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FOREWORD

Boron as the soluble boric acid is used as a neutron absorbent in the primary circuit to
control the neutron flux in PWRs. Adjusting the boron concentration in the coolant provides
compensation for reactor reactivity and control of power generation. It assures reactor safety
during reactor startup, power changes, shutdown, as well as refuelling and maintenance
operations. Boric acid possesses a number of important advantages compared to other water
soluble neutron absorbents; it is readily dissolved by water and its solubility increases with
increasing temperature. It does not react with primary circuit materials to a significant extent,
and its inertness increases with increasing temperature. It neither deposits itself nor forms
compounds capable of depositing onto inner surfaces of construction components of a reactor.
However, the use of boric acid has certain drawbacks which require adjustment of water
chemistry. The presence of boric acid within the primary circuit reduces the pH, causing
corrosion and deposition of corrosion products on fuel elements. In addition, boric acid
complicates the removal of certain impurities from the reactor coolant as well as the treatment
of NPP liquid radioactive waste.

There are a number of different options and technologies available for the treatment of
boric acid containing waste. Boric acid may be used either "once-through" or recycled within
the NPP. Because of the importance of this subject, the IAEA has decided to issue a report to
provide Member States with the accumulated worldwide experience.

Preparation of this report was accomplished through two consultants meetings and an
Advisory Group meeting. The report was drafted by the following consultants: E. Dubost of
the USA, E.W. Hooper of the United Kingdom and S.K. Sen Gupta of Canada. The draft was
reviewed by 12 experts from 10 Member States at the Advisory Group meeting held in
October 1995 in Vienna. The report was finalized by A. Bruggeman of Belgium, E.W. Hooper
of the United Kingdom and S.K. Sen Gupta of Canada.

The IAEA would like to express its thanks to all those who took part in the preparation
of the report. The officer responsible for the report at the IAEA was A.F. Tsarenko of the
Waste Technology Section of the Division of Nuclear Power and the Fuel Cycle. The work
on the report was completed with the assistance of V. Efremenkov of the same section.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the original
manuscripts as submitted by the authors. The views expressed do not necessarily reflect those of the
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1. INTRODUCTION

Boric acid is used in pressurized water reactors (PWRs) as a soluble neutron absorber
to control reactor reactivity. The 10B isotope of boron has a large cross-section (5-barn) and
captures the neutrons that could otherwise contribute to the nuclear fission reaction. Naturally
occurring boron contains 19.8% 10B with the remainder as" B. The" B isotope is almost
ineffective as a neutron absorber. Boric acid is also used to assure a safety margin in the spent
fuel pool, for water used during refuelling operations and is present in the water reserved for
injection into the reactor in the event of postulated accidents.

Boric acid is a major component of some radioactive waste streams arising at nuclear
power plants (NPPs) and, as long as it is present, it dominates the chemistry of the waste
streams. The approach used to deal with boric acid in radioactive waste streams is particularly
important; it has significant financial, technical and environmental impacts.

The discharge of decontaminated boric acid streams is relatively simple and cost
effective. However, in many cases environmental regulations place limits on the amount of
boric acid that can be present in the plant's discharges. This prevents the use of this approach
in many locations.

If the boric acid is not separated from the radioactivity before it is concentrated and
processed for final disposal, the product or consolidated waste volume will be substantially
larger. Removing boric acid from the radioactive waste streams can reduce the volume of
waste form by an order of magnitude. This will result in a significant reduction of the disposal
costs.

However, the technology used to separate boric acid and the radioactive materials from
the waste stream must be carefully considered. There are additional costs as well as
equipment and operational requirements involved.

In this report, in addition to the technologies now in use, such as ion exchange and
evaporation, other methods that are available or that are under development are described.

The purpose of this report is to provide up-to-date and relevant technical background
information and guidelines to Member States on different approaches being taken at operating
NPPs to the treatment and conditioning of boric acid containing waste.

2. CHARACTERISTICS OF WASTE STREAMS

Radioactive waste results from the discharge or leakage of reactor coolant water,
drainage of equipment for operation or maintenance, floor drains, sampling and analysis of
plant systems, decontamination and other maintenance activities, and reactor letdown flows.

Significant amounts of boric acid are present in the following streams:

1. Organized flows from the primary circuit and from associated equipment such as shaft
seal water and letdown (letdown is the primary coolant discharged in order to control
chemistry and coolant volume);

2. Water from the spent fuel decay tanks or pools;



3. Water from emergency tanks or the refuelling water storage tank;
4. Organized or controlled flows or equipment drains;
5. Trap drains or floor drains.

These streams vary not only in radioactivity content but also in chemical and physical
characteristics. The concentration of boric acid in these streams is variable and can be as high
as 16 kg/m3. In most cases provisions have been made for the recovery and reuse of boric
acid from only the first three streams. Recovery of boric acid from the last, low purity stream
may not be practical and therefore some boric acid will be lost from the inventory. The boric
acid concentration in the primary circuit is at its maximum at the beginning of the fuel cycle
and, as the fuel is exhausted, it is decreased until substantially none remains prior to
refuelling. Most of the boric acid is removed by "bleed and feed" dilution of the reactor
coolant system. This "bleed" water is the primary contributor to the first waste stream above.

Most of these solutions arise during plant operation and their treatment is foreseen by
design, using ion exchange, filters and evaporators and are discussed in the following sections
of the report.

2.1. RADIOACTIVITY

Radioactivity in the primary reactor coolant system comes mainly from two sources:

(a) Fission products from external contamination or leaks through defects or failures in the
fuel cladding. The concentration of these fission products depends upon the performance
of the cladding and will vary widely from plant to plant and also over time for the same
plant.

(b) Neutron activation of impurities in the reactor primary coolant system. The impurities
result mainly from erosion or corrosion of primary circuit system components. These
concentrations will also vary widely.

2.2. COMPOSITIONS OF BORIC ACID CHEMICAL SPECIES

It has been reported that the main chemical species formed in aqueous solutions of boric
acid are B(OH)3, B(OH)4, B3O3(OH)4, and B3O3(OH)5

2 [1]. The following equilibria exist
in solution:

)^ + OH - B{OH)A (1)

3 B(OH)3 + OH ~ ** B3O3(OH)4 + 3 H,O (2)

3 B(OH)3 + 2 OH * B3O^(OH)5
2 + 3 H2O (3)

It has also been reported that anionic species such as B5O6(OH)4, B, 0,(01-1),, and
B4O5(OH)4

2 are formed successively as solution pH increases [2].



2.3. CHEMICAL CONTENT

The boric acid concentration in the reactor water varies during the fuel cycle from as
high as 16 kg/m3 [3] down to negligible levels. Spent fuel pools and emergency tanks or
refuelling water storage tanks also have the higher levels. Boric acid is stored in tanks for use
at 4% or 12% in plants other than those of Soviet design (WWERs).

Non-Soviet PWRs use LiOH (up to 3.5 mg/kg as Li) to control the pH while WWERs
use KOH (up to 16 mg/kg as K) for this purpose. Dissolved hydrogen gas is used for the
suppression of radiolytically generated oxygen. Ammonia is also used at WWERs (up to
5 mg/kg). The pH varies from about 4 to 10 depending on conditions [3, 4].

The presence of silica in the boric acid waste streams has been a problem that has
restricted recycling of boric acid in some power plants. The major sources of silica are
contamination of the original boric acid and contamination of the spent fuel pool by neutron
absorber materials such as Boraflex in the high density spent fuel racks [5]. If the silica
concentration exceeds a few mg/kg in the boric acid concentrate the solution is unsuitable for
recycling; the silica concentration limit depends on the boric acid concentration used.

2.4. PRECIPITATES FORMED DURING STORAGE OF EVAPORATOR RESIDUES

Low purity waste streams or trap water include regeneration waste, filter wash water,
decontamination solutions, floor drains, laboratory waste, and equipment leakage. These
waste streams have a variable and complex composition. For this reason these streams are not
processed through ion exchangers. In some plants these streams are concentrated in an
evaporator and the distillate is returned to the primary cycle. The concentrates (evaporator
residues) are directed to liquid waste storage tanks for interim storage. The total salt
concentration in these solutions is in the range of 200 to 400 kg/m3, with boric acid
concentration up to 200 kg/m3. A typical composition of this waste concentrate is given in
Table I [6].

These solutions are chemically unstable and, during storage, precipitation of salts occur.
These precipitates form crystallized layers up to 1 m thick inside the interim storage tanks.
Analyses show that the composition of this precipitate corresponds to a composition of
Na2B4O7 10H2O. The precipitate also contains impurities of K+, Co2+, Cl, SO4 , NO3, and
r n2

3. OPTIONS FOR MANAGEMENT OF BORIC ACID
CONTAINING WASTE

Three major options are available for the management of boric acid containing wastes
arising at NPPs. These options are presented diagrammatically in Fig. 1.

The first option consists of a decontamination stage that will produce a small volume of
radioactive waste free from boric acid following by discharge of decontaminated boric acid to
the environment. The radioactive waste can be conditioned and sent for disposal. This option
is shown schematically in Fig. 2.



TABLE I. CHEMICAL COMPOSITION OF EVAPORATOR
RESIDUES AT THE PAKS NPP

PARAMETER

pH

Boric acid (kg/m3)

Na+ (kg/m3)

K+ (kg/m3)

Free caustic (kg/m3)

Molar ratio

Total salt (kg/m3)

Density (g/cm3)

Total iron (kg/m3)

Ca2+ (kg/m3)

Oxidizable organics (kg/m3)

NO3 (kg/m3)

SiO2 (kg/m3)

VALUE

12-13

180-200

80-90

10-12

140-160

1-1.1

380-400

1.2-1.3xlO3

2.5xlO4

0.08-0.09

3-4

40-50

0.05-0.15

10

Boric Acid
Waste

Decontaminate Concentrate

Boric acid Discharge
Recovery (Option 1)
(Option 3)

Immobilise
(Option 2)

Purification

(Option 4)

FIG. 1. Possible treatment options for boric acid containing wastes.
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DISCHARGE INTO ENVIRONMENT

CONCENTRATE OF RADIOACTIVE CONTAMINANTS
(SLURRY, IX RESINS, ETC.)

T
FOR FURTHER PROCESSING AND DISPOSAL

FIG. 2. Decontamination/discharge option.

The second option involves the concentration of both boric acid and radioactivity into a
small volume that can further be dewatered for immobilization. This option is outlined in
Fig. 3. Both these options are currently in use. Option one is widely used in non-Soviet NPPs
located at coastal sites and where discharge into the sea is allowed. The discharged boric acid
has very little effect on the environment because the boron content of seawater is already quite
high (5 g/m3). Option two is used at inland sites. To date, the concentrated boric acid waste
has generally been stored awaiting development of suitable immobilization processes. These
processes are described in Section 5.

Some processes for recovery of boric acid from these concentrates are being developed.
Option three (Fig. 4) provides for recovery of boric acid for recycle in the reactor. This
option involves a decontamination stage to reduce radioactive contaminants to very low levels
followed by a concentration stage to increase the boric acid concentration to a level suitable
for reuse in the reactor.

An additional purification stage may be required for recycling of boric acid. This extra
stage (Fig. 5) may be necessary to remove non-radioactive contaminants, such as SiO2, to
levels which are acceptable in the reactor primary coolant. This additional purification stage
may also be necessary if the boric acid is being recovered for uses other than in the NPP.
This option may require additional purification and treatment stages to obtain the boric acid
in a suitable form and conditions established for commercial products.

4. TREATMENT/DECONTAMINATION OF
BORIC ACID CONTAINING WASTE

The treatment/decontamination processes currently in use usually include filtration and
ion exchange, but other technologies such as chemical precipitation or membrane filtration can
be applied. The concentrated radioactive waste stream is usually a slurry of ion exchange
resin, but it can be sludges or liquid concentrates, depending on the technology used for

11
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FIG. 3. Dewatering/immobilization/discharge option.
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processing of liquid radioactive waste. Table II summarises the processes that can be used to
reduce the activity levels in the boric acid containing wastes arising at NPPs.

These treatment/decontamination processes are described in more detail in this section.

4.1. FILTRATION

Filtration is often used as the first stage of liquid waste treatment process to separate
particulate material from waste streams. The filters are usually installed upstream of other
processes such as ion exchangers. Cartridge filters are sometimes used to remove colloidal
particles such as cobalt. Both disposable cartridge filters and back-flushable media filters are
utilized in different plants. The types of different filters and their application are described in
details in Ref. [7].

4.2. ION EXCHANGE

Ion exchange has the advantage that the radioactivity after treatment is retained on solid
matrices (ion exchange beads) that can be easily transferred hydraulically through plant piping
systems and can be readily dewatered. In some cases this media, containing the majority of
the radioactivity from the treated waste stream, can be stored under water or else dewatered
and packaged for storage or disposal without further conditioning. Ion exchangers require little
maintenance or operator attention during operation and consume little energy. However, it
is usually necessary to provide a separate room to shield the radioactive resin columns.

