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SUMMARY
Relying on the national practices of France, Germany and Belgium, three

reference management routes for PWR wastes were drawn up and subsequently
evaluated in terms of costs and radiological impact. It was thus demonstrated that
safely regulations and technical redundancies, especially for off-gas treatment, liquid
waste processing and dry solid waste treatment, play an important part in the cost
associated with each route.

The analysis of the different treatment options for mixed solid low level waste
highlighted the low cost effectiveness of incineration as compared to compaction.
Whatever the scenario investigated, the disposal costs of PWR wastes proved to be
quite marginal in the overall cost The radiological impact associated with each route
was assessed through individual doses resulting from liquid and gaseous effluents.
This theoretical exercise included some sensitivity studies performed on a selection
of important parameters.

1. INTRODUCTION
During the past few years, management practices for low and intermediate level

radioactive reactor wastes have taken advantage of many improvements in processes,
organisation and safety. Within the framework of the 3rd EC programme on
radioactive waste management and disposal, a joint theoretical study was
implemented, whose main purpose was to assess a selection of overall management
routes resulting from these new developments.

Three distinct European alternatives for the management of Pressurized Water
Reactors waste constituted the basis for the study:

Route PWRl - French practice;
Route PWR2 - German practice;
Route PWR3 - Belgian practice.

Following a comprehensive description and analysis of each route, the calculation
of the relevant costs and radiological impact on the public was performed. This study
was concluded with sensitivity studies which examined the effect of varying the most
important parameters influencing waste characteristics and quantities as well as total
cost



This joint study was coordinated by the Commission of the European
Communities and was carried out by the following companies and organisations:
- SGN (F) and CEA (F) (route PWRl assessment);

GNS (D) and Framatome (F) (route PWR2 assessment);
Belgatom (B) and INITSC (E) (route PWR3 assessment);
TASK R&S (I) and KAH (D) (cost evaluation);
Belgatom (radiological impact calculations).

2. REFERENCE FRAMEWORK
The following basic assumptions were established:
a 20 GWe nuclear park consisting of Pressurized Water Reactors was selected
as reference scenario;
Common primary inventories of low and intermediate radioactive waste
generated during normal reactor operation formed the basis for the three
management routes;
The waste handling facility was envisaged to operate for 30 years;
Only treatment and conditioning (waste treatment and packaging) processes
which have reached at least the pilot plant stage (e.g. déminéralisation,
evaporation, centrifugation, Qocculation, filtration, embedding, drying, super-
compaction and incineration) were considered;
Either mobile or fixed conditioning units were used;
The packaged waste is placed in interim storage located on either the reactor
site or on a centralized site (1 year duration);
Near surface or deep disposal concepts were foreseen.

3. WASTE MANAGEMENT ROUTE ASSESSMENT

3.1. General principles
Normal reactor operation generates gaseous and liquid effluents as well as

primary solid wastes. These are generally managed as follows:
gaseous and liquid effluents are fed to treatment systems in which they are
purified, controlled before release into the environment or recycled; such
processes produce secondary solid wastes;
primary and secondary solid wastes are collected and sent to conditioning units
for subsequent packaging;
packaged wastes are conveyed from the interim storage site to the disposal site.

The analysis of a waste management route mainly consists of:
evaluating primary waste inventories, Le. streams, volumes, activities,
radionuclide compositions;
describing treatment systems and conditioning units;
defining the output characteristics: quantity, activity and radionuclide
composition of effluents released, activity and volume of packaged wastes;
establishing the costs of equipment, process materials and labour related to the
treatment and conditioning units.
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In addition, it must be pointed out that, although the effluent treatment options
of the three management routes are very similar, significant differences occur in the
associated releases due to the implementation of a different degree of technical
redundancy and decontamination performance.

3.2. Gaseous effluent treatment
Two types of gaseous effluent are considered:
aerated effluents from the effluent treatment building which are directly sent to
the ventilation treatment system;
hydrogenated effluents from tanks and degassers which are purified in a gaseous
treatment system.

