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INTRODUCTION

The calculation of the collective dose and averted collective dose after applying
countermeasures in an industrial environment has been divided in two parts. In the first part
(Kis et al. 2002) separate Monte Carlo simulations of photon transport resulted in the air
kermas per photon per unit area due to the industrial surfaces contaminated by 137Cs at
specific points using the so-called local approach. In the local approach the air kerma rates
due to specific intervention elements at the evaluation locations in the whole environment are
determined (Gutierrez et al. 2000). In this way the collective and averted collective dose due
to the radiation from a particular intervention element (e.g. the roof of a building) can be
obtained. It can, therefore, provide a ranking of the specific intervention elements based on
their contribution to collective dose as well. 

The deposition pattern and the long-term behaviour of deposited radionuclides vary
widely in natural circumstances; therefore the number of the photons emitted from the various
surfaces per unit area and time can differ significantly. This means the results of the Monte
Carlo simulations have to be weighted according to the number of emitted photons so that the
actual radiation field can be set up. For this purpose, a dose calculation code has been
developed by us in the framework of the TEMAS project (Gutierrez et al. 2000) which allows
to calculate collective doses for different environments. This code has been applied in the
present work.

There is a wide variety of methods, which can be applied to the cleanup of radioactive
contaminated surfaces. This is especially true for urban-industrial areas, where a broad range
of surfaces may have to be cleaned up (Lehto et al. 1994; Hubert et al. 1996; NEA 1999). An
industrial environment is similar to some degree, but differs from an urban one as for the
types and structures of the buildings and their dimensions. Hence, for some surfaces (e.g.
concrete, soil) urban analogue countermeasures can be applied and for other surfaces (e.g.
metal, plastic, and machineries decontamination) special industrial methods can be used. The
usual and the special urban and industrial decontamination techniques are summarized in the
STRATEGY project (2002). 

This variety of clean-up methods are not exempt from other consequences. Consequences
can be tangible (e.g. damage on surfaces due to aggressive cleaning up) or intangible related
with the disruption of normal life, like the dislikeness over the new appearance of the
industrial landscape, etc. These consequences impact on the welfare of population and should
enter the decision process on the choice of the remediation techniques. Here it is shown how
to account for those aspects. 



In this paper a newly designed industrial scenario (a common supermarket) and the results
of the photon transport are used to assess the external dose from 137Cs contamination and its
reduction due to various countermeasures applied. The first part of this paper will give a short
overview about the time dependence of the source strengths relative to a reference surface.
Moreover, a short summary about the intervention techniques and an exemplary calculation of
the averted collective dose using some of these techniques are given.

METHODS

Reference source strength

Let us define the reference surface geometry as an infinite smooth air-ground interface (an
idealized lawn) with the radionuclides deposited only on the top of the ground, i.e. there is no
roughness of the surface and there is no initial penetration of the deposit into the deeper
layers. The activity per unit area Aref(t) (Bq m-2) of the reference area at time t after the
deposition can be described according to the decay law:
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where Aref(0) is the deposited activity at t=0 and �r is the decay constant of the radionuclide
considered.

The source strength per unit area Sref(t) (� m-2 s-1) of the photons emitted with a given
energy by a radionuclide can then be defined according to:
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where y (��s-1 Bq-1) is the yield of photons with this energy per decay. 

Effective source strengths and relative effective source strengths
The different surfaces in industrial environment have different initial retentions of the
deposited material compared to the reference surface and have different parameters for the
function describing the long-term behaviour of this material, i.e. the reduction due to the
natural decontamination effects and human activities (Meckbach and Jacob 1988). 

It means that for describing the reduction of the air kerma rate above the surfaces a
correspondingly reduced and so called effective source strength Ssur(t) can be used: 
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For each industrial surface, a relative effective source strength ssur(t) (relative to the
reference source strength) can be defined as
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where ssur(0) refers to the reduction of the source strength due to the initial retention, initial
penetration and roughness of the surface compared to the idealized reference surface, and
wsur(t) refers to the weathering and/or the long-term migration of the deposit. 