TABLE II. ARISINGS OF BORIC ACID CONTAINING WASTES;
METHODS FOR THEIR TREATMENT

Waste Water Streams

1. Water
discharged from
primary circuit

2. Water from
spent fuel decay
tanks or pools

3. Water from
emergency tanks or
refuelling water
storage tank

4. Organized or
controlled flowing
or equipment
drains

5. Trap water or
floor drains

Filtration

X

X

X

X

X

Ion exchange

X

X

X

X

—

Precipitation

—

—

X

X

Ultra
Filtration

—

X

X

X

—

Reverse
Osmosis

—

X

X

—
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Organic ion exchange resins are widely used at NPPs to maintain the quality of the
primary coolant and to treat liquid waste streams [8]. The resins are generally used in packed
beds with downward flow. A filter downstream prevents migration of resin fines.

The ion exchange resins may be used in separate anion and cation beds or in mixed beds.
The anion resins are usually borate saturated and the boric acid in the waste stream passes
through with little change. Most of the ionic radionuclides in the waste stream can be
removed and retained on the resins. It should be noted that ion exchange resins do not
effectively remove silica from the waste stream. The use of a fine filter downstream of the
demineralizer will remove colloidal particles.

Ion exchange materials have been incorporated in electrodes for use in an electrochemical
ion exchange column. This technique has been used successfully to remove radioactive
elements from boric acid containing wastes [9].

Ion exchange technology is used in both US and Soviet designed power plants [10, 11].
Generally, organic ion exchange resins are used, but selective inorganic sorbents are now
coming into use for some applications.

Inorganic sorbents are being used to treat radioactive waste streams containing boric acid
[11]. Some recent studies have produced a composite sorbent in which an inorganic sorbent
is incorporated in a polyacrylonitrile matrix to provide beads suitable for packed bed use. A
mixture of different sorbents can be incorporated into a bead to provide a material capable of
adsorbing a range of elements.

The performance of a number of inorganic sorbents, used singly or in combination, is
being examined for the removal of activity from pressurized water reactor wastes [12]. Some
studies have also been undertaken within the framework of the IAEA Co-ordinated Research
Programme on the Use of Inorganic Absorbers for the Treatment of Aqueous Wastes and
Backfill of Underground Repositories [13].

Early work at Harwell [14] showed that, with careful selection of materials and
conditions, it is possible to achieve substantial reductions in a variety of radionuclides
simultaneously. However, the overall p/y decontamination factor was only 2-3 due to the
presence of relatively high levels of 51Cr and 125Sb in the waste. These were not reduced by
the cation absorber materials, probably because they are present in an anionic form under the
prevailing conditions.

4.3. PRECIPITATION

Chemical precipitation processes are well established methods for the removal of
radioactivity from low and intermediate level waste streams, and are in regular use at some
nuclear facilities [15].

Precipitation processes are particularly suitable for the treatment of large volumes of
liquid waste which contain relatively low concentrations of radioactive elements. These
processes are fairly versatile and may be used to treat a wide variety of different waste
streams, including those containing boric acid and large amounts of particulates or high
concentrations of salts. However, high salt concentration in effluents can reduce the options
for a secondary treatment such as ion exchange, and may be undesirable in discharges because
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of the environmental impact. Usually, the processes use readily available chemical reagents
and are economically attractive when compared with some alternative processes such as
evaporation. Existing treatment plants achieve relatively lower decontamination factors
(10-100) compared with other treatment methods. Recent developments in absorber materials
and in solid-liquid separation technology are providing improvements in decontamination as
well as compliance with tightening restrictions on the discharge of hazardous materials.

A precipitation process could be used as the decontamination stage of the options shown
in Figs 2, 4 and 5. For the scheme shown in Fig. 2 the precipitate could be formed in situ in
the waste stream. For the schemes shown in Figs 4 and 5, since the boric acid is to be
recycled, a pre-formed precipitate, washed to remove any soluble material, would have to be
used. Information on the performance of different precipitation treatments is provided in [15].

4.4. ULTRAFILTRATION

The results of recent research and development of ultrafiltration for the treatment of
radioactive waste streams indicate that the process has many attractive features [13, 16] such
as:

1. High DFs (> 100) have been achieved.
2. The process is versatile and, when used in conjunction with small quantities of absorbers

or floes, may be tailored to treat a wide range of waste streams.
3. Smaller quantities of absorbers are required than would be necessary in alternative

processes such as ion exchange and precipitation; this gives rise to smaller volumes of
secondary wastes and, therefore, reduced disposal costs.

4. The process is relatively unaffected by the presence of suspended solids, foaming agents
or high concentrations of inactive salts.

5. Excellent solid-liquid separation is achieved, including the removal of colloidal and
polymeric species.

6. The process may be used to dewater and/or wash sludges arising from precipitation
processes and can achieve solids contents of 30-40 wt%.

7. Ultrafiltration may also be used for direct cleaning of the primary coolant of PWRs,
removing colloidal form activity by using pH, temperature and radiation resistant
inorganic membranes.

Volume reduction factors as high as 500 have been obtained, and, in general, the slurry
can subsequently be concentrated to a considerably higher solids content.

Soluble species cannot be filtered directly, but if additives or seeds which absorb the
species are added then they can also be removed. Seeded ultrafiltration is the name given to
the use of finely divided sorbent materials in combination with cross-flow ultrafiltration. The
use of inorganic sorbents for the treatment of boron containing waste streams has been
examined [14]. The use of a mixture or cocktail of seeds to remove a variety of radionuclides
simultaneously is an obvious extension of the seeded ultrafiltration principle.

The potential role of ultrafiltration in NPPs include applications where pure water is
required and the colloidal and suspended solid level must be low. Present techniques utilize
filters and demineralizers but these are limited to removal of particulates of at least 1 /um. The
use of seeded ultrafiltration could replace the demineralizer and filter, and provide a cleaner
boric acid solution. The ultrafilter will remove colloidal silica from boric acid containing
waste streams.

17



Ultrafiltration is also used as a prefilter to reverse osmosis (RO) unit used for boric acid
reclamation as mentioned further in this report. This is especially important if soluble oil or
other organic wastes might adversely affect a RO unit.

Membrane technology has the advantage of compact size, minimum additional facilities
and is simple to install. It is a unit operation that can improve radwaste demineralization or
reduce evaporation costs by acting as a preconcentration stage.

Direct ultrafiltration of waste streams containing boric acid has been examined at the
Paks NPP in Hungary [17]. A waste stream containing 12 kg/m3 of boric acid was filtered
through polysulphone membranes at a temperature of 38°C and a pressure of 5.5 bar average.
When using membranes with a 15 000 Daltons molecular weight cut-off, almost 100% of
54Mn, 58Co and MCo was removed and up to 98% of the 1IOmAg.

4.5. REVERSE OSMOSIS

Reverse osmosis (RO) is a technology that is well developed for the treatment of
radioactive liquid wastes arising from NPPs, and could be used in the option shown in Fig. 2.

RO technology generates two streams; the permeate is the clean water stream which has
passed through the thin porous membrane. The permeate volume is typically between 85 to
90% of the original feed volume, and would contain about 90% of the original boric acid when
using cellulose acetate membranes and the pH is maintained at about 3.5. The retentate
stream, which represents typically between 10 to 15% of the original waste volume, would
contain the remainder of the boric acid. The radionuclides are retained in the retentate stream,
since the membranes can reject about 99.5% of the radioactive contaminants.

In RO treatment, feedwater, containing dissolved and suspended solids, is pumped at a
pressure greater than the osmotic pressure into a pressure vessel containing one or more
membrane elements.

Reverse osmosis can, in some cases, replace the filters and demineralizers that are
currently being employed for boric acid waste treatment. Boric acid recovery applications are
given in more detail in Section 6.

4.6. SUMMARY

The various treatment/decontamination technologies that are discussed in this report are
compared in Table III. A low decontamination factor (DF) is between 10 to 100, a medium
DF would be 100 to 1000, while a high DF is greater than 1000. Economic factors of these
technologies are compared on a qualitative basis because the exact costs associated with each
option will vary depending upon the labour costs in each country and on the ability to
discharge boric acid.

Precipitation technology is the lowest cost option for process equipment. Operating costs
are also comparatively low, and the DF is typically between 10 and 20. In comparison, RO
and seeded UF technologies are more expensive and require greater operator attention than
conventional precipitation technology. The DF for RO varies between 100 (for caesium) to
1000 (for actinides) [18].
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TABLE III. COMPARISON OF TREATMENT TECHNOLOGIES FOR BORIC ACID
WASTES

Parameter

Decontamination
factor

Capital cost

Operating cost

Disposal cost

Filtration

Low

Low

Low

Low

Ion
exchange

Medium to
high (if
selective)

Low to
medium (if
shielded)

Low

Medium

Precipitation

Low

Low

Low

Low to
Medium

Ultra
filtration

Medium
to high

Low to
medium

Low to
medium

Low to
medium

Reverse
osmosis

Medium
to high

Low to
medium

Medium

Low to
medium

Ion exchange can have a fairly high capital cost because of the shielding costs associated
with localized high radiation fields from hot spots on the resin. Shielding is required in order
to minimize the radiation exposure to the operating personnel. Operating costs are generally
lower than for membrane technologies.

Within the latter option the purified dilute solution of boric acid can be discharged, and
radioactive concentrates are forwarded for further treatment and conditioning to meet the
established requirements for storage and disposal. Different methods for conditioning of such
waste concentrates have been developed and can be applied depending on local conditions and
existing practice.

The discharge of decontaminated boric acid streams where permitted, is simple and
cheaper in comparison with recovery/reuse technology.

5. CONCENTRATION AND IMMOBILIZATION OF
BORIC ACID CONTAINING WASTE

In the second approach described in Section 2, the reactor letdown flow, as well as the
other radioactive waste streams, are fed to a concentration system, such as an evaporator,
where all the dissolved and suspended solids are segregated from the bulk of the water, which
can then be recycled or discharged. The waste stream contains the boric acid and the
radioactive and other contaminants that were present in the feed: the major constituent of this
stream is boric acid. Most WWER plants concentrate selected waste streams, but the process
stops at this point and the concentrated wastes are being held in tanks for further processing
at a later date [19].

When this approach is used, the concentrated boric acid and radioactivity are not
separated from each other, but are immobilized as a solid for disposal. There are various
technologies available to immobilize this waste stream. These methods remove varying
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amounts of the remaining water depending on the immobilization media. Ideally this option
should achieve a stable waste form and a suitable volume reduction factor, this may be the
highest volume reduction where final volume is critical to the determination of the ultimate
disposal cost. Alternatively, it may be advisable to concentrate to a lesser extent where the
activity of the final waste form is important in order to meet repository acceptance criteria.

5.1. CONCENTRATION OPTIONS

5.1.1. Evaporation

When operating with the concentrating option, evaporators are used prior to the
immobilization of the boric acid and radioactive contaminants. Evaporators can concentrate
the boric acid up to 24 wt%. Such solutions may be immobilized with cement, plastics,
bitumen, or other matrix.

Figure 3 shows a generic flowsheet of the dewatering/immobilization option for boric
acid waste management. Typically, an evaporator is used to perform most of the radioactive
waste dewatering prior to immobilization. RO technology could also be applied in this
flowsheet to facilitate the dewatering of the boric acid containing radioactive waste.

The immobilization of boric acid containing radioactive waste after dewatering (shown
generically in Fig. 3) is usually carried out with either cement or oxidized bitumen, as
discussed in Section 5.2. Figure 6 shows a conceptual flowsheet with the total solids content
(primarily boric acid containing solids) at various points in the dewatering/immobilization
cycle. The solids-rich retentate from the RO would be fed to an evaporator in this scheme.
Alternatively, the fresh feed to the plant could be sent directly to the evaporator (bypassing
the RO unit), although a much larger capacity evaporator would be required. Distillate from
the evaporator could either be recycled back to the NPP or discharged from the plant.

In the boric acid recycling option (Fig. 7) the evaporator bottoms could be sent to either
a thin-film evaporator plant (employing oxidized bitumen) or to a cement plant. If the
evaporator bottoms were directed to a bitumen plant the solids content would not normally
exceed about 12.5%. Since there is a concentration factor of between 4 to 5 in the thin-film
evaporator, the bituminized radioactive waste product would contain approximately 50% to
60% solids if there were 12.5% solids in the feed stream. If the thin-film evaporator were
used for immobilization with bitumen, a carbon column would be required to remove distilled
organics present in the overhead product. Work at the Atomic Energy of Canada Laboratory
(AECL) has shown that a combination of oil coalescence and photochemical oxidation
technologies can remove greater than 99% of the feedwater organics present in the distillate
[20]. The effluent would be discharged from the plant, and the spent carbon would be a
secondary waste. Alternatively, if the dewatered bottoms were destined for a cement plant,
the concentration of the bottoms should be about 25%. This would ensure that the solids
loading in the cemented product would be about 10%, which is about optimal for cemented
waste forms.

