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1. Abstract
The main objective is to develop a generic source term reconstruction methodology, based on off site
observations, which will form part of the analysis sub-system ASY-module of the real-time on-line
decision support system (RODOS). The need for a generic source term module obeys to the fact that
RODOS will be implemented in different countries and under a wide variety of circumstances. This
work summarizes some of the current developments, and points out some factors that affect real-time
source term estimations and basic considerations that will be needed during the implementation of the
RODOS system.

2.Introduction

The RODOS system (Ehrhardt et a1.,1993) has been tailored to provide decision makers with advise

throughout the different stages of a nuclear accident, extending from early warning to both release and

post release phases.  Included in the RODOS system are several atmospheric dispersion-deposition

models.  These models are intended to provide an overview of the potential contamination fields as well

as a quick assessment of the projected doses downwind. Regardless of the complexity of the model

used, the knowledge about a number of parameters and data  remains a condition sine qua non to

guarantee reasonable and realistic model predictions.  However, this type of information will be a priori

unknown or subject to large uncertainties, which in turn leads to an attempt to solve the problem based

upon a list of possible scenarios.

There are a number of reports in the literature (Robeau and Oishi, 1989; Edwards et al., 1989; Van



Camp et al., 1993 and Golubenkov et al., 1996) devoted to reconstruct the source term based upon

field monitoring data.  However, all these data were generated during tracer experiments, and therefore

under extremely controlled circumstances, which do not correspond to those prevailing during a nuclear

accident.

This work describes a method to estimate the source term that combines model predictions with field

observations and it is also intended to clarify some ideas concerning the elaboration of a generic source

term reconstruction procedure.

3. Basic considerations

As it was mentioned above, a minimum of information is required for a model to run, and the most logic

place to start with is the instrument console at the nuclear facility.  Here information regarding core

status, possible pathway(s), hold-up period, use of filters, sprays and release height among others is

thought to be available, although its accuracy can be questioned, specially under a severe accident

where a great deal of stress and faulty readings are to be expected.  Furthermore, it is also assumed that

burn-up and reactor thermal-power data are available so that the core inventory is known with a certain

degree of detail, since short lived nuclides could be responsible for a considerable fraction of the total

dose.

Reconstructing the source term based on off site measurements implies that a number of considerations

regarding monitoring systems and positioning must be thought of with a great deal of care.  More details

on current monitoring strategies in Europe can be found elsewhere (Sohier et al., 1996).  For instance, it

is widely accepted that the only way of getting a real-time flow of information should an accident occur

is by using at least a set of detectors around the nuclear power plant, often called fence monitoring.  As

it will be shown below, the positioning of the array of detectors is crucial, considering both angular

resolution as well as the relative distance to the source.  It is also known that the only tvpe of

information that could lead to an estimate of the magnitude of the source term, during the early phase of

the accident, consists of gamma dose rates.

Should the release be through a monitored pathway (stack release), the source term will be more or less

known and practically 100 % of the projected doses will be due to noble gases.  In case of an

unmonitored release, e.g. containment building rupture or bypass, neither the composition nor the rate



with which material becomes airborne will be known.  It is here that fence monitoring must prove its

usefulness in estimating the extent of the accident.  It is obvious that a better picture on the composition

of the release will only be available after performing e.g. γ-spectrometry on air filters and determining

the concentration of the different forms of iodine, but this will take time.  Therefore, data assimilation

techniques (French, 1996) could only be used after some delay.

If the release height is unknown, the analysis of the detector response could help estimate it (ApSimon,

1986), but there are large uncertainties to be considered when the detector is relative close to the

source, i.e. if one takes into account the mean-free-path of gamma photons in air which is about 100 m,

drastic variations of the gamma dose are to be expected with the distance downwind.  On the other

hand, positioning detectors close to the source implies that building shine and wake-effects should be

taken into consideration as well.

4. Source term reconstruction methodology, the ideal case.

The methodology discussed below is based upon a number of premises:

-  the core inventory is known.

-  the effective release height is known or soundly guessed.

-  there is a fence monitoring featured by a ring of 72 gamma detectors

   positioned every 5 degrees and at a given distance from the source.

-  meteorological data averaged either every 10 or 30 min time steps.

-  Access to an atmospheric dispersion - deposition model.