Ventilation
The ventilation system ensures the control of activity releases in the event of a

radioactive leak in the building. This control is performed by absolute filters for
aerosols and charcoal filters, impregnated with silver sorbent for iodine (only in the
case of route PWR2). Treated effluents are then monitored before release through
the stack.

3.2.2. Gaseous treatment
The gaseous treatment system aims at the decay of short-lived radionuclides

(Xe, Kr, I, etc.) mainly present in the hydrogenated effluents and allows the removal
of the hydrogen from the gaseous waste treatment circuits. This hydrogen control is
only ensured in routes PWR2 and PWR3.

The decay of the short-lived radionuclides takes place in decay tanks (routes
PWRl and PWR3) or on active charcoal delay beds (route PWR2). In the first case,
the gaseous effluent is compressed and stored in gas decay tanks. After the decay
period, it is vented to the stack. In the second case, the gaseous effluent is dried (the
moisture content of the active charcoal affects the noble gas adsorption) using a
cooler-condenser together with a dessicant dryer. It is then passed through an active
charcoal bed, where the noble gas molecules are selectively delayed.

3.3. Liquid effluent treatment
The liquid effluents fall in two separate categories:
hydrogenated, recoverable effluent from the primary coolant system. Normal and

accidental leaks of primary water are collected with discharge of the excess water
produced during temperature rise and boron content modification of the primary
coolant system. These effluents are sent to the boron recycling system.

aerated non-recoverable effluents comprising secondary and floor drains,
chemical and laundry effluents. These effluents are sent to the liquid waste treatment
system.

The purification processes used for both types of liquid effluent generate
secondary solid wastes.
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3.3.1. Boron recycling
For the treatment of recoverable effluents, the following sequence of processes

is implemented:
filtration (solids); ;
demineralization of dissolved ions;
gas stripping for H2 and fission products;
separation by evaporation of water/boric acid solutions for future re-use.
A small part of the effluent stream is sent to the liquid discharge system so as

to decrease the primary tritium content :

3.3.2. Liquid waste treatment
Non-recoverable effluents are treated to reduce their activity before discharge.

They are stored according to their origin or characteristics; their purification is
carried out by means of a relevant process, such as evaporation, filtration,
centrifugation, demineralization or flocculation.

i
3.3.3. Liouid discharge

This system provides storage capacity and monitors the activity of the purified ;
liquid effluent before discharge into the environment. Discharges are performed
through a dilution device, when external conditions are favourable. j

3.4. Solid waste treatment j
Two groups of solid wastes can be distinguished: j
wet wastes from the water purification processes. This type of waste mainly j
consists of concentrates, sludges, ion exchange resins and filters; j
dry wastes generated during routine operation of the reactor. !
Tools, papers, vinyl bags and contaminated clothes are collected and sorted :

(combustible, non-combustible, compactable, non-compactable). As opposed to wet
wastes, dry solid wastes are characterized by a low activity level. :

Wet and dry solid wastes are treated and packaged into fixed or mobile /
conditioning units. Packages are stored in an appropriate interim storage building and
then transported to the final disposal site.

3.4.1. Wet solid wastes
Apart from the conditioning operations, each route comprises storage capacity

for wet wastes.

Route PWRl
Spent ion exchange resins are embedded together with a polystyrene matrix in

concrete casks. This operation is performed in the mobile facility, which can handle
the war*- output from the 20 GWe nuclear park.

C mtrates, sludges and filters are cemented in concrete casks utilising fixed
conditioning facilities.



Route PWR2
Direct disposal of wet wastes in casks is practised in this route. The objective is

to completely dry the wastes to obtain the formation of a solid block inside special
cast iron packages called MOSAIK. Five mobile facilities are required per 20 GWe
(2 FAFNIR units for resins and filters, 3 FAVORTT units for concentrates and
sludges).