5.1.2. Crystallization

A crystallizer can be used to perform the bulk of the volume reduction prior to final
immobilization with bitumen in an extruder, but this is not common practice. It should be
noted that heating of pipes etc will be required to prevent blockages. A laboratory scale
crystallizer was used to concentrate a solids slurry from 12% boric acid (when mixed with
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radioactive contaminants) to 45 %. For a pure boric acid waste stream a slurry containing over
60% boric acid was obtained [21]. Crystallization has been used in the former USSR for
concentrating boric acid for the purpose of boric acid recycle to the NPP [22].

Several plants in the USA that are not allowed to discharge decontaminated boric acid
streams are now using crystallizers followed by a drying unit to reduce the final waste volume.
The crystallizers are forced recirculation units that produce a slurry of boric acid crystals in
a saturated solution. These units are made of Inconel or a higher quality alloy to avoid
corrosion problems. Additional water removal is required at this stage because of the limited
evaporation capacity of some dryers and bitumen immobilization systems. Due to the higher
densities involved, the crystallizers can control the concentration achieved by pump motor
current measurements or by density measurements from devices which respond to changes in
the harmonic vibration frequency of a fluid-filled tube.

5.1.3. Membrane separations

At Chalk River [23], reverse osmosis has been used to concentrate solutions of boric acid
and sodium borate from an initial concentration of 1 g/kg to a final concentration of about
70 g/kg (RO-3 unit in Fig. 8). The tests were done at a pH greater than 9. Decontamination
factors are significantly affected by the concentration of boric acid initially present in solution;
they range between 100 and 1000. There was very little loss of permeate even at a volumetric
recovery of about 99 %.

Ultrafiltration could also be used but, to date, no reference can be found for its practical
application for this purpose.

5.1.4. The FAVORIT process

In the FAVORIT process used in German NPPs, a mobile conditioning unit for
concentrates, sludges and resins is used. Due to a lack of storage capacity, volume reduction
in full became a prime necessity.

The concentrates and sludges are treated with a mobile installation [24]. This installation
is a drying facility for volume reduction of radioactive waste. The objective is total drying
in order to achieve the formation of a solid salt block inside a special cast iron package called
MOSAIX. The casks have an useful volume of 320 to 500 L depending on the shielding
requirements. This technique provides reduction of the final waste volume by a factor of 20
compared to cementation.

5.1.5. Precipitation

Immobilization of boric acid or borates in concentrates require additional calcium
hydroxide to induce precipitation of calcium metaborate which is necessary for the hardening
to take place. It has been found that if soluble boric acid is converted into insoluble borates,
then the problems associated with cement hydration can be minimized. Insoluble borates can
be readily separated from the solution and the supernate concentrated to reduce its volume,
which greatly contributes to the overall volume reduction as compared to other conventional
volume reduction processes. This process, the so-called AC-process, is carried out as the first
stage of the Japanese JGC process [25]. In this process, calcium hydroxide or calcium
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chloride is added to convert the boric acid into calcium metaborate. The reactions are as
follows:

10 H3BO3+2NaOH+2Ca(OH)2 - Na2O2CaO5B203-16 H2O + 2H2O (4)

Na2O2CaO-5B2O316 H2O + 3Ca(OH)2+2H2O - 5{CaOB2O3-4H2O}+2NaOH (5)

After solid-liquid phase separation, the liquid waste is fed to the concentrator and the
solid waste is mixed with Portland Cement to produce a stable waste form (see Section 6.1).
A large volume reduction factor is achieved. The process flow diagram is shown in Fig. 9.
This process has been adapted for two Japanese PWR stations: the Genkai Nuclear Power
Station and the Ikata Nuclear Power Station [26].

5.2. IMMOBILIZATION OPTIONS

Liquid wastes from PWRs are normally evaporated and then immobilized to minimize
the release of radioactivity to the environment during storage, transport and disposal. The
materials used for the immobilization include: cement, bitumen, plastics, and glass. The
decision on which material to use is made by taking into account the composition of the waste,
the final disposal method and economic considerations, as well as the technical requirements
of the process.

To select the most appropriate technology in any particular country, a number of factors
require consideration, both technical and economic. These factors will include those affecting
conditioning such as solids loading, state of technology development, those affecting transport,
e.g. dose rate and those affecting disposal, which will include repository requirements such
as compressive strength, leach rate, thermal stability and dose rate.

The maximum solids loadings of the different immobilization matrices are listed in
Table IV.

5.2.1. Immobilization with cement

The majority of immobilization/stabilization systems for low level radioactive waste
(LLW) and mixed waste facilities utilize cement (such as Portland cement) to encapsulate
waste materials and yield a monolithic solid waste form for disposal [27]. However, it is
known that boric acid wastes, as generated at PWRs, present difficulties in immobilization
using ordinary Portland cement processes. Waste containing as little as 5% boric acid can
inhibit the curing of the cement leading to unacceptably long curing times. These problems
may be overcome, for example, by changing the cement type or by using additives. A number
of countries are now able to immobilize boric acid wastes in cement in a satisfactory manner.
In the United Kingdom, Nuclear Electric pic have found that the use of sodium hydroxide
additive provides a satisfactory waste form.

When properly cured, the compressive strength of the cemented waste form is sufficient.
One problem associated with cement immobilization is that the product volume increases,
typically by a factor of between 1.5 and 2.

Masonry cement has been tested in the USA for the immobilization of boric acid waste.
The masonry cement consists of 50% slaked lime and 50% Portland Type I Cement. Addition
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TABLE IV. SOLIDS LOADINGS ACHIEVABLE IN THE IMMOBILIZATION OF
BORIC ACID

MATRIX

NONE

CEMENT

BITUMEN

PLASTIC

GLASS

SULPHUR
CEMENT

SOLIDS LOADING (wt%)*

100

10

40-65

50

40-50

40

*The majority of the solids is boron-containing salts.

of masonry cement in molar concentrations equal to or less than the molar concentration of
alkali in the waste eliminates any inhibiting effects. It has been shown that 15% boric acid can
be satisfactorily incorporated into masonry cement [28].

It has been found [29] that, with a maximum boric acid concentration of 24%, and with
the pH adjusted to 9, an immobilized product containing cement and slaked lime had good
characteristics. Although the use of increased concentrations of slaked lime made for higher
waste loadings the compressive strength was poor. This was due to the fact that there was free
water existing within the pores of the matrix.

A mobile experimental unit (MESA-1) was developed and manufactured in the Czech
Republic for processing radioactive concentrates with cementation technology. The unit was
designed for processing low level wastes from nuclear power stations. The system can treat
wastes with a salt content up to 50%, and a maximum concentration of boric acid of 13%.
Actual wastes with a total solids loading of 45 % have been treated [30]. As long as the salt
concentration of the liquid concentrate ranges between 20 and 25 %, the cemented product will
have a maximum salt content of 10% and a mechanical strength that allows safe handling. The
maximum radioactivity concentration that can be tolerated is about 10 GBq/m3.

The industrial mobile units that can be used for conditioning of boric acid waste using
cement are as follows:

Germany:

Netherlands:
Italy:
Hungary:
France:

DEWA (Biblis, Brunsbuettel);
MOWA (Gundremmingen, Neckar Westheim);
DEWA (Borssele);
MOWA;
MOWA (Paks);
SGN Advanced Batch Mixer;

Russian Federation: KRAZ-250 (Sergiev Pasad).

Notes: (1) DEWA is manufactured by NUKEM, now superseded by MOWA;
(2) KRAZ-250 is manufactured by the Scientific and Industrial Association "Radon"

(SIA), Russian Federation.
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Using the ANS/ANSI 16.1 test, Hwang et al. [31] have found that the "leachability
index" varies between 5.8 and 7.9 for cemented products. Brookhaven National Laboratory
(BNL), USA, has found that the most mobile isotopes from cemented waste product drums
(from lysimeter studies) are 134Cs and 137Cs, followed by90 Sr. The least mobile isotope is
^Co. Effective diffusivities of these isotopes were found to be 10"'3 nr/s for 137Cs and 134Cs;
10~14 nr/s for wSr; and 10"15 rrrVs for ^Co. However, the effective diffusivity can increase
between two and four orders of magnitude depending upon the waste to cement ratio [32].

5.2.2. Immobilization with bitumen

Bituminization of radioactive waste has been a technique used by the nuclear industry for
nearly 30 years [33]. Immobilization of radioactive waste concentrate with bitumen has the
advantage over cement in that a very large solids loading can be achieved. Early work [34]
suggested that bitumen is more suitable than cement for immobilizing the boric acid containing
waste arising at PWR stations. For the immobilization of low level waste the use of straight-
run bitumen is suitable. The bituminization system for low level waste has the advantage that
the volume reduction is 4 to 6 times higher than the cementing systems. An additional
advantage is that the leaching ratio of radionuclides from bituminized waste forms is smaller
because bitumen is very water repellant. Bituminized waste forms are stable to radiation
exposures of 5.8-106 Gy.

Bitumen immobilization is usually carried out with either a thin-film evaporator or an
extruder. A major drawback of bitumen is its low ignition temperature of about 400"C and
fire is a concern with this process. The bituminization units must be well instrumented and
interlocked. Such safety measures will prevent fire initiation and eliminate the spread of a fire
should one originate from an outside source. They will also prevent the release of
radioactivity to the environment beyond permissible limits and protect equipment from
possible damage. Considerable attention should also be given to the concentration of chemicals
which may be reactive, or have high oxidizing strength, to ensure safe operation of the
bituminization process.

Operating parameters for the bituminization system should also be specified, namely flow
rates and temperatures. The significant ones include:

limitation of the oxidising power of the waste;
adjustment of its pH (neutral or slightly alkaline);
limitation of complexing agents, ferric or aluminum chloride;
salt content in the end-product (wt salts/bitumen ratio 35 to 50);
continuous monitoring of the pouring temperature for encapsulated materials. In this
connection, SGN and the CEA have developed several types of highly reliable
components for measuring this essential parameter. The associated technologies are
suited to requirements: direct viewing or fibre optic signal transmission infrared camera,
thermal vision camera providing pouring maps including the temperature of each product
droplet.

Another problem associated with the use of bitumen is that a large quantity of organic
material is distilled off during the operation of the thin-film evaporator, particularly as the
operating temperature is increased above 130°C.
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Bituminization of boric acid containing radioactive waste is conducted in some nuclear
power stations in the Czech Republic, Japan, Russian Federation, Slovak Republic and the
USA (see Table V).

TABLE V. EXAMPLES OF APPLICATION OF BITUMINIZATION
FOR BORATE WASTES AT NPPs

Country

JAPAN

USA

USA

USA

USA

RUSSIA

RUSSIA

RUSSIA

CZECH
REP.

CZECH
REP.

SLOVAK
REP.

Facility

Mihama

Oconee

Palo Verde

North Anna

Surry

Leningrad

Balakovo

Kalinin

Dukowany

Temelin

Jaslovske
Bohunice

Power
MW(e)

320,470,780

3x846

3x1221

2x781

2x915

4x1000

4x1000

2x1000

4x440

2x1000

4x440

Capacity
m3/L

0.2

0.35

0.2

0.2

0.2

0.4

0.2

0.2

0.4

0.2

0.2

Start up

1978

1983

1987

1990

1991

1984

1995

1989

1994

design

1995

5.2.3. Immobilization with plastics

Polymerization technology is better suited to immobilization of organic ion exchange
resins than liquid concentrates. It also allows higher waste loadings than is the case for
cementation of waste. A number of polymer matrices have been applied, such as polystyrene,
polyester, epoxy, polyethylene. Many polymerization processes have been demonstrated in
the USA, Germany, France and Japan amongst others [35].

New technologies for conditioning of radioactive waste by mobile units based on the use
of polymer matrices have become available. In European countries, various mobile treatment
units are used for the conditioning of spent resins, concentrates and sludges. The spent resins
originate from the demineralizers, the concentrates and sludges are primarily generated by the
liquid waste treatment system and partially by the boric acid recycle system. These mobile
plants have more than one function including immobilizing of spent resins, concentrates and
sludges and are therefore quite efficient in use.

The FAMA-mobile conditioning unit has been developed by GNS in Germany. One unit
has been sold to STMI in France. This unit was operated under the name of COMET 1. The
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unit was primarily developed for the immobilization of spent resins using polystyrene with an
in-drum process. The polymer and the waste are mixed in a 110 or 200 L drum with a
throughput of 0.1 m3/h. The immobilization process produces 8 drums per 8 hour shift. The
average dose to an operator during the process is about 0.02 mSv per drum [36].

The PRECED mobile conditioning unit was designed by PEC engineering, based on the
Dow Chemical Solidification process. It allows the incorporation of spent resins or
concentrates into DOW polymer. The PRECED system is used for all 1300 MW(e) PWRs
and some 900 MW(e) PWRs in France, and enables treatment of spent resins and concentrates.
Its throughput is 0.4 m3/h [36].