It might be thought that such a dense network of gamma detectors does not appear to be realistic in

terms of installation and maintenance costs.  However, the aim here is to establish a bottom line of what

can be expected should the best monitoring conditions be met.

Under the assumption that during the first half hour after the beginning of the release, the source term

consisted only of 50% of the core inventory of noble gases, and that neither wind direction nor wind

speed have changed at such a short distance from the source (1000 m), the detector response can be

plotted against the angle theta associated with each detector, as shown in Figure 1.





Thus, the problem of estimating the source term is reduced to obtaining the best fit of the above curve,

which in this case can be best approximated by a function of the type:

where D and θ are the gamma dose rate and polar coordinate of each detector, respectively.

The coefficients k, b and c can be determined by linear least-squares, i.e. by minimizing the square of

the difference between predictions and observations.  These coefficients must be determined for each

atmospheric stability class, which will affect the width of the plume.  It is worthy to mention that, due to

the symmetry of the detector array, this method does not depend on the wind direction, and there will

always be the same number of detectors involved.

In Figure 2 below appear plotted the modeled gamma dose rate due to Kr-88, together

with the one obtained after fitting the detector response as a function of the angle θ.

The source term reconstruction can then be done by using the set of parameters that correspond to a

given atmospheric stability class, and can be achieved by computing the area under the curve and then

comparing the results with those corresponding to a know release fraction of the core inventory during

the first time step.  In this way, it is perfectly possible to keep track on the evolution of the accident and

satisfy the condition of being real-time.

5. Source term reconstruction, the real case.

Due to a number of reasons, such a dense detector network is not feasible, and therefore the number of

detectors in question must be reduced, which under no circumstances should be less that one detector

every 15 degrees. Using a 15° angular spacing will result, e.g. that for a D stability class there will be a

decrease of a factor of 4 in detector response for two neighbouring detectors.  On the other hand, the

above mentioned procedure assumes that the plume's centerline passes right over one detector, which

will not always be the case. This situation is depicted in Figure 3, where the wind direction forces the

plume to pass between two detectors located 15° away from each other.  It is obvious that, in this case

one must resort to either extra measurements to account for the missing value under the plume's

centerline or use an interpolation algorithm.

D =  k.e[-( -b 2) / c]θ





Another issue that deserves attention is the detector positioning, in other words, it is not realistic to think

that all 24 detectors (in case of using 15°) will be located in a perfect radius from the source.

Figure 4 shows the case in which the detector response has been plotted for detectors located

equidistant from the source, versus that given by detectors irregularly positioned as they often are, i.e.

positioned taking into account the perimeter of the facility, risk of vandalism if they are placed off site,

the topography, ease of access for maintenance, etc.

It is thought that many of the difficulties associated with the real-time reconstruction of the source term

can be overcome by an adequate and efficient monitoring strategy that combines both fence and mobile

monitoring stations.  Indeed, the use of vehicles and a predefined sampling route would enable one to

locate the plume centerline under those less favourable weather conditions, provided that the effective

doses to the crew members are within safety regulations.

6. Conclusions

The conclusions can be summarized in several points namely:

-  The source term can be reconstructed on a real-time basis, provided vital information such as a rough

or more accurate (if available) estimation of the release height comes from the plant operator or the

in-plant source term estimation procedure.

-  Gamma monitoring constitutes the most efficient tool to assess the magnitude or extent of the

accident, at least during its early phase.

-  The number of detectors used is crucial and under no circumstances should be less than 24, i.e. one

detector every 15 degrees.

-  The method chosen to reconstruct the source term has proven to be simple, powerful, allows to

follow the temporal evolution of the accident, and most importantly, it does not depend on a particular

atmospheric dispersion-deposition model.

-  This methodology requires a thorough calibration procedure, implying that the RODOS user will have



to: follow some general guidelines, adapt these guidelines to his(her) site specific situation, i.e. detector

positioning, identification of potential sources and calibrate the detector response taking into account the

actual geometry of the fence monitoring.

# It is thought that this procedure, coupled with some extra observations carried out at specific and

pre-determined points, constitutes a quick and reliable tool to solve the problem of estimating the source

term using off site observations.
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ABSTRACT

The economic impact of imposing countermeasures in case of a nuclear emergency is a very
important aspect in both the Probabilistic Risk Assessment code COSYMA and the Real-time
On-line DecisiOn Support system RODOS. Therefore, these codes make use of the economic
model ECONOM.
In this paper, we show that this economic model is not suited, nor designed, to predict the
economic impact of evacuating an highly industrialised area in case of a nuclear emergency.
Furthermore, we indicate how ongoing and future economic research at the Belgian Nuclear
Research Centre SCK•CEN, can contribute to overcome the stated shortcomings.



