,0
0} ,^.-4

$
-4

,1 
B

0
2
.

0
 
H

0 
O

¢ 
H.021-

ir 
4,

r0l 
H

*o*
r
lHm

4
: 

,

0
2
.

H
 

02
w

 
4

,
w

0
o

oo

-O
 

S

C
a>

o a2 
o

w
 

E
0 

W

w
 

a H,4

0

0
 

I 0
 0

0 0

W
 

h,

0:

O
 

r

ra i
n) 

a

0

to
'

O
 

t

'H
 

o

02 
-
H

a 
0

0
0
o

o 'd

(
0

oo

0 
0

4 
H

00h

S

0
 

o

0
. 

o

H
O

H
 

0O
0

02S
0
D

4
,0

2
 

"0 (
0
2
0
2
il

-H
 

02

0 
<

'0
^- 

0

0 
I

.S
0
0

4a 
U

-i

020o-
l

4
,o H0.
,
,

0l

tt1om

'44
H0 02

44 w '44X
:

o C
>

t 0, 0 -
H

(U w

I.

a,
0

o0

02o,

2a

0o
 

O

W
 
h

h 
e

a (0^, H

!_ 002

4, 0Pr10

'is

4O
 

Oh
0 0
0

 !

02
4-4 -C

o1 
02i 

*
,

ct>
a

0$
4

0,1cl$l4

,00rn

oN
 
o
 

4

9- 
I,!

00000M
&

4
v0C -

(
W

 
v
 

v
 

/ 
-

v
 

t- 
v
2

v
v
v
u



- 55 -

TABLE 4

DISCHARBES OF TRITIUM AT REACTOR SITES ci/Ost(e).---- -- I I -- `-------- ------- ` -----

_- 3 (b)

BR BWR RTR (c) i BR (d) AOR Ji HMR

(a) 1.2 x 103 200 8.5 x 103 < 2.5 x 104 4.5 x 103 2.4 x 104

USA () 1.2 x 103 200 < 5 102 103
Ai

(a) Assused percentages of these values in gaseous effluents are:
10% (AGR), 1% (IR), 10-50% (BWR) and 90% (HR - CANIJ type).

(b) Includes contributions from activation.and fission product tritium;
fission product releases from fuel elements at reactors taken as < 1% (LMR's and
EWR), and 25% (AGR);
value for HWR is based on losses of heavy water moderater of 0.5%/y.

(c) CEC value for HTR assumes 30% release of fission product tritium from HTR fuel;
USA value assumes removal of tritium from helium coolant by use of a hydrogen
getter.

(d) 95-100% of tritium expected to be released from ILFBR fuel elements to sodium
coolant; e
USA value assumes > 95% of tritium retained in primary coolant and coolant cold
traps.

(e) A~L-8102 (1974)
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TABLE 5

Calculated Production Rates of Carbon-14

in Nuclear Reactors Ci/GW(e)y

Reactor Fuel a Coolant Moderator
Type

.. _ --

aRWR (USA)
.... (CEC)

.PWR (USA)
(CEC)

HTR (USA)
(CEC)

FBR (USA)

AGR (CEC)

14.8
.13.6

15.7
13.6

10.1
10.2

5

17.6

4.7,(8-9)
15.6

5, (6)
(6)

< 190 d
45

242d

a based on 20 ppm nitrogen impurity in oxide fuels

parentheses indicate measured values

c
based on 30 ppm nitrogen impurity in graphite;
includes' < 27 Ci/GW(e)y from graphite reflector 1

d
based on 10 ppm nitrogen impurity in graphite

e
based on 200 ppm by volume of nitrogen impurity

block
" .' 

in C02 coolant
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TABLE 6

Calculated Gaseous Discharge Rates of Carbon-14

from Nuclear Reactors and Reprocessing Plants CI/GY(e)y

Reactor Reactor Reprocessing
Type Site Plantb

BWR (USA) 8-9 15
(CEC) 15.6 14

PWR (USA) 6 16
(CEC) 6 14

HTR (USA) < 201 e

(CEC) 2.3 52

FBR (USA) - 5

c
AGR (CEC) 13.3 17

a

b

c

d

based on generation rates in coolant and moderator giver in

Table 5

assumes 100% released from fuels and discharged to gaseous
effluents; CEC Document assumes 10% of these values
discharged to atmosphere

total C02 coolant content plus contribution from graphite
moderator corrosion (5% in 30 years)

from graphite moderator/fuel element corrosion releases to

helium coolant and regeneration of helium purification system

e
includes < 27 Ci/GE(e)y from burning of graphite reflector block
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TABLE 8

KRYPTON REMOCAL PROCESSES PROPOSED AND EVALUATED ON A PLANT SCALE

Recovery Country/Facility Stage Notes
Process

.~~~~~~~~~~~ne

Cryogenic
Distillation
Process

Belgium/SCK-CEN
Mol

France/Font enay-
aux-Roses
(Marcoule)

FRG/JUlich
Karlsruhe
(GWK (AZUR)

India/

Under
development

Before test

With I & 3H
removal unit

With concentration
column

Cold operation
under construc-
tion plan

Proposed With pressure-
swing adsorption
unit

Japan/PNC Under test
(Bench scale)

Under test
(Pilot scale)

To be connected
with PNC
reprocessing
plant

UK/ Under review

USA/ICPP
(Linde)

USSR/

Operation pro-
posed

Under
development

Liquid FRG/(NUKEM) Proposed Using Freon
Absorption

USA/Oak Ridge Being
demonstrated Using Freon
on a pilot
plant scale

Liquificat ion & FRG/JUlich Under
Rectification *(AKUT process) development

Liquid Absorption *(KALC process) Developed Using liquid C2

* For the separation of Kr from burner off-gas from iHTGR reprocessing plant.
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FIGURE 1. lodox Process Flowsheet for Iodine Removal

for
iodine

sw~p g9
to slock

FGURE 2 SORPTEX-process for heod end iodine removad in reprocessing plant
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EFFLUENT GAS H2 PRESSURE -lotm

ADSORBENT

SPENT PbX TO 1 UNLOAD I
SOLID WASTE DISPOSAL J -1 5.m/yr

FIGURE 3. Regeneration and Recycle of AgX for Iodine-129 Removal
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FIGURE 5 : POSSIBLE PYROMETALLURIGAL PROCESSES
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