The SETH 200 mobile conditioning unit uses polyester or epoxy. The process was
developed by the French Atomic Energy Commission and its subsidiary
TECHNICATOME [36].

Brookhaven National Laboratory has developed a polyethylene solidification process [37]
using an extrusion process for the immobilization of dry wastes resulting from volume
reduction technologies. The process utilizes a commercially available single-screw extruder
to incorporate the waste into polyethylene at about 120°C. A series of tests were conducted
to assess the acceptability of polyethylene waste forms to meet the requirements of 10 CFR
61; a maximum waste loading of about 50% of boric acid was obtained. Ease of processing
was achieved through the use of low density polyethylene with a density of close to 920 kg/m3.

The teachability of caesium isotopes from polymer waste forms (from lysimeter studies
using actual product drums) is about an order of magnitude less than for cemented waste
forms. However, the W)Co leach rate was approximately three times greater than for cemented
waste products [38].

Polyethylene has also been used in an extruder in European power plants. Systems using
vinyl ester styrene (VES) to immobilize the dry product from a fluid bed dryer have been
installed at three stations in the USA; none have yet been operated. In this process the waste
is mixed with the compounds that react to form the polymerized solid product. As the
individual components polymerize, the waste is incorporated into the plastic waste form. Up
to 70% dry solids can be encapsulated in VES [39].

5.2.4. Vitrification technology

Vitrification of boron containing wastes is being considered in the Russian Federation
[40], and the Czech Republic [41]. It provides a product with better stability than cementation
or bituminization.

The vitrification of waste with a high content of boric acid and sodium from PWRs has
been studied in the framework of a Franco-Czech agreement [41]. The glass product can
contain 40-50 wt% of waste oxides. An additive, which is a natural aluminosilicate clay
(clinoptilolite), is used as glass forming agent.

The process is based on direct Joule heating in a ceramic melter and has been under
development since 1980 [40]. Borosilicate glass was selected as the matrix for this purpose.
The process flow sheet comprises liquid waste concentration, batch preparation, melt
production, glass pouring and glass block annealing. Batch preparation involves mixing glass-
forming sandstone (15-30 wt%) and bentonite (20-30 wt%) together with the boric acid
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containing liquid radioactive waste. The waste salt content in a batch was 45-60 wt%. The
capacity of the experimental plant was up to 50 kg of glass per hour for treatment of liquid
radioactive waste with a salt content of 200 kg/m3. Electrical power supply to the system was
150 kW, and the temperature in the ceramic melter was 1250°C. Loss of 137 Cs from the
melter was not higher than 3.5%. The volume reduction factor was between 4.2 and 4.5.
Leaching of 137Cs from the final glass product was 1.4-10"5—4.4-10"6 g/cm2-day.

The feasibility of the vitrification process has been demonstrated in a pilot plant at
Marcoule. The vitrification process takes place in two steps:

(1) evaporation and calcination of solution in a rotating tube of 250 mm diameter with
evaporation capacity of 0.04 nvVh;

(2) melting calcine together with clinoptilolite in a crucible of 500 mm diameter. The
crucible is heated by induction heating (300-500 kHz, 5-20 kV), up to 1000-1300°C.
The schematic flow diagram is shown in Fig. 10.

GiOllftM

FIG. 10. Schematic diagram of the reactor wastes vitrification process at Marcoule.

A new technological scheme for the vitrification of intermediate level radioactive waste
was studied recently [42, 43]. The scheme is based on induction heated cold crucible melters.
The main advantages of cold crucibles are absence of corrosion effects on refractories, low
inertia, and availability of an active hydrodynamic regime due to mixing of melt by eddy
currents. An experimental plant based on cold crucible melters has been constructed and is
under testing at SIA "Radon"; the capacity of the plant is 75 kg/h. Production of borosilicate
glass containing 30-40 wt% of waste oxides is achieved. The glass is chemically durable, and
has good thermal and radiation stability. The waste volume reduction factor is 3-5. The
possibility of crystalline glass and glass composite materials production is also being
considered, particularly for waste with high alkali sulphate and chloride content. The process
flowsheet is shown in Fig. 11.
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2 6

1: waste storage tank; 2: concentrated waste tank; 3; rotary evaporator; 4,26: filters; 5,17,21,22: heat-
exchangers; 6,16,18,20,23: reservoirs; 7: glass forming additive bins; 8: screw feeder; 9: batch mixer; 10:
charging feeder; 11: apparatus for mechanical activation; 12: melters; 13: annealing furnace; 14: wet scrubber;
15: sleeve filter; 19: absorption column; 24: heater; 25: catalytic reactor.

FIG. 11. Flowsheet of Russian liquid radioactive waste vitrification plant.

The plant is equipped with three independent high frequency cold crucible melters. One
of the melters is provided with an additional unit of mechanical stirring, the aim of which is
to produce glass composite materials directly in the melter and to enhance productivity of
melting. Operating temperature can be up to 3000°C.

5.2.5. Concentrate drying with no binder

In the USA, drying units have been used to prepare decontaminated boric acid
concentrates for disposal. The radionuclides have been previously removed by filtration and
ion exchange with organic resins and zeolites. The dryer systems initially used paraffin as a
waste binder. However, it was found that the resulting boric acid and salt were sufficiently
low in radioactivity that they were suitable for disposal as low level waste for which
immobilization is not required. If additional stability is required the paraffin or high-integrity
containers can be used. This technology can be provided with either fixed or mobile
equipment. The Palo Verde NPP in Arizona now uses such a system rather than the
previously installed bitumen system. This system achieves a substantially better volume
reduction than cement or bitumen [44].

5.2.6. Other processes

A new, innovative process utilizing modified sulphur cement developed by the US
Bureau of Mines has been applied at Brookhaven National Laboratory for the encapsulation
of many problematic waste streams. Since hydraulic (Portland) cement requires a chemical
hydration reaction for setting and hardening, it is subject to potential interactions between
elements in the waste and the binder that can retard or prevent immobilization [27].
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Modified sulphur cement is a thermoplastic material which can be heated above its
melting point of 120°C. It can then be combined with dry waste products to form a
homogeneous mixture which cools to form a monolithic solid product. The sulphur cement
process has been applied to immobilization of boric acid salts. Based on both processing and
performance considerations, significantly greater waste loadings of up to 40% in borates were
achieved using modified sulphur cement when compared with hydraulic cement [28].

6. RECOVERY AND REUSE OF BORIC ACID

Increasing restrictions on discharges into the environment may make the recovery and
reuse of materials necessary and also favour their reuse. Release of boric acid into surface
waters is already causing concern in some Member States. Although extremely small
concentrations of boron, in the form of boric acid or borates, are necessary for growth of land
plants, larger concentrations of borates act as unselective herbicides. In comparison with boric
acid discharge, recycle of boric acid at NPPs will reduce the environmental impact.
Compliance with existing or anticipated future national or local regulations that limit boron
releases, especially at non-coastal PWRs, may exclude the decontamination/discharge option.
In comparison with boric acid immobilization, recycle will reduce the waste volumes that have
to be conditioned, transported, stored and disposed of. As a waste volume reduction process,
boric acid recycle may eventually be economically attractive, and it may result in an easier-to-
condition and more stable waste form. Boric acid recycle also means lower costs and less
labour for the preparation of fresh boric acid. In the future, the possible use of 10B enriched
boric acid could become an important economic incentive for the recovery and reuse of boric
acid at NPPs.

The option that allows the recovery and possible reuse of boric acid from selected waste
streams is shown schematically in Fig. 4. Although the reactor letdown stream has passed
through an ion exchange bed and a filter, it still contains significant radioactive contaminants
along with the boric acid. This residual radioactivity can be reduced by further treatment,
usually by ion exchange and filtration. The radioactivity leaves the process with the ion
exchange media and the filter cartridges. The decontaminated boric acid solution is
concentrated by evaporation. The concentration of the boric acid solution is generally
increased to that used in other plant feed and storage systems. The water stream leaving this
process is suitable for reuse in the primary systems or for discharge. Laboratory and pilot
scale testing indicate that, using this approach, up to 70% of the boric acid from WWER
reactors can be returned to the reactor primary cirquit [19]. Recoveries up to 90% of the
waste streams processed are being achieved at some non-Soviet PWRs.

Boric acid recycle requires both removal of radioactivity and concentration of the boric
acid although decontamination can be less complete than for the discharge approach. Contrary
to the immobilization approach, concentration can be limited to e.g. 4 wt% boric acid (about
7 g B per kg) if the boric acid is reused in the NPP. A thorough chemical purification is also
necessary for recycling of the boric acid. Nevertheless the extra investment and operation costs
for recovery and reuse of boric acid can be worthwhile, as discussed in Section 8.

The reuse of 100% of the boric acid is not practical in any case, due to depletion of I0B
by neutron capture during power operation. The required boric acid concentration must be
increased by a correction factor that increases at somewhat less than 1 % per month until some
fresh boric acid is added.
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The separation and purification of the boric acid may be based on its physical and
chemical characteristics [45]. Some examples are given below.

The solubility of boric acid in water increases rapidly with temperature, from 2.7 wt%
at 0°C, to over 30 wt% at 103.3°C (the atmospheric boiling point of a saturated
solution), to congruent melting at 171 °C. This allows purification of boric acid by
recrystallization.
As a very weak acid (pKa = 9.23), boric acid is almost completely undissociated in
aqueous solution. It can permeate through some reverse osmosis membranes together
with the water. By the addition of a strong base, borate and polyborate anions are formed
which can be sorbed onto an anion exchange resin.
The phase equilibria in metal oxide-boric oxide-water systems is sensitive to both
composition (pH, nature of the cation) and temperature, and this allows control of the
total boron solubility and e.g. to separate boron by crystallization as Na2B4O710 H2O.
Boric acid is readily volatile in steam; its vapour pressure in steam increases rapidly with
temperature. At temperatures above 150°C the boric acid can be separated from non-
volatile chemical and radiochemical impurities by volatilization. At pH greater than 8,
because of the dissociation of the boric acid, the apparent gas-to-liquid distribution
coefficient decreases.
Esterification or complexation with alcohols, phenols or polyols presents another
possibility to separate and purify boric acid by volatilization, extraction, or sorption onto
a specific resin.

The investment and operating costs for the recovery of boric acid will be lower for waste
streams that have a high concentration of boric acid and low concentrations of non-radiological
impurities and radionuclides: this implies segregation of waste streams. Most PWRs and
WWERs have been equipped for the recovery and reuse of boric acid from high purity streams
such as the reactor letdown flows. Low purity streams, such as trap drains and floor drains
are now also being considered for boric acid recovery. In many cases these wastes are treated
by evaporation. Several methods have been or are being developed for boric acid recovery
from the evaporator concentrates.

6.1. EVAPORATION

The different streams that contain boric acid have been described in Section 3, and listed
in Table II. Most PWRs and WWERs have been designed with a boric acid recycling system
to treat the so-called "recoverable" effluents, which usually comprise reactor letdown water,
as well as normal and accidental leaks of primary water, that can be collected without contact
with air. For a 1000 MW(e) PWR, this stream may be of the order of 4000 m3 per year. These
"recoverable" effluents are normally processed for recovering boric acid solution and
demineralizing/degassed water to such a quality that they can then be recycled to the reactor.
Part or all of the water may be discharged so as to decrease the tritium content of the primary
circuit.

For the treatment of chemically pure recoverable effluents, the following sequence of
processes is normally implemented:

filtration,
ion exchange,
gas stripping of hydrogen and gaseous fission products,
evaporation.
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Several examples of this standard boric acid recycling system utilised in different
countries are discussed in Section 7. The use of filtration and ion exchange for removal of
radioactivity and purification of boric acid containing streams has already been discussed in
Section 4. The use of evaporators for concentrating boric acid waste prior to immobilization
was discussed in Section 5.

Figure 12 shows a schematic representation of a typical evaporator that is used in the
USA for concentrating boric acid for recycling [44]. An absorption tower prevents the
volatilization of boric acid. The boric acid is concentrated to 4 (or 12) wt%. This is the
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FIG. 12. Evaporator for boric acid concentration.

concentration at which new or recycled boric acid solutions are held for use in the plant
system. A concentration of 4 wt% avoids crystallization of boric acid at room temperature.

In the original design of WWER type reactors the boric acid waste (with concentration
of 1-12 g/L) is sent to a mechanical filter with cation exchange capacity. The liquid passes
through the cation exchanger, followed by borate exchange and sometimes anion exchanger.
After passing through the ion exchange columns the purified liquid is sent to a storage tank.
The solution is then concentrated using two body evaporator (Soviet design).

Nearly 65% of US plants and several European PWRs do not recycle boric acid although
they have been designed to do so, but discharge it in solution to the environment. The
discharge occurs after removing substantially all of the radioactivity as discussed in Section 4.
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Usually, evaporators provide satisfactory operation for boric acid concentration and
forced circulation evaporators are generally used. Alloy 304 or 316 stainless steels are suitable
for use in these units. These evaporators can be operated in a continuous mode if the
concentration of the boric acid is measured and controlled with density measuring instruments
[46] which respond to changes in the harmonic vibration frequency of a U-tube filled with the
solution. Experience gained from operating NPPs in the USA has shown that product
concentration determination (by measuring the current drawn by the recirculation pump motor)
is not practicable.