1.   INTRODUCTION

In case of a nuclear emergency, the decision maker will have to decide on the optimal scale and

duration of the countermeasures that are required to reduce the number of health effects in the

possibly affected population. In order to go through this optimisation process, it is essential to

assess the economic costs associated to both health effects and countermeasures. The

ECONOM model is one of the most elaborate economic models so far that can be used for this

purpose in Western European countries. This model has been integrated in the Probabilistic

Risk Assessment (PRA) code COSYMA and in the Real-time On-line DecisiOn Support

system RODOS.

However, in our paper we demonstrate that this ECONOM model is too general to be

used in determining the economic impact of the decision to evacuate an industrial region in case

of a nuclear alarm. It is important to note that we deal with a nuclear incident situation, which

means that there is a possibility of a release actually taking place in the near future. This is totally

different from an accident situation where the release has already occurred. Moreover, we show

how ongoing and future economic research at the Belgian Nuclear Research Centre SCK•CEN

can provide possible solutions to the mentioned shortcomings.

In the following section we analyse how using ECONOM the cost of evacuating a

certain area is assessed.

Section 3 enumerates the main shortcomings of this assessment for industrial regions.

In section 4 we demonstrate that recent economic investment theories offer an opportunity to

deal with the problem of evacuating an industrial region in a more elaborate way.

Finally, in a last section, we summarise the major conclusions of our paper.



2.   THE ECONOM-MODEL

As the ECONOM-model is part of the COSYMA and RODOS code, the main features of

these programs will first briefly be described. Afterwards, more attention will be given to the

analysis of the economic model itself, focusing on the calculation of the evacuation costs.

2.1  ECONOM: the economic model in COSYMA and RODOS

Both COSYMA and RODOS are tools that can be used to assess the off-site consequences of

accidental releases of radioactive material to the atmosphere.

The COSYMA computer code is a PRA code. This means that it can be used to assess

the consequences of potential accidental releases, taking into account the range of conditions

which may prevail at the time of the accident, and the associated probability of these conditions.

Probability may also be associated with the actual occurrence of a particular release [12].  The

RODOS program is a real-time on-line decision support system. The actual source term and the

atmospheric conditions, during and immediately following a radiological release to the

atmosphere, are no longer defined by the user in a probabilistic way. On the contrary, they are

assessed by the system itself on a real-time base.

Table 1 summarises the main characteristics of both programs. A more in-depth

discussion on the philosophy, the features and the use of COSYMA and RODOS, can be

found in [2] and [5] respectively.



COSYMA RODOS
Institution Mainly FZK + NRPB FZK + other Eur. Union institutions
Operational First mainframe version 90/1 1990

Latest mainframe version 95/1 1995
PC version 1.0 1993
PC version 2.0 1995

Intended to be fully operational by the
end of 1999.
(Prototype already exists)

Type Probabilistic Risk Analysis Decision Support System
(Real-time, On-line)

Use • Risk assessment of a nuclear site
• Risk reduction potential of possible

plant modifications
• Emergency planning
• Siting studies

• Accident management

Table 1. Main characteristics of the COSYMA and RODOS program.

2.2  ECONOM: calculation of evacuation costs

The ECONOM model [6, 11] calculates both the cost of countermeasures (evacuation,

relocation, sheltering, food restrictions and decontamination) and the cost of health effects in the

exposed population.

The remainder of this paper deals with the decision problem, whether or not to impose

countermeasures on an industrial region in case of a nuclear alarm. For simplicity’s sake, an

industrial region is assumed to be a set of factories without residential population and agricultural

production, unless explicitly stated otherwise. It has been motivated by Govaerts et al. [9] that

in this case the discussion has to focus on the evacuation countermeasure. This countermeasure

has to be decided on in the early phase of an accident, and may cause large distortions in

industrial production. The distortion effect of sheltering will generally be rather small and

relocation and decontamination are typically long-term countermeasures, that are not considered

in the initial decision-making process. No agricultural production is assumed in industrial regions

and hence, there will be no food restrictions. Calculating the cost of health effects has already

been the subject of a large number of papers; we refer to [14; 26] for some interesting views on

this topic.