Summarizing the results of the measurements (Jacob et al. 1987, 1990, 1994; Roed 1987b;
Roed and Jacob 1990) the weathering processes and the effect of migration generally follow a
two-class exponential behaviour with time. In this function there is a “mobile fraction” a with
higher decrease rate b due to the loose binding to the surface or due to the higher migration
rate (in the case of permeable surfaces) and there is a “fixed fraction” (1-a) with a lower
decrease rate c due to the tight binding to the surface or due to the lower migration rate:
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where wsur(t) is the activity fraction retained after weathering for time t, and a, b and c are
parameters for each surface (see Table 1). 

The parameter values for the analytical approximation of the relative effective source
strengths have been estimated from ranges being depended on materials, geometrical
arrangements and weathering conditions based on Andersson et al. (2002), Andersson et al.
(1995a,b), Roed and Jacob (1990) and Roed (1987a,b). The figures shown in Table 1 are
characteristic for the Western European conditions.

Table 1. Parameters used in the analytical approximation of the relative effective source strengths 

(initial retention and subsequent weathering and migration from industrial surfaces)

ssur(0) ssur(0) a T1=(ln 2) b-1 T2=(ln 2) c-1
Surface

dry wet mobile fraction (year) (year)
Windows, doors (metal) 0.01 0.01 0.9 0.1 2
Vertical walls 0.1 0.015 0.2 0.2 20
Roofs (metal)a 0.5 0.2 0.5 1 25
Filterb 10 0.5 0.5 ∞ ∞
Paved areas 0.4 0.55 0.7 0.3 3
Lawnc 1.25 0.97 0.46 1.5 50

a Roof: Values are estimated based on the measurements of roofs carried out by Roed (1987a,b), Roed and
Jacob (1990) and Andersson et al. (2002)

b Filter: There are no reliable data from measurements therefore the parameter values should be considered as
exemplary ones. The base of the estimation was that the filters can gather a big amount of
contamination in the early phase after the accident therefore the ssur(0) values were chosen to be one or
two order of magnitude higher compared to the others. It was supposed that the filter system can
irreversible adsorb the contamination therefore the half-lives of “migration” used are infinite. 

c Lawn: ssur(0) relative to the idealized reference lawn. If the Monte Carlo simulations with real lawns as sources
were carried out with the activity distributed only on the top of the ground then ssur(0) would be about
0.9 for dry deposition and about 0.7 for wet deposition. These estimated values are based on
measurements. Because the Monte Carlo simulations with real lawns as sources were carried out with
the activity distributed in a 1 cm thick slab of the soil in Part I of this paper a multiplication factor of
1.389 needs to balance the decreased air kerma per photon per unit area.



Air kerma rates due to the idealized reference surface

The air kerma rate 1 m above the idealized reference surface 
�

refK due to the radionuclide
deposited on the top of the surface can be calculated multiplying the source strength of the
reference surface Sref by the air kerma per photon per unit reference area Kref (pGy per � m-2)
according to:
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Air kerma rates due to contaminated industrial surfaces

In order to calculate the air kerma rate locsurK ,
�

 at a given location loc due to the 137Cs
contamination of a specific surface sur in the central component the source strength of the
surface Ssur has to be multiplied by the air kerma per photon per unit deposition area Ksur,loc:
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where ksur,loc is the relative air kerma per photon per unit area at an evaluation location due to
an intervention element. The ksur,loc values are presented in Part I of this paper (Kis et al.
2002).

Evaluation of doses

The collective dose rate to a population group p at a certain the evaluation location in the
whole environment due to an intervention element (located in the central component) is given
by:
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  (person pSv per day)
where

Cp : conversion coefficient from air kerma rate to effective dose rate for
population group p (Sv Gy-1)

Ocp,loc : occupancy at a certain evaluation location loc by all members of the
population group p (considered as time independent) (person h per day)

The kerma rates are integrated over time in order to get the total kerma that can then be
converted to effective dose. The dose conversion factors (Sv Gy-1) used (outdoor and indoor)
were chosen according to Golikov et al (1999): from 0 to 7 years old (0.9), from 7 to 17 years
old (0.8) and above 17 years as adults (0.75).

A summation over all types of evaluation locations in the whole environment will provide
the collective dose due to the given intervention element. For a given population group p a



summation over the intervention elements in the central component yields the collective dose
due to the contamination of the whole area of this component. 