6.2. MEMBRANE PROCESSES

The membrane rejection efficiency of dissolved acids or salts is lower for undissociated
acids than for ionized dissociated salts. Boric acid will permeate through the RO membrane
more readily than the anionic species. Thus, the rejection of boric acid by RO membranes will
depend on the solution pH, and it is possible to use RO and pH control to separate boric acid
preferentially from other ionic contaminants in the waste solutions.

A number of UF and RO systems have been designed, tested, and operated in the nuclear
industry for boric acid reclamation [47]. Reverse osmosis with cellulose acetate membranes
has been tested in Canada by AECL (at Chalk River Laboratories) to recover boric acid from
nuclear waste streams [48]. The concept of using cellulose acetate RO membranes evolved
from a basic study performed by Westinghouse Membrane Technology Division in 1971 [49].

Figure 8 shows an outline flowsheet for this process. Radioactive feed would be fed to
RO-1 where the pH would be maintained below 7 to allow the undissociated boric acid to
permeate through the membranes, while rejecting radionuclides other than tritium. About
90% of the boric acid could be recovered with RO-1. The dilute boric acid from RO-1 could
be concentrated by RO-3 from approximately 0.3% boric acid to about 7%. The pH would
be elevated to about 9.5 to ensure that the boric acid was rejected with an efficiency of about
99.9% with the thin film composite polyamide membranes after purification by
electrodeionization technology [50]. The concentrated boric acid could then be recycled to the
NPP. Permeate could be discharged to the drains. Waste concentrate from RO-1 containing
about 99% of the radioactivity in the feed with exception of tritium, and about 10% of the
original boric acid present in the feed would be sent to RO-2. There, the radioactive waste
could be concentrated to about 7% in total solids prior to being sent to evaporation and
immobilization with either cement or bitumen. Permeate from RO-2 could be discharged to
the drains.

Membrane systems have successfully removed silica from concentrated boric acid
solution in some US NPPs. The removal of silica from the spent fuel pool has also been
examined. However, this caused the silica leaching from the Boraflex to proceed at an
accelerated rate [5]. This approach is not recommended.

Westinghouse R&D [51] used a combination of RO and ion exchange for boric acid
reclamation. Two RO modules of different configurations, spiral wound (SW), and hollow-
fibre (HF), were compared for performance, with respect to membrane flux, permeate quality
and boric acid recovery. The results indicated that:

(a) Boric acid rejections did not vary significantly with increases in the feed concentration,
over the range of 0.5-3 % boric acid, in the pH range 4-7;
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(b) A relatively small increase in boric acid rejection was observed as feed solution pH
increased from 4 to 7; a significant increase occurred in the pH range 8-9;

(c) Boric acid rejection became higher at higher feed pressure; for example, rejections
obtained with the SW module increased from about 25% at 13.5 bar, to about 35% at
40 bar;

(d) Boric acid rejections were substantially higher for the HF module than for the SW
module; for example 88-93% for HF as compared to 44-49% for SW.

A three stage system was set up to recover 67% of the boric acid. Water recovery was
designed at 85 %, and an overall volume reduction factor of 50 could be achieved when the RO
reject stream was further concentrated by evaporation.

The combination of UF and RO membrane technologies was demonstrated successfully
at the Zion NPP, USA [52].

A combination of an ultrafiltration membrane followed by a reverse osmosis membrane
was found to produce a recovered boric acid that could be further concentrated by evaporation
without a fouling problem [53]. With the trend toward using 4 wt% boric acid solutions it
seems likely that, based on Canadian experience, a RO system alone could serve as the
concentration unit. However, this is not yet being done on a power plant scale on a regular
basis. To concentrate boric acid in the retentate, without the need of adding too much alkali
which has then to be removed before recycle, it appears advisable to use relatively tight
membranes that reject more boric acid at any pH (see Section 7.2). In cases where the boric
acid concentrate is contaminated with silica, membrane technology has been successfully
employed to purify the boric acid.

The generic decontamination/concentration/reuse option for boron recovery in NPPs is
shown in Figs 4 and 13. RO technology could be used to concentrate the boric acid from
0.5% to about 5%, thereby reducing the heat duty on the evaporator. RO could be used with
tight membranes such that the boron is rejected as anions by the membrane. In this process
configuration a smaller evaporator would be required (since there would be a smaller volume
to be processed), which could significantly reduce the capital cost of the boric acid recovery
plant. An evaporator (or crystallizer) in this application could be used to further concentrate
the boric acid to between 20%-50% if so desired.

KLM Technologies has developed a boric acid reclamation system utilizing RO and UF
to produce a recyclable grade of otherwise waste boric acid at PWRs [54]. The application
could reduce waste by upwards of 50% for two-thirds of the operating plants in the USA. RO
and UF can provide selective filtration and can concentrate contaminants without the need of
filter aids.

The BARS/SiRS process (Boric Acid Reclamation System/Silicon Removal System) is
a three stage system employing particle filtration, UF, and RO. The system was also
developed by KLM Technologies. BNFL has acquired rights to this system to be used on
various processes and waste streams in LWRs [55]. The RO system removes silica and other
contaminants while recovering about 92% of the boric acid.

In Slovakia, the advantages of membrane processes such as operation at ambient
temperature with no phase change of solution, were the main reasons which led to the study
of reverse osmosis and electrodialysis. Model solutions were used to study boric acid removal
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from the NPP evaporator concentrates. The chemical content of the model solution, with a
pH13, simulated the physico-chemical composition of evaporator concentrates [56].

6.3. ELECTRODIALYSIS

Electrodialysis (ED) is a membrane separation process achieved by the use of a
differential driving force due to an electric potential across the membrane. Electrodialysis is
a well established technology and is widely used today in various industries to perform several
general types of separation, i.e. concentrating ionic solutions, deionizing salt solutions and
separating ionic and non-ionic species.

Application of electrodialysis is usually limited by a low electrical conductivity of a
diluted stream due to a low concentration of electrolyte, and 10 mg/kg of salt concentration
is usually assumed as the limit.

Electrodialysis for boric acid recovery is an established technology; a plant has been
operated at the Winfrith Site of AEA Technology for over 25 years to recover boric acid and
sodium nitrate. Using a cell with a cation membrane only, the salts can be split to yield a
sodium hydroxide solution in the catholyte and an acid solution (boric and nitric acids) in the
anolyte. This process produces hydrogen and oxygen, which can either be discharged after
suitable dilution to atmosphere (flammability limit for hydrogen is 4%) or recombined to
produce water. This latter operation will only be necessary if the tritium content of the liquor
is too high for the hydrogen to be discharged.

The anolyte product consists of boric acid, nitric acid and any other stable acids present,
together with some remaining sodium. The boric acid is separated from these acids by
selective absorption on an anion exchange resin.

The application of electrochemical processes such as electrodialysis to deionize power
plant water is described in Ref. [50]. The testing of the electrodialysis deionization water
treatment process is described. Initial results demonstrated the feasibility of recovery of boric
acid and lithium hydroxide of a purity suitable for recycle in a PWR.

In Belgium, Laborelec studied the application of reverse osmosis and electrodialysis for
boric acid recovery from PWR waste. After unsuccessful results with reverse osmosis, an
electrodialysis reversal module, preceded by an ultrafiltration unit, was installed as a pilot
plant at the Doel NPP. Several tests were performed both on recoverable and non-recoverable
waste solutions, working as a once-through system or with recirculation. The process losses
of boric acid were always low. However, the current efficiency decreased with increasing
conductivity and thus with the chemical purity. The product was not pure enough for direct
recycle to the plant, but the radioactivity was sufficiently low to allow discharge of the boric
acid to the river. The boric acid depleted solution could then be evaporated in a routine fashion
with a volume reduction factor which was no longer limited by the concentration of borates.
From an operational point of view, fouling problems were found, necessitating regular
cleaning cycles. An electrical ion exchange pilot plant developed by AEA Technology
Harwell, UK, was also tested [57].

Electrodialysis has been examined at the Japan Atomic Energy Research Institute
(JAERI) for the removal of radioactive ions from low and intermediate level radioactive liquid
waste using inactive coexisting salts as ionic carriers of very small amounts of radioactive ions
[58, 59].
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Another example of electrodialysis applied in the nuclear industry is the recovery of
NaOH and H2SO4 from the secondary liquid waste arising from the regeneration of ion
exchange columns installed in a LWR. The study was carried out by the Chubu Electric
Power Co., Ltd. (Japan) to demonstrate the process for reducing immobilized waste volume
by a factor of five by recycling of recovered reagents. The electrodialysis system consisted
of two-compartment cells in bipolar mode. An anion exchange membrane was used to recover
H2SO4, and a cation exchange membrane to recover NaOH.

Salt splitting, i.e. the recovery of acid and alkali from a neutral salt solution, has been
referred to in [58]. For diis process one pair of electrodes is used for each pair of membranes,
e.g. anion and cation exchange membranes; the acid is formed in the anode compartment, the
alkali in the cathode compartment and the stream between the membranes is depleted in the
neutral salt. However, another concept is to have a pair of electrodes with a cation exchange
membrane separating the cell into two compartments; the alkali is formed in the cathode
compartment and the mixture of acid and depleted salt in the anode compartment. The process
has been reported to give 20% NaOH and 20% H2SO4 products directly from a 12-25%
sodium sulphate feed solution [60].

These processes could find application to the treatment of borate wastes to recover boric
acid.

6.4. BORATE CRYSTALLIZATION

The removal of boric acid from waste solutions can be achieved by using a combination
of several processes. One of these processes is based on the dependence of borate solubility
on pH value, on the high ion exchange resin capacity for borates and on resin regeneration
using ammonia solution [61]. As shown in Fig. 14, the main steps of the process are:
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precipitation/crystallization of borates,
separation of borates by filtration,
dissolution,
ultrafiltration,
ion exchange,
evaporation,
crystallization and centrifugation.

The precipitation/crystallization of borates from evaporator concentrates (with initial pH
higher than 11) is performed at pH 8.5, achieved by the addition of nitric acid. After cooling
to 20-25 °C, the crystallized borates are separated by centrifusion, and the effluent is recycled
for concentration in the waste treatment system. The collected borates are dissolved in water.
In order to remove any colloidal and suspended matter the solution is ultrafiltered. About 5%
of the concentrate is recycled to the waste treatment system. The ion-exchange is performed
batchwise using anion resin. The regeneration of the ion exchange resin is performed using
an 0.5% aqueous solution of ammonia. This solution passes through the caesium filter. During
the concentration of regenerant in the evaporator, ammonium borate is thermally decomposed
to ammonia and boric acid. The concentrate from the evaporator is transferred to a tank where
the liquid is cooled to about 25°C. The suspension of crystalline boric acid formed under these
conditions is separated by centrifugation.

6.5. VOLATILIZATION OF BORIC ACID

Boric acid can be separated from non-volatile chemical and radiochemical impurities by
volatilization in steam. The separation is best carried out at a temperature above 150°C and
at a pH below 8. Separation by volatilization is possible during and/or after the evaporation
of otherwise non-recoverable liquid waste.

Figure 15 is a schematic representation of a process which has been developed at the
Belgian nuclear research centre SCK/CEN for the recovery of boric acid during the
evaporation of liquid waste [62]. Otherwise non-recoverable liquid waste is treated in a semi-
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FIG. 15. Recovery of boric acid by volatilization during evaporation.
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continuous evaporator operating at a constant liquid inventory and a pressure of about eight
bar. Previous alkalization should be avoided, otherwise it may be necessary to add sulphuric
acid. At the beginning of an evaporation cycle, only a small part of the boric acid evaporates
with the steam and the inventory boric acid in the concentrate increases. Eventually, because
of the constant distribution coefficient for boric acid in the vapour versus the liquid, more
boric acid evaporates until a steady-state is reached and all boric acid that comes in with the
feed leaves the evaporator in the gaseous phase. The non-volatile chemical and radiochemical
impurities remain quantitatively in the evaporator and the waste volume reduction factor is no
longer limited by the boric acid concentration in the evaporator. The steam, loaded with boric
acid, can be fed to a column for fractional condensation with partial reflux, where the boric
acid is concentrated in the reboiler.

This is a simple all-in-one process without the addition of reagents or the production of
secondary waste. The incoming waste water stream is split into three streams:

an active waste concentrate containing almost all the radioactive and chemical impurities,
together with some boric acid;
a concentrated boric acid solution that can be reused if it is sufficiently pure;
an effluent with low boric acid content and which is highly decontaminated.

With some adaptations, the process can be applied for the treatment of evaporator
concentrates.