ECONOM considers three cost categories that will occur in case of an evacuation:

transport costs, accommodation costs and loss-of-income costs.

2.2.1  Transport costs

The transport cost includes the direct expenditures that are necessary to move people away

from, and back to the evacuation area, either by private cars or by public transport means. This

cost is calculated as follows:

( ) ( )( )[ ]TC N F UC F UCEV PR PR PR PU= ⋅ ⋅ + − ⋅ ⋅1 2           (1)

where: TC    = Transport cost away from, and back to (factor 2) the 
            evacuation area (monetary unit)

NEV    = Number of persons evacuated (caput)
FPR    = Fraction of population using private transport means (-)
UCPR    = Unit cost of private transport (monetary unit per caput)
UCPU    = Unit cost of public transport (monetary unit per caput)

In case of evacuating an industrial area, workers will return to their own houses. As they would

have done so in normal circumstances as well, transport costs must not be taken into account.

Equation (1) uses the number of inhabitants that has to be evacuated, and hence it will correctly

assess transport costs in industrial regions as being equal to zero.

2.2.2  Accommodation costs

Evacuation will generally cause accommodation costs, as people cannot use their own houses in

the evacuated zone, and additional accommodation will have to be provided elsewhere. Two

approaches can be followed to calculate this cost. On the one hand, the direct expenditures of

the evacuated people in the destination area can be taken into account. This means:

AC N UC DEV AC EV= ⋅ ⋅           (2)

where: AC    = Accommodation cost (monetary unit)
UCAC    = Unit cost of accommodation (monetary unit per caput and 

per day)
DEV    = Duration of evacuation (days)
and the other parameters already explained above



On the other hand, the houses in the evacuation zone can be considered as capital goods. Due

to the evacuation, these houses will temporarily not be used, and hence an opportunity cost

arises as the capital value they represent, could have been (but is not) invested at interest rate I.

Moreover, depreciation of the value of these houses at depreciation rate D has to be taken into

account, as depreciation is a function of time rather than of use. The value of houses can be very

different in different regions and therefore, regional values have to be used.

 ( ) ( )AC N VH I D DEVNR NR
NR

NRE

EV= ⋅ ⋅ + ⋅
=

∑
1

365/           (3)

where: NRE    = Number of economic regions (-)
NEVNR    = Number of persons evacuated in region NR (caput)
VHNR    = Value of housing in region NR (monetary unit per caput)
I    = Interest rate (% per year)
D    = Depreciation rate on housing (% per year)
and the other parameters already explained above

As far as industrial regions are concerned, formulae (2) and (3) correctly assess

accommodation costs, i.e., equal to zero, as no inhabitants are assumed in these regions. The

workers will return to their own houses, and hence no extra costs will arise.

2.2.3  Loss-of-income cost

If the evacuated people are unable to reach their respective workplaces, the contribution they

would have made to the economy will be lost. The added value of the goods and services,

produced within a country during one year, is measured by the country’s Gross Domestic

Product (GDP). This measure is used in a number of different calculation methods for the loss-

of-income costs.

First, the loss-of-income cost can be determined, using the number of inhabitants of the affected

area and the mean Gross Domestic Product per inhabitant. Hence:



( ) ( )LOIC N GDP N DEV POP EV= ⋅ ⋅/ / 365           (4)

where: LOIC    = Loss-of-income cost (monetary unit)
GDP    = GDP (monetary unit)
NPOP    = Number of inhabitants (caput)
and the other parameters already explained above

If there appear to be large differences in the productivity of several regions, the basic formula

can be refined by using regional GDP-values, as follows:

( ) ( )LOIC N GDP N DEVNR
NR

NRE

NR POPNR EV= ⋅ ⋅
=

∑
1

365/ /           (5)

where: GDPNR    = GDP of region NR (monetary unit)
NPOPNR    = Number of inhabitants of region NR (caput)
and the other parameters already explained above

Both formulae, however, largely underestimate the loss-of-income costs when applied to

industrial regions, where a lot of added value is created in a thinly populated area.

The extended version of the ECONOM model [7] makes use of both the number of employees

evacuated and the sectoral added value per employee, which is certainly a much better

approach to reality in industrial areas.