Effect of interventions

The radiological efficiency of the countermeasures is expressed by means of decontamination
(DF) or dose reduction (DRF) factors. The DF is defined as the concentration of the original
contamination on a surface relative to what is left after a decontamination procedure has been
carried out. The DRF means the surface dose reduction factor, which is the ratio of the dose
rate in air 1 m above a sufficiently large area of the surface before the intervention to that
after the intervention. 

The averted collective doses are calculated based on the collective doses using the
decontamination or surface dose reduction factors respecting the radiological efficiency of the
selected countermeasures.

Various physical and chemical mechanisms are involved to achieve higher DF and DRF
values in an industrial environment. The physical decontamination methods may be classified
as either surface removal (e.g. sand blasting, grinding) or surface cleaning (e.g. high pressure
water hosing) processes. In many cases like concrete walls and paved areas the usual urban
techniques can be applied (Lehto et al. 1994; Hubert et al. 1996; Andersson and Roed 1999).
However, in other cases like metal roofs and huge glass surfaces special industrial methods
can be carried out (IAEA 1989; NEA 1999). These may be used either as an alternative to or
simultaneously or in sequence with chemical decontamination of any surfaces. As for park
areas high dose reduction factors can be achieved by the means of triple digging and deep
ploughing.

The chemical cleaning involves industrial washing with chemical solutions. Generally,
these reagents contain various combination of detergents and complexing agents (IAEA 1989;
NEA 1999; BFU 2000). The processes can be carried out basically by two different (soft and
hard) techniques. Soft (mild) chemicals include non-corrosive reagents such as detergents,
complexing agents, diluted acids or alkalis. These can be used when the object has to be
treated without attacking the base material. Hard (aggressive) chemicals include concentrated
strong acids or alkalis and other corrosive reagents. 

There are a number of factors which have influence on the efficiency of interventions in
terms of reduction of contamination or surface dose rate. In particular, the reduction depends
on the deposition conditions, surface material and its condition and the time elapsed since
deposition. Table 2 contains several important decontamination techniques with their
corresponding parameters which are applied in this study. 

When selecting the suitable decontamination process then each intervention element
should be associated to a number of countermeasures that can be applied on it. In order to
consider the advantages and disadvantages of the interventions, several other features of the
selected countermeasures (secondary effects like waste production, social and ethical issues,
for instance) should be taken into account.



Table 2. Applicable decontamination techniques for industrial environment

Target Technique DF or DRF

High pressure water hosing 1.5 – 7
Wall

Sandblasting 4 – 7

Window Chemical washing with soft chemicals 10 – 100

High pressure water hosing 5 – 10

Vacuum sweeping 5 – 10Roof (metal)

Chemical washing with soft chemicals 2 – 10

Ventilation system Filter removal ∞

Triple digging 5 – 10

Deep ploughing 6 – 10Park

Lawn moving 2 – 10

Paved area (Parking places) Vacuum sweeping 2 – 3.3

Fire hosing 2 – 4

Exposure scenario

The exposure scenario was defined as a specified composition of industrial type elements
together with their usage by the population. The scenario is based on the design and the
results of Monte Carlo simulations carried out in Part I of this paper. The area considered
represents a common supermarket (office, shops) with parking lots and small unpaved lawns,
like a general shopping centre. The initially deposited activity per unit lawn area (Aref(0)) was
supposed to be 106 Bq m-2 of 137Cs via dry deposition.

The population groups considered consist of employees working in the building and
clients visiting the building for shopping. The employees are assumed to be represented by
adults only, but the group of clients is subdivided into three age groups: from 0 to 7 years old
(10%), from 7 to 17 years old (20%) and above 17 years as adults (70%). The percentage
partition of the age groups was assessed based on the distribution of a normal population.

The determination of the behaviour pattern of the people was carried out based on a
survey of average German and Hungarian supermarkets. In a building with a size of 100m �
100m ca. 200 – 250 employees work and 4000 – 6000 customers enter per day. The
employees may have different work places, ca. 15–30 % of the building accounts for offices
and stores and the remaining ca. 70–85 % is the shopping area. The allotment of employees
were supposed according to this partition and they work six days a week. As one can see from
Table 3 all clients have admittance to the shopping and parking areas but not to the office.
The employees have, however, admittance to each main part of the environment. 