After trials using simulated and real PWR waste at SCK/CEN, the process has recently
been tested in a small pilot installation using real liquid waste at the Doel NPP, Belgium.
Figure 16 shows the quantity of boron at various time intervals (represented by water treated)
in the LLLW feed, the concentrated waste in the evaporator, the recovered solution in the
reboiler, and the effluent distillate. After an initial period, the incoming waste stream could
be evaporated without further accumulation of boric acid in the concentrated waste (first
phase). Near the end, recycled distillate allowed for a reduction in the amount of boric acid
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FIG. 16. Boric acid recovery in Belgian process.
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in the concentrated waste (second phase). The main results of this demonstration experiment
were:

(a) The volume reduction factor was more than two times greater than with the current
evaporation practice;

(b) Typically 78% of the boron was recovered as a 3.5 wt% boric acid solution;
(c) A high decontamination factor was obtained and the effluent was pure enough to be

discharged.

6.6. OTHER BORIC ACID RECOVERY METHODS

Several other methods have been proposed to recover boric acid from boron containing
waste streams at NPPs. They are based on the crystallization of boric acid [22, 63, 64], on the
volatilization of boron as trimethyl borate [65] or as tributyl borate [66] or on the extraction
of boric acid [67].

7. SELECTED INDUSTRIAL PROCESSES

7.1. BELGIUM

In Belgium, Electrabel manages four PWRs: one unit at the Doel site and three units at
the Tihange site. The boric acid containing waste streams are treated and conditioned at these
sites, in centralized facilities. Quality control is by NIRAS/ONDRAF, which is further
responsible for interim storage and disposal.

There are essentially two types of boric acid containing liquid waste in Belgian NPPs:
primary effluents and non-recoverable effluents. The primary effluents are treated for boric
acid recovery as described in Section 7.1, i.e. purification by filtration, ion exchange and gas
stripping, and concentration to 4 wt% by evaporation. The tritiated evaporation condensate is
not recycled, but the boric acid concentrates are. For example, at the Doel NPP about
90 000 kg of boric acid were recycled in 1994. Primary effluents can also be evaporated and
conditioned as non-recoverable effluents if the quality is below specification and, in
particular, if the Si/B ratio is too high. The non-recoverable effluents are mainly from drains,
they are evaporated after alkalinization and the concentrates are conditioned in cement or
concrete. At the Belgian NPPs they constitute the most important process waste because of the
volume produced [68].

After cessation of sea dumping in 1983 there have been important organizational
measures by NIRAS/ONDRAF and by Electrabel to limit the waste volume and in particular
the production of boric acid containing evaporator concentrates. In this context,
NIRAS/ONDRAF decided to use a 400 L metal drum without shielding and to allow an
increase in the maximum allowable dose rate up to 50 mSv/h at one metre from the outer
surface of the metallic drum. The costs associated with conditioning, transport and interim
storage and the provisions for future near surface disposal of 1 m3 of concentrate, with about
50 kg of boron, have now increased to about US $30 000.

Because both the volume reduction and immobilization, by respectively evaporation and
cementation, are limited by the boric acid concentration, Tractebel and Electrabel carried out
a study to see if the use of 10B enriched boron could lead to a reduction of boric acid in the
waste. Although an optimal degree of enrichment could be derived for a new unit, the
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conversion appeared practically impossible for standard operating units which are associated
as far as liquid effluents treatment and recycling are concerned. Furthermore there is the
danger of introducing non-enriched boron, which is hard to control because of isotopic analysis
problems. Electrabel nevertheless succeeded in decreasing the total Belgian volume of
evaporator concentrates from 250 m3 with 12 500 kg B in 1986 to 41 m3 with 2040 kg B in
1994. Essentially this was based on two practical means: segregation of the liquid effluents and
a low volume production. In practice it involved a long term action programme with a lot of
organizational, functional and technical measures.

An even greater volume reduction of the radioactive waste can be achieved by separating
boric acid from the radioactivity before, during or after the evaporation. With the support of
the European Commission, Laborelec, SCK/CEN and AEA Technology Harwell have been
evaluating several processes for the elimination of boric acid. Electrodialysis and
electrochemical ion exchange, both in combination with ultrafiltration, and volatilization of
boric acid during evaporation have been tested at the Doel site [57, 62J.

7.2. CANADA

At Atomic Energy of Canada Ltd (AECL), cellulose acetate reverse osmosis membranes
have been used at low pH (pH<4) for the recovery of boric acid from liquid radioactive
wastes. In the process studied at AECL, 85% of the boric acid in the waste stream passed
through the membrane along with the permeated water, while 99.5% of the radioactive
contaminants were concentrated in the retentate. Test results indicated that boric acid rejection
by cellulose acetate membranes increased markedly with increasing pH of solution. Boron
rejection could vary from 0% at pH below 3.5, up to 85% at pH higher than 9.5. The
presence of boron-containing anionic species in solution at pH>7 is the reason for the
reduction in permeation rate and the decrease in boric acid recovery with increasing pH.

Tests were also carried out at AECL with thin-film composite FilmTec membranes. The
FilmTec membranes are a relatively tight membrane and rejected a much larger fraction of the
boric acid at any pH, in comparison with the cellulose acetate membranes.

The rejection of boric acid exceeded 99.9%. No permeation flux loss was observed
when concentrating a 7 g/L boric acid solution to 70 g/L. The high crossflow velocity
employed prevented crystallization from supersaturated solution. The concentration of boric
acid to 7% implies that an intermediate evaporation stage is not required prior to recycling of
the boric acid [23].

7.3. CHINA

In China, the reactor let-down is treated by filtration and demineralization. The treated
waste is then evaporated to 4 wt% boric acid, the concentrate being stored for recycle or
immobilization. The condensate is passed through an anion exchange bed to reduce the
residual boric acid concentration to less than 10 mg/L. The process flow diagram for boric
acid removal and recovery in a China NPP is shown in Fig. 17 [69]. The immobilization
processes used are cementation or bituminization. Vitrification technology is also being
developed.

A pilot plant to produce 10B is under construction in China. If the "'B is used in the
reactor instead of natural boron, the required amount of boric acid is only one-fifth. It
provides the following advantages:
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it avoids crystallization,
it reduces the heating extent,
it reduces the corrosion effects,
it reduces the tritium generation,
it reduces the volume of borate wastes.

7.4. FINLAND - Loviisa NPP

The Loviisa NPP in Finland consists of two units with WWER-440, Loviisa 1 and
Loviisa 2. Loviisa 1 has a number of separate systems for the treatment and storage of aqueous
radioactive wastes. One of these systems is intended for decontamination, concentration,
purification, storage and recovery of boric acid from coolant water discharged from the
primary circuit (reactor let-down).

The reactor let-down water from Loviisa 1 is fed at the rate of 1.8 kg/s into the boric
acid recovery system of Loviisa 1 (Fig. 18). A cation exchanger (2.5 m3) removes cations and
some of the corrosion products. An anion exchanger (2.5 m3) removes the remainder of the
corrosion products and some radioactive anions. A second anion exchange bed (7.5 m3) is
used for purification of the primary circuit water when the reactor is not operating. It is
capable of removing about 600 kg of borate ions.

From the large contaminated water tanks the water is pumped into an evaporator (ca.
1.9 kg/s) where the concentration of boric acid solution (up to 4%) takes place. The boric
acid concentrate is cooled prior to purification by cation and anion exchangers (each 1.2 m3).
The purified boric acid solution is stored in boric acid concentrate tanks for dosing into the
primary circuit when needed.
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FIG. 18. Boric acid recovery system at Loviisa and Paks NPPs.
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Dissolved gases (e.g. Kr and Xe) are separated from the evaporator distillate in a
condenser-degassifier and then passed onto the treatment plant for radioactive gases. The
condensate is cooled and purified by cation and anion exchangers (each 1.2 m3). Following
radioactivity measurements in the control tanks, the purified water (containing tritium) is
normally stored for use as plant make-up water.

Liquid wastes arise from decontamination of primary water cleaning systems,
laboratories in controlled areas and unorganized leakages which contain boric acid and caesium
are treated the following way [70]. Suspended solids are removed by settling in a tank and
the supernatant liquid is transferred to a natural circulation evaporator (with a small
recirculation pump) for dewatering. The distillate is transferred for decontamination by a
mechanical filter, cation exchange, and finally anion exchange. The clean water is reused or
released to the environment (see Fig. 18). Evaporator bottoms are sent to a tank in the liquid
waste storage facility.

The procedure for further processing of the concentrated waste is shown in Fig. 19. The
concentrated waste in the storage tank is adjusted with nitric acid from pH 13 to 9.8. At the
pH of 9.8 the boric acid is only slightly soluble as sodium tetraborate. A pressure filter is
used to separate the sodium tetraborate. About 90% of the sodium tetraborate is recovered
for reuse at the NPP; after dissolution it must be purified by ion exchange before it can be
reused. The filtrate from the pressure filter is sent to an ultrafiltration system (UF) for
particulate removal. Typically the decontamination factors for most radionuclides exceed 10.
Wash water is added to remove residual particulate tetraborate and this wash water is sent to
the evaporator.
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FIG. 19. Liquid waste treatment system at Loviisa and Paks NPPs.
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The caesium is removed with special inorganic ion exchangers (IVO-Cs Treatment
System, Fig. 19). Since 1991, more than 500 m3 of concentrates have been successfully
treated to give a volume reduction factor of over 10 000 and a decontamination factor (DF)
over 2000 [71]. Spent ion exchange columns are packed into shielded containers for storage
and final disposal (see Fig. 20).

FIG. 20. Removal of spent ion exchange column into shielded container for storage and final disposal
at the Loviisa NPP.

7.5. HUNGARY

The boric acid solution resulting from dilution of the primary coolant during reactor
operations is first treated using ion exchange filters and then evaporated to 40 kg/m3 boric acid
concentration. Evaporation is followed by cooling and refiltration. The purified boric acid
solution is stored in tanks.

A new boric acid recovery system will be installed and commissioned at the Paks NPP
during 1996-1997. Using a new Finnish pressure filtration unit, 70-90% of the boric acid
will be recovered from existing drain water evaporator residues with this pressure filtration
unit (Im3/h); a relatively dry (water content 30-35 wt%) and clean cake of alkaline borate is
recovered. The filtrate will contain 20 kg/m3 of boric acid and it is sent for further treatment
by ultrafiltration and the IVO-Cs Treatment System (see Fig. 19) [6].

The dry alkali borate cake (from the pressure filter) is stored prior to dissolution to
produce a solution containing 40 kg/m3 boric acid. The boric acid solution is purified using
existing cation and anion exchanger beds.

Operation of pressure filter

The filtration elements (or plates) of the pressure filter are placed horizontally between
two pressure plates. During filtration the plate pack is pressed together, and the pack is
opened for cake discharge.
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The filter cloth zig-zags between the filter plates, which results in the filter cake being
formed on either side of the cloth. The filter cloth is thus automatically backflushed and any
particles adhering to it (or lodged in the filter cloth from the previous filtration cycle) are
washed out when filtering on the reverse side of the cloth.

After each filtration cycle the cloth is driven forward to dislodge the cake pieces from
the filter. After the filter cake has been displaced, a new cycle begins. When there is no more
cloth on the upper drive roller, the whole cloth is rolled back onto it before the next cycle.
The cloth is washed when it is moving with the help of a pressure water spray. The cloth is
washed twice before it is used again. The washing principle is shown schematically in
Fig. 21. The wash waters are evaporated in an existing evaporator.
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FIG. 21. Washing principles in a new Finnish pressure filtering unit.
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The operation of the filter is controlled automatically by an operation unit containing
programmable logics and indicator lamps for all operations.

7.6. RUSSIAN FEDERATION AND UKRAINE

At Russian WWER NPPs, the following amounts of liquid radioactive waste containing
boric acid have accumulated: the Novovoronezh NPP - 7700 m3, the Kalinin NPP - 2600 m\
the Kola NPP - 6500 m3 and the Balakovo NPP - 2700 m3. These wastes contain 200-400
kg/m3 of salts, with boric acid concentrations of 100-200 kg/m\ and they are currently being
stored in tanks.

Precipitates in tanks create difficulties both in the case of emergency removal of the tank
content (in the case of leakage) and in the case of transferring of solutions for subsequent
treatment. It is anticipated that after treatment of solutions from these tanks, the precipitates
will be dissolved and treated as a liquid radioactive stream using existing facilities. A method
of dissolution of such precipitate was tested at the Zaporozhe NPP (Ukraine) using a vapour
injector embedded into the tank. The injector was developed by the Institute "Atomenergo
project" (Moscow). At the present time, experimental industrial tests of the technology of
recovery of sodium tetraborate are being carried out at the Zaporozhe NPP. A schematic
flowsheet for the processing of waste is shown in Fig. 22.

Waste containing boric acid (concentration of the order of 100 kg/in3) at a pH of about
14 is treated with nitric acid to reduce the pH to 9.8. At this pH the boric acid crystallizes as
sodium tetraborate, with a solubility of about 25 kg/m3 at 20°C. After crystallization, water
is added to the tank to dissolve the borax crystals (stream © Fig. 22). Washing of the crystals
is facilitated by a steam injection system. Dissolution takes place in about 5 hours. The final
borax concentration is about 60 kg/m3 in stream © from borax dissolution.