( ) ( )LOIC N GDP N DWEVNS
NS

NES

NS WNS EV= ⋅∑ ⋅
=1

365/ /           (6)

where: NWEVNS   =  Number of evacuated employees in economic sector NS 
(caput)

NES    = Number of economic sectors (-)
GDPNS    = GDP of economic sector NS (monetary unit)
NWNS    = Number of employees in economic sector NS (caput)
and the other parameters already explained above

An exact estimation of the loss-of-income cost due to evacuation, can only be obtained by

adding the contribution to GDP of the different areas in the evacuation zone. This is shown in

equation (7).



( )LOIC GDP DEVA EV= ⋅ / 365           (7)

where: GDPEVA  = GDP of the evacuated area (monetary unit)
and the other parameters already explained above

However, the very detailed information that is required in this equation, is generally not available

in national statistics.

We will now demonstrate the different calculation methods discussed above, in a small example.

Suppose a situation where four zones A, B, C and D can be distinguished in the area that has to

be evacuated.  Zones A, B and D are strongly industrialised areas, situated in the province of

Antwerp; zone C, however, is a residential area in the province of East Flanders. Purely fictive

information on these zones can be found in table 2. Table 3 contains the necessary statistical

information.

Zone Inhabitants
(103)

Chemical industry workers
(103)

Paper industry workers
(103)

A - 3 -
B - 1,5 1
C 18 - -
D 7,5 - 2

  Table 2. Demographic and industrial -fictive- information on zones A, B, C and D.

Geographic
region

Gross Domestic Product
(109  BEF)

Inhabitants
(103)

Belgium 7.626 10.000
Antwerp province 1.348 1.625
East Flanders province   950 (*) 1.337

Economic
sector

Added Value
(109  BEF)

Employees
(103)

Chemical industry 235 59
Paper industry 96 15
Table 3. Statistical information on the 1994 Belgian demographic and industrial situation [17;

18; 19; 20].

                                                                
(*) This value is derived from the 1988 value.
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Figure 1.   Overview of the four calculation methods for the loss-of-income cost (BEF) in case of a one day evacuation of areas A, B, C and D.

 and paper industry



Figure 1 shows the results of the different calculation methods for the loss-of-income

cost due to a one day evacuation. Formulae 4 and 5 give rise to quite similar estimations; the

daily regional GDP per inhabitant is almost the same in the province of Antwerp (2.273 BEF)

and the province of East Flanders (1.947 BEF). However, the difference with the result of

equation 7 is striking. While formulae 4 and 5 take into account the residential function of the

evacuated area, but neglect the presence of some industrial activities, applying equation 7

implies exactly the opposite. Hence, reality will be best approximated by a combination of

both approaches, bearing in mind, however, that simply adding up will result in an

overestimation as some people may not only work in the evacuated area but also live there.

3.   SHORTCOMINGS OF  ECONOM FOR USE IN INDUSTRIAL AREAS

In the previous section, we indicated that loss-of-income costs are the only costs that

ECONOM will take into account in case of evacuating an industrial area, i.e., the added value

that will be foregone in this area during the evacuation. However, reality is more complicated

than this.

Firstly, ECONOM assumes that the evacuated area is economically independent. In

reality, however, this will rarely be the case and the evacuation of a certain region may cause

large indirect effects outside this area [21, 23]. Due to the shut-down of factories in industrial

regions, there will not only be temporarily no raw materials for customers, no sales potential

for suppliers, but also new opportunities for competitors and substitute products, ... A similar

situation may occur if important transport facilities (airport, harbour) are situated in the affected

zone. The economic technique of input-output modelling has recently been used successfully as

a supplement to the ECONOM model, in order to take into account these indirect implications

as well. As an in-depth discussion on the use of input-output models can be found in [13], we

refer the interested reader to this work.



Secondly, the abrupt shut-down of certain industries may involve severe  secondary

risks (explosions, toxic releases, ...) and losses (product-in-process, ...) [9], which are not

dealt with in ECONOM. Clearly these costs are highly time-dependent, as they can be

reduced to a large extent, by notifying the factories as soon as possible of the eventuality of a

nuclear accident, so that they can start preparing for a possible emergency stop.