Route PWR3
Wet wastes are conditioned in fixed cementation facilities.

3.4.2. Dry solid wastes ("mixed solid wastes')
Route PWRl

Mixed wastes are first sorted in compactable and non-compactable batches. The
compactable wastes are precompacted (volume reduction factor = 3) and put into
metallic drums. These are further supercompacted (VR=3) at disposal site. The non-
compactable wastes are directly placed in metallic drums.

Route PWR2
Mixed wastes are first sorted in compactable and non-compactable batches. The

compactable wastes are then precompacted in a fixed facility (VR=3) and then
supercompacted (VR=3) by means of the FAKIR mobile unit. Two such conditioning
units are required per 20 GWe. Non-compactable combustible wastes are incinerated
in a fixed centralized facility.

Both processed and unprocessed wastes are first put into metallic drums and
then into parallelepiped» containers. Shielding depends on the activity level.

Route FWR3
Mixed wastes are conveyed to a central conditioning site, where they are sorted

into combustible and non-combustible types. Combustible wastes are incinerated and
the resulting ashes are immobilised into cement and put into metallic drums. The
remaining compactable wastes are first precompacted (mean volume reduction factor
, 3 and then supercompacted (VR=3). The processed wastes are covered with
concrete in metallic drums (400 1).

3.4.3. Packages
Route PWRl

Packages are assumed to be conveyed by truck to the final disposal she. The
French Centre de l'Aube concept was considered for near surface disposal.

Route PWR2
Packages are transported by train to the disposal site. (Konrad iron mine).

Route PWR3
Transport by truck to a disposal site based on the Spanish near surface disposal

site concept was chosen.



3000 .

2500 .

V

O 2000 ^

L
U 1500.]

M
E 1000

500

PWRl

Non conditioned wastes

Padiagts

PWR2 PWR3

Q j High active resins

(pi Low active resins

H l Filters

I Concentrates - Sludges

Fig. 1. Annual wet solid wastes generation
from a 20 GWe nuclear park

V

O

L

U

M

E

m 3/year

10 000.

9 000-

8 0 0 0 .

7000-

6 000-

S 000

4 0 0 0 .

3000 .

2 000-

1 000.

0

® (A)

S J 5 (A) Non conditioned wastes P5S

I Packages

PWRl PWR2 PWR3

Route N*

Combustible Compactable

Non combustible Compactable

Combustible Non compactable

Non combustible Non compactable

Fig. 2. Annual dry solid wastes generation
from a 20 GWe nuclear park



4. SOURCE AND DISCHARGE RADWASTE INVENTORIES
The same primary inventories were taken into account for each route in the case

of 900 MWe reactor for routes PWRl and PWR3 and a 1300 MWe reactor for route
PWR2.

4.1. Gaseous and liquid waste inventories
As a basic assumption, common primary inventories of low and intermediate

radioactive wastes (liquid and gaseous effluents) from normal reactor operation were
selected. Typical gaseous and liquid radwaste inventories for routes PWRl, PWR2
and PWR3 are quoted in Table 1. This also illustrates the equipment capacities
involved in the liquid and gaseous waste treatments of a standard PWR. Finally, it
should be noted that these data were used to evaluate the radiological impact on the
population.

4.2. Solid waste inventories
The management strategies applied to solid wastes vary strongly from one country

to another.
Figures 1 and 2 show the annual volumes of solid waste generated in each
management route, before and after conditioning.
As far as the wet solid wastes are concerned, the observed differences can be
explained as follows:

Route PWRl generates a smaller volume of waste than the other routes mainly
because of the use of the demineralization technique;
drying methods (route PWR2) are more efficient than embedding methods
(routes PWRl and PWR3), when volume reduction is sought;
the use of concrete containers (route PWRl) instead of metallic drums (route
PWR3) results in doubling the volume.
In contrast to the wet solid wastes, the volume of packaged dry solid wastes is

lower than the volume of generated wastes for the following reasons:
the maximum volume reduction factor (5x) is obtained in route PWRl.
compaction and incineration applied in routes PWR2 and PWR3 decrease the
volume by 9 and 40 respectively. However, using additional storage containers
(route PWR2) and concreting the resulting ashes (incineration) partially cancel
the high volume reduction factors.