Table 3. Occupancies of people at the different main parts of a component (number of people per day)

Occupancy unit Use Clients
Adults

Clients
7 –  17
years

Clients
0 – 7
years

EmplOff
Adults

EmplSup
Adults

Shopping centre
(building) Shopping/

Working
3500 1000 500 50 150

Paved area Parking 3500 1000 500 50 150

Office Working - - - 50 150

The customs of the shoppers (for example, the shopping spree and the time spent in the
supermarket) change from time to time, from weekday to weekend, in addition, some seasonal
changes are observed. Nevertheless, in general the clients usually spend rather more time at
the weekend than at the weekdays with shopping. For the present exemplary calculation the
occupancies (Table 3) and permanence times (Table 4) were assumed as daily averaged
values being independent of the above mentioned variations. 

Table 4. Permanence times for age groups at an evaluation locations in the supermarket and parking lots

Permanence times (hours day-1)

Evaluation location Clients
Adults

Clients
7 – 17 years

Clients
0 – 7 years

EmplOff
Adults

EmplSup
Adults

Supermarket middle 1 1 1 0.25 3.75

Supermarket side 1 1 1 0.25 3.75

Office - - - 7.5 0.5

Paved area (parking) 0.25 0.25 0.25 0.25 0.25



Results and discussion

First of all it should be emphasized again that in the local approach of the photon transport
dose rates and doses are calculated with respect to a specific set of intervention elements
(radiation sources) only. In this study this set comprises the different surfaces of the central
component of the environment. The area where photons give significant contribution to the
dose involves, however, not only the central components itself but the side and corner
components as well. 

Collective doses in the first year after the accident in the three main types of the
components are shown in Table 5. The relative high collective doses for the adult clients (in
upper part of the table) can obviously be attributed to the large number of people in this
population group.  

Table 5. Collective doses in the first year after the accident in the three main types of the components.

Integrated from immediately after the deposition.  Dry deposition: 106 Bq m-2

Collective dose without CMS (mSv person)

Contributions in regions: Clients 
Adults

Clients 
7 – 17 years

Clients
0 – 7 years

EmplOff 
Adults

EmplSup 
Adults

In the central component: 275 84 47 12 37

In the side components: 107 33 18 6.1 10

In the corner components: 21 6.4 3.6 1.6 2.3

One of the most advantageous features of the local approach turns out clearly from Table
6. By means of this table the contribution of each type of intervention element to the
collective dose can separately be determined either in the central, side or corner components
as well. In this way the surfaces can be ranked according to their contribution to the collective
dose. It can be seen from the table that the roof and the paved area contribute the most part
(~92%) to the total dose. The dose contribution of park is relative small due to the relative
small surface of this area in the model. 



Table 6. Time integrated collective doses (rounded) due to the various intervention elements in the central
component for 50 years taking into account all population groups. Integrated from immediately after the

deposition.  Dry deposition: 106 Bq m-2

Integrated to 50 years Collective dose (mSv person)

Evaluation
region walls windows,

doors roof filter paved park Sum
(mSv pers.)

Contribution
(%)

In the central
component: 77 0.22 3457 22 410 29 3996 73.3

In the side
components: 70 0.04 331 2.7 300 481 1184 21.7

In the corner
components: 17 0.01 126 0.93 49 82 274 5.0

Sum
(mSv person) 164 0.26 3914 26 758 592 5454

Contribution (%) 3.01 0.00 71.76 0.48 13.90 10.85 100

Averted collective doses due to the countermeasures applied on the various intervention
elements in the central component are presented in Table 7. The figures in this table were
calculated based on the figures in Table 6 taking into consideration the corresponding DF or
DRF values of Table 2. The factors used for calculation represent values which are thought to
be reachable in a general situation. In this exemplary scenario the decontamination of the roof
and the paved area gives about 85 percent of the total averted collective dose.

Table 7. Averted collective doses (rounded) due to the countermeasures applied on the various intervention
elements in the central component for 50 years. Integrated from immediately after the deposition.  