As far as the effective implementation of an evacuation is concerned, the situation is

more ambiguous. On the one hand, high costs caused by radiation induced health effects may

result when this countermeasure is not taken in time. On the other hand, carrying out too

hastily a countermeasure which proves to be unjustified afterwards, may cause high losses as

well. One could raise the objection that this is also the case in residential areas. Although this is

true to a certain extend, it has to be stressed that the irreversibility of the decision to evacuate,

will be much larger in industrial areas. Once a production process has been stopped, it can

take days before the factory will be fully operational again. The cost of this production

distortion is sunk, once the initial decision to evacuate has been taken. In the case of a

residential population, the decision maker can revoke quite easily his decision to evacuate,

with only small sunk costs.

Recent economic investment theories offer large opportunities to deal with the

evacuation problem in an industrial environment in a more elaborate way. In the next section,

ongoing research at the Belgian Nuclear Research Centre in these topics will be introduced.

4.   POSSIBLE CONTRIBUTION OF ECONOMIC INVESTMENT THEORIES

The decision to evacuate an industrial region in case of a nuclear emergency, can be compared

with the decision to invest in a risky project. These decisions both require the spending of

money, while their pay-offs remain uncertain. The analogy between the evacuation decision

and the decision to invest for instance in shares, is shown in table 4.



Decision to invest in shares Decision to evacuate
Cost Purchase price of shares Evacuation cost
Pay-off uncertainty Fluctuations on the stock-market

Uncertain dividends
Evolution of the incident
(accident versus no accident)

Table 4. Analogies between the decision to invest and the decision to evacuate

Given this similarity, we will firstly show how decision trees, often used in investment

theories, can be applied as well to graphically represent our evacuation decision problem. In

the second part of this section, the options approach to investment decisions will be introduced

as a possible way of dealing with our evacuation problem more appropriately. Finally, a last

part of this section is kept for discussion.

4.1  Decision trees

In case of a nuclear emergency, the decision maker has to decide whether or not to evacuate

an industrial area. Given the information i of a nuclear emergency, he assesses that the incident

will escalate to an accident (event s1) with probability p(s1i). In this case, it will be optimal to

evacuate the industrial region. In the same way, he assumes that, with a complementary

probability 1-p(s1i), the incident will not escalate (event  s2). Then, it would be better of

course not to evacuate. The consequences c(ai, sj) of his decision, therefore, depend both on

the action ai (evacuation versus no evacuation) that is chosen and the event sj (accident versus

no accident) that finally takes place. How does the decision maker has to proceed in order to

take an optimal decision?

The problem of our decision maker is shown in the decision tree of figure 2. In this

tree, decision nodes, where the decision maker is in control, are represented by squares;

chance nodes, where chance is in control, by circles [24].



         Figure 2.    Graphical representation of the basic decision problem

The endpoint c(ai, sj) of a particular branch, will consist of a number of health effects,

on the one hand, and a certain evacuation cost, on the other hand. However, in order to

compare the different end-points with each other, it is necessary to express each of them in

one figure. This can be achieved by determining the monetary cost of the health effects, so that

they can be added directly to the evacuation cost, resulting in a total cost Ck (table 5). A direct

monetary assessment of health effects, however, can be avoided by using Multi-Attribute

Utility Theories (MAUT).  In such theories, one general utility is assigned to the combination of

a number of health effects and an evacuation cost. This utility thinking, furthermore, allows to

distinguish a health cost of 1 million BEF from an evacuation cost of 1 million BEF, by

assigning them a different utility. For reasons of clarity, we restrict ourselves here to the first

approach. We refer the reader for a description of MAUT and some interesting examples, to

the work of Keeney and Raiffa [15] and that of Bana e Costa [1]. For the use of MAUT in a

nuclear context, see Van de Walle [25].

Consequence Health effect Cost (1) Evacuation Costs (2) Total cost (1+2)
c(a1, s1) medium large C1

c(a1, s2) none large C2

c(a2, s1) severe none C3

c(a2, s2) none none C4 = 0
Table 5. Composition of the total cost in different scenario’s



p(s1i) is the probability of occurrence of event s1, given information i. It is the

probability that an accident will take place, given the information that there has been a nuclear

alarm.  By applying Bayes’ Theorem, p(s1i) can be calculated as [16]:

( ) ( ) ( )
( ) ( ) ( ) ( )p s i

p i s p s
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1 1
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          (8)

The decision problem can now be solved by what Raiffa [24] calls “averaging out and

folding back”. The expected monetary value (EMV) of every chance node1  is determined by

“averaging out” the possible outcomes of this node. For instance, the expected monetary value

of the chance node in the ‘evacuation’ branch, can be determined as:

    ( ) ( ) ( )EMV a p s i C p s i C1 1 1 1 21= ⋅ + − ⋅( )           (9)

Likewise, we become for the chance node in the ‘no-evacuation’ branch:

( ) ( )EMV a p s i C2 1 3= ⋅           (10)

At every decision node, the decision maker chooses that action that will lead to the

chance node with the lowest expected monetary value, as these monetary values are costs.