5. COST ASSESSMENT PROCEDURE AND ECONOMIC ASSUMPTIONS
In order to carry out the cost assessment of the three management options, a

number of cost elements were defined (Figure 3). These are utilised to determine the
overall plan cost The 1988 capital cost is derived from the delivered material cost of
the Major Equipment or "Base Value"; all other capita] cost elements, except Civil
Works, are expressed as a fraction of this Base Value. The cost of the Civil work is
evaluated as a function of the volume of the buildings in which the waste effluents
are treated and stored after conditioning.

The annual consumption of Process Materials, Utilities and Maintenance
Materials and the costs associated with the Direct Labour and Overheads are taken
into account to obtain the annual cost of the different elements of the operating in
1988.



Origin

- Off-gas treatment

- Ventilation

- Boron recycling system
• Primary liquid

* Liquid waste treatment
* Chemicals
* Drains
* Building waste
* Laundry waste
* Decontamination

Primary inventory
Flow rate Main characteristic

10,000 Nm3/a

150.000 Nm3/h

10,000 m3/a

11,010 m3/a
UOO m3/a
UOO m3/a
3,000 m3/a
4,000 m3/a.

10m3/a

12xlO5Ci/a

657 CUa

0.1Ci/m3

29.676 Ci/a
10-3 Ci/m3
10-2 Ci/m3
10-3 Ci/m3
104Ci/m3
10-2Ci/m3

Discharge inventory
How rate Main characteristic

10,000 Nm3/a

150.000 Nm3/h

1,000 m3/a

11,010 m3/a

72 Ci/a

656 Ci/a

2 x 10-6 Ci/m3
(released through
liquid waste
treatment)

Release criteria:
H3 excluded:
3.32 Ci/a (Route 1)
0.91 Ci/a (Route 2)
1.74-Ci/a (Route 3)

Table 1: Typical gaseous and liquid waste inventories for Routes Nos 1, 2 and 3 ( 1 unit)

, I CAPITAL I
I COST I

PLANT
COST

Direct
Cost

Indirect
Cost

I OPERATING I
COST

Site Improvement

Civil Works

Major Equipment

Bulk Materials

Quality Assurance |

Indirect Construction |

Laboratory I

Safety i. Health Physics j

Direct Labour I

Architectural &
Engineering Services

Process Materials

Utilities

H Maintenance Materials

Direct Labour

—!Overheads

Fig . 3. Eléments considered For the evaluation of the plant cost



Both the capita] and annual operating costs were actualised to the start-up date
of the plant using the 'Present Worth" method.

To evaluate the capital and annual operating costs related to the transport of the
conditioned LWR waste, the type and number of transport casks and the transport
distance were determined for each route as described before. On the basis of these
data, the transport costs by road or rail were elaborated for 1988. Subsequently they
were actualised employing the cost assessment procedure.

6. TOTAL MANAGEMENT COST FOR 30 YEARS OPERATION
The total cost for 30 years operation was evaluated for the three routes (Figure

4) and expressed in actualised MECU92 (million ECU92).
In the actualised operating and capital costs for the treatment/conditioning unit

operations directly related to the power stations are represented separately, whereas
those for transport and disposal have been grouped.

The total management costs thus obtained indicate that:
1. Appreciable differences exist between the costs of the various management

routes (the difference between the maximum (route PWR2) and the minimum
(route PWRl) is 70%. These are mainly due to the treatment and conditioning
operations.

2. The cost of disposal constitutes a relatively minor part (about 10%) of the
overall management cost of the three routes.