The 60 kg/m3 borax solution stream © from the crystallization is passed through a
hexacyanoferrate ion exchanger operation for caesium removal, and then sent to the U-tube
evaporator for concentration to a final borax concentration of 300 kg/m3. The total solids
concentration is also 300 kg/m3 (all boron containing solids). The evaporator distillate is
discharged.i £->-

After the evaporation stage there is a second hydrocyclone for the removal of borax from
the steam at 130"C. The bottoms are passed through a mechanical filter, only the borax is
removed by this filter. All of the other salts such as sulphate and nitrate, pass through the
filter, and are recycled to the front end of the plant. The filter is then washed with ordinary
water to dissolve the borax to a final concentration of 40 kg/m3.

The 40 kg/m3 borax solution is sent to an electrodialysis unit where the borax can be
separated into boric acid and sodium hydroxide. There is virtually 100% separation. Not all
of the borax is required to be recycled; some of it is stored for future use.

The spent liquor from the crystallization process is transferred to a separate tank and
treated with potassium permanganate (0.5 kg/m3), potassium hexacyanoferrate (0.5 kg/m3),
and nickel sulphate (0.5 kg/m3), when about 95% of the radioactivity is removed by the
process. After the precipitates have settled, the supernate is passed through a selective cation
exchanger for the removal of caesium and strontium and then sent to a U-tube evaporator for
concentration to a final solids concentration of 1500 kg/m3. The slurry of precipitates is sent
to a hydrocyclone for dewatering to about 15 wt% solids before immobilization with cement.
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Recycle streams to the front end of the plant include hydrocyclone clarified water and
boron free filtrate from the mechanical filter.

Experimental industrial tests of the technology of recovery of pure boric acid are being
carried out at the South Ukrainian NPP [61] It is necessary to remove radionuclides from
recovered boric acid or borates by using selective sorbents or precipitates to reduce the specific
activity from about 3.7 GBq/m3 to less than 370 kq/m3 [72],

Estimations of economical efficiency are being made for both technologies on the basis
of the information obtained from the pilot installations at the Zaporozhe and South Ukrainian
NPPs [61].

7.7. SLOVAKIA

In Slovakia the main sources of boric acid containing waste streams are the primary
coolant, fuel storage tank and the solutions held in the emergency tanks. These waste streams
are treated by conventional processes that were incorporated in the plant design.

An additional boric acid containing waste stream arises in waste traps. This waste,
which has a variable and complex chemical composition, is evaporated. The evaporator
concentrate is stored in 500 m3 tanks. The salt concentration in these solutions is about 200
kg/m3, of which 60-80 kg/m3 is boric acid. For treatment of this particular waste, the use of
the membrane processes as reverse osmosis and electrodialysis have been studied. These
processes were selected because they operate at ambient temperatures and only involve a single
phase.

After studies with model solutions real evaporator concentrate was treated to verify the
performance of the combined membrane processes. The recovery of boric acid was 70-75%
with high purity [72].

7.8. SWEDEN

The Ringhals NPP has three PWR units and one BWR unit. Each PWR unit consumes
about nine tons of boric acid annually which is used in a number of applications. The boron
start-up concentration is about 1000 mg/kg and gradually decreases to 0 mg/kg at shut down.
For boron concentrations greater than 200 mg/kg, boron can be recovered mainly by
evaporation but there is also the possibility to recover boric acid by BTRS (Boron Thermal
Regeneration System).

BTRS is a system using anion bead resins to capture and store boric acid. The bead
resins collect boric acid when the temperature is low (43"C) and release boron when the
temperature is high (60°C). At low temperature the bead is more effective and the speciation
is changing to the trimer B3O3(OH)4. Approximately 80 kg of boric acid can be stored on
these resins. BTRS is normally used for small changes in boric acid concentration and
temporary changes of the reactor power.

The Ringhals NPP does not currently use evaporators, so liquid waste streams are treated
using resins and particle filters. Only part of the boron is held in the bead resins while the
majority is released into the sea with the cooling water. Since the boron concentration in sea
water is quite high, about 5 mg/kg, the boron release from the Ringhals NPP has little effect
on the environment; as a result there are no boron discharge limits.
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The boric acid contained in spent bead resins is complicating the waste handling process.
Resins are solidified with cement and boric acid will works as a retarder and also weakens the
quality of the product. The maximum advisable boric acid concentration is 1.7%. Higher
loadings will retard the hardening time. Normally the hardening process will start 24-48 hours
after the mixing depending on the boric acid content.

To minimize the impact of boric acid on curing time and to obtain the maximum salt
loading, two different processes are employed. The first is to add lime to precipitate boric
acid as calcium metaborate. The second is to reduce the boric acid content by adding resins
free from boron. This is achieved by using spent resins from a BWR-unit. Since there is a
dose rate limit of 100 mSv/h on the surface of the waste container, the activity content of the
waste is controlled by mixing resins in various proportions.

7.9. UNITED KINGDOM

At present, in the United Kingdom, the processing of boric acid containing waste streams
is planned to follow established procedures involving demineralizers, filters and evaporators
as appropriate.

For several years the use of sorbent materials in combination with membrane filtration
has been studied to examine the possibility of this procedure replacing the conventional
treatment processes in future PWR plants. Development to pilot plant scale has been
successfully demonstrated. Any change in choice of technology will have to be justified on
economic as well as technical considerations.

7.10. USA

Most US NPPs were designed to recover and recycle a substantial part of the boric acid
by processing selected waste streams with filtration, ion exchange, and evaporation. They
would concentrate the boric acid to 12% or 4%. This is shown schematically in Fig. 23.
Reactor coolant that is discharged or let down from the primary system passes through ion
exchange filters and is collected in the liquid holdup tanks. The liquid from these tanks is
pumped through one of two demineralizers and then though a resin trap filter to the evaporator
package.

The evaporator package is shown in Fig. 12. It includes a steam heated gas stripper
column, a steam heated evaporator with an absorber tower or fractionating column, a
condenser, a distillate cooler, a vent condenser, and the associated pumps and controls. This
evaporator has been modified to allow discharge of concentrated boric acid which is controlled
by a density measuring instrument.

As shown in Fig. 23, the evaporator distillate is recycled to the primary water storage
tank through one of two demineralizers and a resin trap filter. The concentrated boric acid
solution is pumped through a filter to the concentrate holding tanks. The boric acid may be
recycled to the storage tanks or it may be discharged if it does not meet the relevant
guidelines.

This system was originally designed to concentrate boric acid to a concentration of 12%.
However, it was subsequently modified to operate at a concentration of 4% in order to
increase reliability.
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Over 65% of US NPPs do not recycle boric acid but discharge it in solution after
removing substantially all of the radioactivity. This is because of silica contamination, which
cannot be easily removed, and the fact that evaporators have had operating and maintenance
problems. Limits on boric acid discharges are becoming less restrictive and silica limits in
recycled boric acid are becoming more restrictive. Contractors provide RO systems to remove
this silica content from the boric acid containing liquor. Depending on the membrane
employed, this would allow the recycling of boric acid for several years. RO systems which
remove silica will remove 70 to 90% of the silica and 5-10% of the boric acid. Some
contractors claim they can purify boric acid solutions with up to 4% boric acid. Cost
estimates have ranged from US $0.25-0.50 million. At this price the economics favour clean-
up and discharge of the boric acid. However, new systems are now being proposed with costs
nearly an order of magnitude lower.

Only a few US NPPs have boric acid effluent discharge limits that preclude this practice.
Although this approach may add about 4000 m3 per year per reactor to the liquid radioactive
waste stream, the radioactivity discharged is well within the legal limits and such plants are
often among the best performers in terms of radioactivity discharged.

High decontamination factors can be achieved with ion exchange, especially with ion
selective zeolites. These zeolites have been utilized and used in thin layers in ion exchange
vessels with other media. Often, activated charcoal forms the top layer in these vessels to
remove particulates as well as organics that could foul the zeolites below. It has been found
that 0.1 fum filter cartridges will remove colloidal cobalt from these waste streams.

Many plants are packaging spent, dewatered radioactive resins and filter media in high
integrity containers without immobilization.
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8. THE INFLUENCE OF ECONOMIC FACTORS ON
PROCESS SELECTION

8.1. INTRODUCTION

In the modern world, economic factors play an increasingly dominant role in overall
decision making. Therefore the selection of the most appropriate process option to manage
boric acid containing waste is not only a technical issue: the economics of the process options
must also be considered.

This Section aims to identify the factors to be considered for determining the comparative
economic merits (an economic assessment) of the technical processes described in this report.
A rigorous economic assessment is not straightforward because it is not based simply upon
obvious factors such as the cost of materials or the cost of construction of process plant; rather
its aim is to consider and evaluate the commercial advantage of all relevant factors which
apply to possible options either for the recovery or for the disposal of boric acid in a particular
situation.

A number of factors of a wide ranging nature have been recognised which can impact
to a varying extent and manner in different situations and at different times and can
significantly affect the final decision on choice for implementation at a given time. In some
cases these factors may preclude or demand a particular option; however, in most cases the
situation will not be so obvious. The identification of these factors, many of which have cost
implications, is an essential prerequisite of the economic assessment.

A combination of these factors in a particular situation is likely to be unique and so the
economic assessment will derive different answers in different situations, e.g. the application
of the processes in different countries, or even within the same country at different locations
due to geographical variations. However, within the same country and even at the same
location, application of the assessment may vary with time due to developments elsewhere,
such as the availability or non-availability of a disposal route for packaged waste. It is,
therefore, not considered reasonable or practicable to recommend a single best practice from
amongst the process options and to attempt to do so is not the purpose of this section. It is
recommended that a structured, systematic and consistent approach is adopted in calculating
the cost of all the relevant factors and, as a result, a soundly based logical answer or answers
can be obtained for each individual set of circumstances.

8.2. THE ECONOMICS OF PROCESS SELECTION (ECONOMIC ASSESSMENT)

Selection will begin by the identification of key objectives and definition of those which
are mandatory and those which are desirable. These objectives will be dependent upon
particular circumstances.

The assessment may usefully be sub-divided into three manageable stages:

identify any mandatory limitations imposed and identify desirable objectives. Select
those processes that meet the required criteria;

of the process options selected as possible contenders, conduct a preliminary option study
to determine the costs and also effects and acceptability of each chosen option. Select
a preferred process and develop an outline scheme for its implementation;
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review specific plant options for the selected process and carry out a detailed economic
appraisal. If unforeseen problems are encountered which have a bearing on the selection
and question the choice that has been made, then it will be necessary to return to the
second stage and make an alternative selection.

The first stage is an initial draft assessment to consider whether there are particular needs
or constraints imposed upon the operator. This may identify whether there is a need for boric
acid recovery. Clarification of these constraining factors on choice is presented in the next
section.

The second stage is a detailed consideration of the possible process options to assess
either the merits of one particular technical process to be compared with existing practice, or
to compare a number of processes. At this stage it is necessary to understand and define
current practice. This is a base line that must be included in any analysis to assure that a basis
for comparison is provided. It is necessary to appreciate the costs associated with operating
the process and not just to focus on the capital cost of an improvement: also to determine and
document all the plant specific, process specific and externally imposed costs here.

There may be benefit in pursuing this second stage for all main process options in order
to build up an information database for the economics of all processes at a particular NPP
including those excluded by regulations. The information database will identify the cost to the
operator of complying with regulations. This exercise should be conducted by personnel with
the necessary experience and expertise required to make judgements.

Each process option consists of several individual steps. The costs associated with each
step may be estimated and added together to produce an overall process cost. Each process
will generate radioactive and chemical wastes, such as chemical solutions, ion exchange resin,
absorber media, filter media, filter cartridges, and membrane assemblies. The nature and
amount of waste generated as secondary waste for each step must be carefully considered
because each will require different treatment, processing and packaging for disposal or long
term storage. The economics of incineration may also need to be considered. This secondary
waste management can be considered as a discrete step and evaluated.

Although all of the costs listed in Section 8.4 will not apply to each step, all should be
considered. When evaluating a proposed change, the entire process should be re-evaluated
because a small change in one step can cause a significant change in other steps. A current
practice baseline should be defined so that all options can be compared on an equivalent basis.
If it can be shown that a particular cost is not significant in comparison to the others, it need
not be estimated with great accuracy.

At this stage it is also vital to understand fully:

the definition of plant parameters such as input flows, maximum and minimum and
average concentrations;
the level of development and technical confidence in a process or component;
reliability and ease of operation.

The third stage is required in those cases where a particular process has been selected
as the most appropriate but where there are competing choices in the detail of specific plant
options, for example with different manufacturers systems and plant. Specific guidance is
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considered inappropriate in a technical document of this nature. However, the same basic
principles as already identified for stage two may be applied.