This process starts from the decision nodes at the right-hand side of the figure, and therefore, it

is called “folding back”.

By following this procedure of averaging out and folding back, the optimal decision

can be identified, i.e., the decision with the lowest expected cost, taking into account the

uncertainty about the actual state (accident versus no accident) that will occur. The decision

maker will opt for action a1 and evacuate the industrial region, if and only if:

( ) ( )EMV e a EMV e a0 1 0 2, ,<           (11)

                                                                
1By working with expected values, we assume that the decision maker is risk neutral. He is indifferent
between on the one hand a lottery with 50 % chance on 100 and 50 % chance on 0, and on the other hand
50 for certain. However, the described principles can easily be extrapolated to take risk-averseness into
account as well.



Before introducing the options approach, it is important to note that the decision

criterion expressed by the above inequality is in fact a Net Present Value (NPV)-rule. This

rule says that you should only invest if the investment has a positive NPV, i.e., if the present

value of the benefits is at least as large as the present value of the costs. Otherwise, it is better

not to invest.

4.2  Option theory

As was stated in the introduction of this section, the decision to evacuate is very similar to the

decision to invest in an uncertain project. Pindyck [22] and Dixit and Pindyck [4], however,

state that the traditional NPV-rule for investment decisions is incorrect, when investments are

irreversible and decisions to invest can be postponed.

As we have already said in section 3, the decision to evacuate an industrial area will

produce irreversible effects. Furthermore, there will generally be a certain course of time

between the initial nuclear alarm and the actual radioactive release [10], allowing to postpone

the decision for a certain time. As the two necessary conditions of irreversibility and the

possibility to delay are fulfilled, the use of the traditional NPV-rule in (11) is not appropriate

according to Pindyck and Dixit. In the following, we will explain what is meant, and how this

affects our basic decision problem from figure 2.

The possibility of a decision maker to postpone an investment decision, is very much

like the privilege that belongs to the holder of a financial call option. A call option is a contract

giving its owner the right to buy a fixed number of shares at a fixed price before a given date

[3]. Clearly, such a call option has a certain value as it gives the investor the flexibility to wait

and observe the evolution of stock prices. When the holder of the option finally decides to buy

the shares, he makes an irreversible investment expenditure. He “kills” the option and gives up

the possibility of waiting for new  information to arrive that might affect the desirability or timing

of the expenditures. The value of the option that is lost, has to be taken into account.



Therefore, the traditional NPV-rule has to be changed from NPV>0 to NPV>K, where K is

the opportunity cost of killing the option.

  Knowing this, the problem of the decision maker is no longer whether he should

evacuate the industrial region or not, but rather, whether he should decide immediately to

evacuate, or whether he should wait for further information on the course of the alarm and

preserve the flexibility to evacuate, when the obtained information points in the direction of a

real accident. This revised decision problem is shown in figure 3a-b.

Branch e0  represents our basic decision problem, i.e., the situation in which the

decision maker decides to evacuate (or not), as soon as he receives the information i1 of a

nuclear alarm. The resulting cost C(e0, a1, s1) depends on both the time that is available to

evacuate the industrial region, tav, and the time that is necessary to do so, tn. The available time

tav is defined as the time course between the decision to evacuate and the arrival of the release

at the industrial region. The necessary time tn can be further diversified in tn1, the time

necessary to evacuate with minimal economic losses, tn2, the time necessary to evacuate with

loss of product-in-process, etc.

When the available time exceeds or equals the necessary time, the total cost of

evacuation will be C1. However, when the available time is not sufficient, i.e., smaller than the

necessary time, an additional cost Cad, e0   will occur. Hence, we get:
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A possible course of the additional cost as a function of the available time is shown in

figure 4. These time aspects are particularly important in industrial regions, where certain

processes can not be stopped immediately in a safe and economic manner, and hence produce

large tn values.