3. The transport costs remain below 3%.
4. As regards processing and conditioning operations, the investment cost/operating

cost ratio varies between 1.15 and 1.48.
The variation in the disposal cost associated with each management route
can be explained in terms of:
the type of disposal envisaged: deep repository (Konrad mine) for route PWR2
and near surface sites for routes PWRl and PWR3.
the volume of conditioned waste to be disposed of.
differences in the economic evaluation of the reference technique chosen for the
calculations (Aube centre for route PWRl/Spanish model for route PWR3). For
this last model, site works (below ground vaults) are a major contributor to the
higher costs associated to PWR 3 disposal option, representing 50% of the
capital cost and 17% of the total cost.
Figure 5 illustrates in more detail the costs associated with the

processing/conditioning of waste handled by the three management routes (transport
and disposal excluded). The total cost (i.e. investment and operation costs) is given
for each processing system. Appreciable differences are observed in the following
systems: boron recycling, liquid waste treatment, gaseous treatment and dry solid
waste (mixed solid wastes) treatment

Generally speaking, these cost divergences result from the applied design criteria
used for the reference reactors of the three management routes:
1. Thus, for routes PWRl and PWR3, the waste processing facilities are common

to two 900 MWe units (except for the gas treatment system in route PWR3). On
the other hand, in route PWR2 each 1300 MWe power reactor has its own
processing/conditioning facility.

2. The level of equipment redundancy in the processing/conditioning facilities varies
from route to route.
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3. The functions performed by the processing systems are not the same for the
three routes. In certain cases, the design of the systems covers possible accident
conditions.
To illustrate the design criteria which lead to the cost differences, two processing

systems will be described in more details.

6.1. Off-gas treatment
The technical comparison of the off-gas systems for the three routes can be

summarized as follows (table 2):
The gaseous effluent treatment system is designed to handle gaseous effluents
from two 0.9 GWe units in route PWRl, from one 1.3 GWe unit in route PWR2
and from one 0.9 GWe unit in route PWR3.
The processing capacities of the delay line facilities for noble gases with short
half lives of route PWR 3 are twice those of route PWRl, whereas those of
route PWR2 are about 10 times higher as compared to route PWRl.
The gaseous waste systems of routes PWR2 and PWR3 pennit the removal of
hydrogen from the circuits during normal operation via a recombiner.
The hydrogen recombiner system of management route PWR2 is designed to
treat the hydrogen released in the reactor confinement under abnormal
conditions (loss of coolant accident, etc.).

ROUTE N°

DESIGNED FOR
(GWe)

FLOW-RATE
mVa

H2 CONTROL
(NORMAL)

H2 CONTROL
(ABNORMAL)

1

2x0.9

10,000

NO

NO

2

1x1.3

90,000

YES

YES

3

1x0.9

10,000

YES

NO

Table 2: Technical comparison between the off-gas
systems designed for the three routes

6.2. Conditioning of dry solid waste
The dry solid wastes are handled in a different manner in the three routes (table

3).
route PWRl: the dry solid wasvc is compacted.
route PWR2: the dry solid wastes are processed using compaction and
incineration, the emphasis being placed on the former. The processed wastes are
packaged.
route PWR3: the dry solid wastes are also compacted and incinerated with the
emphasis on the latter. Moreover, the ashes from incineration and the
compacted waste are encapsulated in cement



ROUTE N°

COMPACTION

INCINERATION

EMBEDDING

OVERPACKING

1

YES

NO

NO

NO

2

YES

YES

NO

YES

3

YES

"VES

YES

NO

Table 3: Technical comparison between the treatment options
considered in the three routes for dry solid wastes

Concerning the cost differences observed among the three management routes,
it must be noted that incineration leads to the high costs of dry waste processing in
routes PWR2 and PWR3.