Dry deposition: 106 Bq m-2; (a: DF=5; b: DF=50; c: DF=7; d: DF=∞; e: DF=3; f: DRF or DF=7) 

Integrated to 50 years Averted collective dose (mSv person)

Evaluation
region wallsa windows,

doorsb roofc filterd pavede parkf Sum
(mSv pers.)

Contribution
(%)

In the central
component: 62 0.21 2963 22 274 25 3345 73.9

In the side
components: 56 0.04 283 2.7 200 412 954 21.1

In the corner
components: 13 0.01 108 0.93 32 70 225 5.0

Sum
(mSv person) 131 0.26 3354 26 506 507 4525

Contribution (%) 2.90 0.01 74.14 0.57 11.18 11.20 100

Relative to dose
without CM (%) 2.4 0.0 61.5 0.5 9.3 9.3 83



ECONOMICAL ASPECTS

Cost-benefit analysis (CBA) is used when it is thought that important aspects of costs or the
benefits are not captured by prices/markets. Any intervention on an area is going to affect
citizens’ behaviour. Restrictions on access to certain areas, fears on maintenance of jobs, etc.
are examples of how remediation techniques will affect general public. 

CBA is based on the utilitarianism. That is, the best option is what gives the greatest
benefits to the greatest number of people. So what benefits the population produces utility
(happiness, satisfaction) to the society. Society’s well-being is determined by the addition of
individual utilities or benefits, so the highest is the result of this addition the greater the
welfare so that will be the best option, while changes in utility (gains or losses derived from
interventions) can be measured via differences in utility before and after the action takes
place.

Individuals get utility from a number of sources, from both consumption goods and
services and from environmental services and goods. This last one derives utility from some
related action, like walking, shopping, or being sure about the air they breath is safe. These
increases and decreases of utility can be given an economic value because of the
commodification of these services. 

For this is necessary the use of some techniques focused on inferring the value of non-
market goods. The most applied and extensively technique applied has been contingent
valuation but given the multiple-aspects nature of the changes in the individual’s welfare here
it is considered choice modelling as a more suitable technique. The basic purpose of this
method is to estimate non-market values, quantifying a person’s willingness to pay in order to
achieve (potentially) some environmental improvement or to avoid (potentially) some harm
from the implementation of any project, for example the remediation techniques. In other
words to value the external effects derived from the removal of pollution through its
decomposition in relevant consequences. In general, the interest is in how people will react to
changes (i.e. in urban landscape) embodied in the clean-up technique. 

Individuals are asked to make choices1 as they do in real life. Each choice is between the
actual situation (how it looks like) and a number of different alternatives2 from which
individuals must choose the most preferred. 

Basic issues in choice modelling are the description of situations. All the alternatives are
different in terms of the condition of the environment described to respondents and the
financial burden they impose. In this study the alternatives could be the different states of
damage to buildings together with some restrictions on access. 

Variations across the proposed alternatives in the choice sets are achieved by assigning
different levels to the attributes. Different levels are assigned to attributes to create the
proposed alternatives according to a systematic process known as experimental design.

By observing and modelling how people change their preferred option in response to the
changes in the levels of the attributes, it is possible to determine how they trade-off between

                                                
1 The number varies but in most applications the range is from six to eight
2 These models are based on the assumption that individuals make choices among alternatives so as to maximise
the mathematical expectation of utility, that is, the sum of the utilities from the alternative states of the world
each weighted by its probability of occurrence.



the attributes, that is, it is possible to see what they are willing to sacrifice in order to get more
of another attribute. For example to pay more to get sooner effects of the removal of
radioactivity, or to have a worsen landscape to enjoy a safer environment and vice versa.

Given that one of the attributes involved is a kind of price, it is also possible to estimate
the amount that people are willing to pay to achieve more (or less in case of damage) of an
attribute (having/not having restrictions on access to certain areas of the city). These results
make possible to infer the amounts people are willing to pay to move from the status quo (the
situation they will have without countermeasures) to specifically defined impacts (good and
bad) that corresponds with remediation outcomes of interest. In other words, the willingness
to pay for a specific outcome. Moreover, achievements in removing radioactivity can be made
possible with a number of competing clean-up techniques among which decisors must choose.
In this context, it could be necessary or, at least, interesting, to know the relative support that
the different alternatives could be expected to receive from the public. Choice experiments
can be designed to know this acceptation by the public.
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