8.3. FACTORS INFLUENCING PROCESS SELECTION

Economic assessment as part of process selection cannot be considered in isolation. Other
factors may limit the choice of process in particular circumstances regardless of the technical
and economic merits.

Principal amongst these limiting factors are:

Environmental regulatory considerations
Safety related regulatory controls
Disposal policy
Local public relations.

These factors are now discussed for their impact on the preliminary decision process.

8.3.1. Environmental regulatory considerations

Each Member State has its individual environmental policy requirements and these may
impose restrictions on the options that can be considered. For example, Fig. 2 shows the
simplest option; there is a decontamination stage for the removal of radioactivity to a
radiologically safe level followed by discharge of the dilute boric acid containing liquor. This
option may be acceptable for those countries which have their NPPs near the coast and can
discharge into the sea. In landlocked countries discharge may be into a river. In such
countries, regulators should be expected to demand that some further form of processing
should be carried out. This would be especially true in those countries where potable water
abstraction takes place downstream of the NPP.

It is evident that the influencing factors will impact upon an economic assessment of the
main process options in a manner which will vary, not only from country to country but at
different locations within the same country. Some examples are given for clarification.

In the United Kingdom, coastal sites for nuclear power stations are available and, in
general, have been preferred. At the Sizewell B PWR NPP discharge of the boric acid waste
is considered to be acceptable after it has been decontaminated to reduce radioactivity. The
same approach is also employed in Sweden at Ringhals, in the United States and in Belgium
at Doel. In all these cases, discharge is into the open sea. The practice can be justified on the
basis of the negligible quantity of boron discharged when compared with natural background
boron levels in the seas and oceans.

In those countries which do not benefit from a coastline or in a country where a site is
selected away from the coast, the situation is quite different. Environmental considerations can
impose an environmental constraint when the power plant is situated on a river. The problem
is greater when that river flows through other countries downstream. This situation prevails
in the landlocked countries of eastern Europe. For example, in Hungary and the Slovak
Republic the favoured approach now is to consider the processing of the boric acid waste since
the option directly to discharge is environmentally disallowed. The same situation exists in
large countries (USA, Russian Federation and China) which, whilst they have a coastline, also
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have a need to site NPPs on inland rivers. In Belgium, the Doel NPP is in a coastal situation,
but Tihange NPP is not and hence the choices available for consideration are different.

8.3.2. Safety related regulatory controls

In all countries operating NPPs, there are regulatory bodies, charged by their respective
national governments to ensure that operations at NPPs are conducted in a safe manner to
internationally recognized standards. Compliance with such regulation may impose restriction
upon choice of treatment option or lead to increased costs associated with such compliance;
this latter issue is referred to again in Section 8.4 below. In particular circumstances, the
regulatory authority may prohibit particular options as being incompatible with particular
circumstances.

Doses to the general public should be addressed during the environmental impact
assessment. The decision making process must also consider doses which will be incurred by
the plant workforce during normal operations. Generally speaking, the greater the degree of
processing and of its complexity, the greater the radiation dose that will be incurred by the
workforce, both those involved in operation and those involved in maintenance. Application
of the ALARA principle will probably result in specific measures being demanded to
ameliorate dose. The costs of implementing such protective measures must be added to the
overall cost of the process choice. It is also necessary to consider the consequences of doses
to operators and of off-site releases in fault conditions.

In all cases, costs associated with developing the safety case and addressing design
improvements required to make the safety case must be added to the cost of implementing the
selected option.

8.3.3. Disposal policy

There may be situations where the disposal of certain categories of waste to a repository
is not allowed by waste acceptance requirements for disposal.

However there may be circumstances where some waste would be accepted subject to
additional costs for special provisions being accepted by the waste producer. These costs
would have to be identified and included in the overall costs total.

Cursory examination might suggest that (where allowed by environmental considerations)
minimization of volumes of packaged waste would favour the discharge of boric acid with
only the radioactive components of the waste being packaged for disposal. However a situation
might arise where the cost of repository space is considered less important than problems that
might be encountered relating to the acceptability of organic waste within the repository. In
such circumstances, it may be less expensive to dispose of a greater volume of inorganic
cemented boric acid than make special provisions within the repository to accept the
undesirable waste form.

8.3.4. Local public relations

Often local commitments are made under a 'good neighbour' policy by a NPP in order
to win support from the local community and these commitments may include assurances that
certain activities will be excluded, e.g. discharge of boron to a river or lake even where this
can be shown to be safe. These commitments are not mandatory but represent the trust
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between the power plant operator and the local community. If the NPP operator were to break
faith with such assurances there may be costs which subsequently arise as the local community
becomes hostile. The potential for such costs should be included in the assessment.

8.4. COSTS OF TECHNICAL ASPECTS OF PROCESS OPTIONS

8.4.1. Costs of plant equipment and manpower

Civil construction costs. These costs should include the design, and construction of the
civil structure or civil modification to an existing structure that may be required to house
the new plant requirements for the selected process option. These costs include such
factors as supply of the building itself and its essential service supplies, power, water
drainage (active and non-active), heating, ventilation and change rooms for operators.
The costs of items such as the time taken to obtain permission to build, sitr clearance and
the costs of the additional inconvenience to others of the site works must also be
included. Where modification within an existing building is involved, most of these
factors must still be addressed.

New equipment. In addition to the cost of the equipment, the installation costs,
materials, labour, and engineering, must also be considered. This will include
modifications to the existing piping, mechanical, electrical, and instrumentation systems.
In some cases the equipment will be provided by a contractor on a lease basis (this
practice is more prevalent in the USA) in which case this variant on equipment
acquisition must be considered.

Operating and maintenance costs. In some cases, the increased cost of labour for
routine operation, infrequent operation repairs, and adjustments of the new equipment
may be significantly greater than those incurred with existing plant. It is necessary to
estimate the cost of parts and equipment that will have to be replaced over the operating
life of the equipment as well as the expected life of the equipment. The labour costs
associated with these replacements must also be included. Any contractor's charges
associated with the operation of leased equipment should also be considered. Energy
costs (including process steam, electric power, and pumping energy) must also be taken
into account.

8.4.2. Costs associated with doses to operators

In all activities relating to NPP operation there is a general requirement to keep doses
to operators 'as low as reasonably achievable' (ALARA). For all processes relating to the new
facility doses to the plant operators and plant maintenance workers must be assessed. If these
are acceptable when compared both with international limits, national limits and plant licence
restrictions, then the dose burden must be evaluated in monetary terms to ensure that it can
still be justified by the cost savings when compared with the ALARA principle. The cost of
ameliorating dose burden to operators should be added to the overall option costs.

8.4.3. Cost of consumable materials

Purchase of boric acid. The cost of the boric acid to replace that which has not been
recycled must be considered. In addition, there will be labour costs for handling the dry
chemical and preparing the required solutions. Whilst the cost of boric acid is normally

59



a relatively minor cost, the situation with regard to the economic appraisal will change
dramatically where the use of 10B enriched boric acid is proposed. This may be the case
when an enhanced fuel cycle strategy is considered or where a primary circuit chemistry
regime is desired which achieves lower overall boric acid levels and allows a higher pH
without increasing the lithium levels.

Other consumable materials. It is necessary to estimate the amount and cost of
consumable materials such as ion exchange resin, zeolite absorber materials, filter media
and process chemicals required for coagulation, pH adjustment, demineralizer
regeneration, etc.

8.4.4. Cost associated with recovered materials

Reuse of recovered boric acid. If the boric acid is to be re-used in the NPP it is necessary
to ensure that the selected process produces boric acid of the required chemical and
radiochemical purity. A significant problem which has been encountered concerns silica
and the cost of its removal must be considered where appropriate. Radiochemical purity
is largely concerned with the depletion of 10B which is discussed separately below but
consideration must also be given to other radionuclides recovered along with the boric
acid and the costs relating to ensuring the safety of the plant operators who are required
to handle the recovered acid.

10B depletion. Depletion of the 10B isotope of the boric acid takes place in the reactor
coolant. This depletion can be estimated by calculation. However, if a significant
fraction of the boric acid is recovered and reused such calculations will become rather
complex, and it is necessary to periodically measure the isotopic ratio in the boric acid
inventory. In some cases this can be done in an off-site laboratory; however, in some
cases it will be necessary to have this capability at the power plant. The cost of these
instruments and their operation and maintenance must be considered. This aspect is vital
since otherwise boron depletion may risk the safety case for the reactor. The high cost
of purchasing enriched 10B boric acid has to be taken into account, even where a standard
fuel cycle is maintained, when considering the economic benefits of boric acid recovery.

Disposal of the recovered boric acid. If a large inventory of stored boric acid containing
waste is to be treated, it is likely that more boric acid will be recovered than can be used
at the power plant in a reasonable period of time. The comparison of cost for storage,
disposal, or preparation of the boric acid for other purposes must be considered.

Value of recovered water. Recovery of boric acid gives water for re-use, but this water
will contain tritium generated in the reactor. Re-use will lead to a higher tritium level
in the reactor which may be considered undesirable due to the increased dose to plant
operators which is likely to result. In any event, this tritium will have to be removed by
reactor purging in the period leading up to the re-fuelling outage and so it may well be
that the recovery of water is less beneficial than might at first seem the case.

8.4.5. Costs of secondary waste management

Waste packaging. After wastes are treated and reduced to their final required form they
will need to be dewatered, solidified, immobilized, encapsulated, and finally placed in
a disposal container. All the cost considerations mentioned above may apply to this step.
In some cases the cost of the containers will not be trivial.
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Waste storage costs. In some cases it may be necessary to store or hold the waste prior
to final disposal. If storage facilities or tankage do not exist, their construction cost must
be considered. There will be operating and maintenance costs associated with these
facilities.

Waste disposal costs. Waste disposal costs will depend on the volume of the waste
package and variables which may include the waste form, the specific activity, the total
activity in the package the isotopic spectrum, the design of the package, the weight of
the package, and other regulatory and political impacts such as taxes and surcharges.
The volume of the waste package may be significantly greater than the waste. The
disposal method will also have a major impact on the cost. These costs will vary widely
from one country to another and must be evaluated on a case by case basis. The cost of
transporting the waste packages must also be included here.

8.5. EXAMPLES OF COST SAVINGS

8.5.1. Hungary

A 0.6 m3/h ultrafiltration plant is used to remove particulate material from various
arisings containing boric acid at 12-40 kg/m3 concentration. 1200 m3 have been processed so
far and this has reduced the volume of evaporator concentrate by 121 m3.

Cost savings are stated to be:

US $40 000 on boric acid replacement.
US $1 590 000 on waste cementation and final disposal.
Construction of a 25m3/ h plant is being considered.

The Finnish IVO system (Section 7.5 and Fig. 19) has been compared with the existing
concentrate cementation process. Operational costs for the conventional process are put at US
$8 million per 1000 m3 of cemented waste and arisings from existing waste would be 3400 m3

of the immobilised waste with packaging.

The IVO system requires a US $1 million investment and the operational cost is put at
US $0.4 million per 1000 m3. The final volume of waste arising is expected to be 1.3 m3 so
significant savings on final disposal costs can be expected.

8.5.2. Slovakia

The economic evaluation of boric acid removal from radioactive waste arising during
NPP operation is based on the following data:

annual amount of radioactive waste concentrate : 500 m3

average content of boric acid in radioactive waste concentrate: 75 kg/m3

boric acid removal efficiency: 80%
boric acid price: US $1000 per tonne
bituminization operation cost per 1 m3 of concentrate: US $250
disposal cost: US $2000 m3.
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Based on the above, the following savings are obtained each year:
boric acid replacement US $ 30 000
savings on treatment cost US $ 37 500
Savings on disposal cost US $150 000

Total US$217 500

The capital cost of the equipment for boric acid removal is US $400 000 and the plant
life is expected to be 25 years.

9. CONCLUDING REMARKS

This report presents information on the established and developing treatment and
immobilization processes for boric acid containing waste.

The need for boric acid reclamation and reuse varies between Member States. Discharge
of contaminated boric acid containing effluents to large water masses such as sea, will
probably be the most economic process, provided the radioactivity in the effluent is within
authorized limits. If the use of 10B enriched boric acid becomes standard practice the
economics will change, and initiatives to recover boron will be dictated by the cost of the
isotopically-enriched boric acid.

Where discharge of boric acid is restricted or not allowed, the removal of boric acid
from waste streams becomes a necessity. The fate of the recovered boric acid will depend on
local conditions. Recycle will require high purity material although radioactivity levels will
be of lesser importance. Disposal of some boric acid will always be required to allow make-
up with fresh acid to compensate for inB depletion.

There is a considerable development effort being expended in countries where boron
discharge is restricted. This development is directed towards both recovery of boric acid
suitable for recycle and to immobilization processes that provide low volume waste forms.

The interaction between the total cost of conditioning, immobilization and disposal with
the specific activity of the immobilized waste form has to be carefully considered in each case.
It does not follow that the smallest waste volume is always the cheapest option.
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