7. RADIOLOGICAL IMPACT
The radiological impact on the population due to the release of liquid and

gaseous effluents to the environment was evaluated for the three management routes.
This was performed by applying the methodology used by BELGATOM for the
TIHANGE inland site. It gives an estimate of the annual doses to members of a
critical group living close to the site. The decontamination factors for equipment
specific to each management route were applied to the primary waste generated on
a site consisting of 4 x 900 MWe PWR's.

Based on a series of hypotheses concerning the amounts of liquid and gaseous
effluents produced (table 1), which are valid for the three management routes, the
individual doses to members of the critical group were calculated for the three routes.
The results are presented in Figures 6 and 7 for the whole body and the thyroid,
respectively.

Concerning the whole body doses, route PWR 1 results in a maximum of 48
uSv/y, the minnrmm value being 9 uSv/y (route PWR 2). This variation can be
explained in terms of the amount of liquid effluents discharged. For management
route PWRl, the relative high doses are caused by presence of larger amounts of Cs-
134 and Cs-137 in the liquid effluents, since the floor drainage is not processed.

The gaseous discharges (iodine) have the greatest effect on the dose received by
the thyroid. Route PWRl leads to a maximum dose of 61 nSv/y, being 8 times higher
than that of route PWR2. This difference stems from variable efficiency levels of the
gaseous effluent treatment facilities designed for the management routes.

The relatively large variations in the dose rates must, however, be considered in
the context of the regulations governing the release of effluents in each country. The
releases of gaseous and liquid effluents are always well below those fixed by national
regulations.



8. SENSITIVITY STUDIES
Sensitivity studies were performed on the main parameters affecting both waste

volumes and costs. However, only the results related to the variation of the interim
storage period are reported in this paper.

The study assumed a one-year interim storage period to evaluate the costs for
the three management routes. However, interim storage periods longer than one year
have been considered by various countries. It is, therefore, of interest to examine the
effect of the duration of the interim storage period on the total cost of the interim
storage and disposal system. In this parametric study, the reference system consisted
of a centralized interim storage followed by surface disposal. The results of the
evaluation are shown in Figure 8. The total cost of interim storage and disposal
passes through a minimum for an interim storage of 18 years. This optimum value
is affected by financial factors, such as interest rate and inflation. This is illustrated
in figure 9, where the total cost of interim storage and disposal is given in function
of the interim storage capacity in years for various N<*t Discount Rates. It is clear that
the optimum interim storage period strongly depends on prevailing financial
conditions. This period decreases with increasing Net Discount Rate.

9. CONCLUSIONS
This theoretical study on the management of wastes arising from a 20 GWe

PWR park operated for 30 years has demonstrated the following:

Technical level
The three routes studied essentially diverge in the management of their solid

waste:
* the amounts produced after conditioning can vary by a factor of 2;
* concerning the waste conditioning, routes PWR2 and PWR3 favour volume

reduction (use of drying instead of encapsulation of wet wastes and use of
incineration of dry wastes). In the case of incineration, the effectiveness of the
volume reduction was shown to be greatly diminished through final conditioning
of the ash produced, as required by the Safety Authorities (Route PWR3).

Economical level
1. The cost of the various waste processing/conditioning steps carried out on the

reactor sites is a function of the design criteria of the facilities, which are mainly
affected by the requirements of the national Safety Authorities.

2. With regard to the conditioning techniques for dry solid wastes, incineration
appears to be the most expensive.

3. The cost of disposal of conditioned waste is relatively low compared to the
overall costs. Deep underground disposal costs have a greater impact than those
associated with near surface disposal

4. Finally, strictly speaking in economic terms, it may be of interest to increase the
interim storage period for a few years in the case of near surface disposal. The
optimum period is greatly influenced by the financial factors (interest rate,
inflation) used in the economic evaluations.



Radiological level
During normal operation, the radiological impact due to discharge of liquid and

gaseous effluents shows considerable variations among the management routes, which
are related to the decontamination factors of the facilities. Route PWR 2 (German
practice) which appears to be the most expensive one also proved to be the least
detrimental in terms of discharges.
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