Figure 3a. Graphical presentation of a more elaborate decision problem



             Figure 3b. Graphical presentation of a more elaborate decision problem



In branch e1 (figure 3b), the decision maker decides to wait for further information on

the course of the alarm. This new information may either reinforce the initial information of the

emergency (i2+) or weaken it (i2-). It is obvious that by using this additional information (i2+ or

i2-), the decision maker will be able to better assess the probability of the accident actually

taking place. Note that:

( ) ( ) ( )p s p s p s  1 1 1i i i1 2 1 1 2,i ,i+ −≥ ≥           (13)

tn

Cad

large Cad

time

no Cad

Figure 4. Possible course of additional cost as function of tav

Hence, the chance grows that the decision maker takes the right decision, i.e.,

evacuate when an accident occurs, not evacuate when no accident takes place. On the other

hand, the available time to evacuate will be smaller, possibly resulting in higher additional costs

Cad, e1, as is shown in figure 4.

The extreme case, in which the decision-maker waits until he receives perfect

information is shown in branch e2. This information can either indicate the end of the alarm, or

the true release of radioactive material to the atmosphere, now or in the very near future. Mind

that, in order to be consistent, the probabilities assigned to these possible states (end of alarm

versus accident), have to be the same as those in the e0-branch. By receiving perfect

information, the chance of taking the wrong decision, is reduced to zero. The price that has to

be paid for this certainty, are the possible, large additional costs Cad, e2 and Cad, e2’, (≤ Cad, e2)

in the case of a release starting now or in the near future, respectively.



  In this more elaborate decision problem, the decision maker will immediately decide to

evacuate, if and only if:

      ( ) ( ) ( ) ( ){ }EMV e a MIN EMV e a EMV e EMV e0 1 0 2 1 2, , , ,<           (14)

Note that (14) includes:

 ( ) ( )EMV e a EMV e a0 1 0 2, ,< ,

i.e., condition (11).

4.3  Discussion

As we have mentioned before, the ECONOM model, originally integrated in COSYMA, is

used in RODOS as well to calculate the evacuation and health effect costs. In its current

status2, RODOS provides costs C1 and C3 from figure 2. Moreover, the decision whether or

not to evacuate, will be based on a NPV-criterion.

Although this approach may be sufficient for residential regions, it is certainly not in an

industrial area. We have therefore presented the options approach as a possibility of dealing in

a more elaborate way with the evacuation problem in this specific environment. This approach

showed that on the one hand waiting for further information on the course of the alarm, and

maintaining the flexibility to react when necessary, has a certain value. On the other hand, it is

obvious that there is also a cost associated to this waiting, as the time that is available to

execute the evacuation will be smaller. This is very important in industrial areas, as certain

evacuation costs will be largely time-dependent.

                                                                
2 It is intended to extend RODOS in the future, for use in pre-accidental situations as well, when there is a
considerable risk of an imminent release [8].



It has to be stressed, that the options approach is but a possible way to deal with the

evacuation problem. We considered the decision to evacuate as an “all or nothing” decision,

i.e., evacuate the complete area, or not evacuate at all. Instead of taking one fundamental

decision, the decision maker could  proceed in steps and make a sequence of smaller

decisions. Such a decision could be for instance to evacuate certain factories, but wait on

further information for other firms, or let certain factories prepare themselves for a possible

emergency stop, or evacuate a number of workers that are not necessary to keep production

going. Every such action, will not only affect the set of possible future actions, but will also

change their respective pay-offs. Future research will focus on these problems.

CONCLUSION

In this paper, we have firstly analysed the way in which ECONOM, the economic model that

is integrated in the Probabilistic Risk Assessment code COSYMA and the Real-time On-line

DecisiOn Support system RODOS, determines the evacuation cost in case of a nuclear

emergency.

This analysis clearly indicated that the ECONOM-model is too general to be of use in

industrial areas as time aspects of the decision, although very significant, are ignored. The

decision to evacuate an industrial region can produce large irreversible effects. Hence, it is

important not to carry out countermeasures too hastily, which prove to be unjustified

afterwards. On the other hand, it is evident that taking  countermeasures too late is not optimal

either, as the abrupt shut-down of certain industries may involve severe secondary risks

(explosions, toxic releases, ...) and losses (product-in-process, ...).



Furthermore, it was shown that the decision to evacuate an industrial region in case of

a nuclear emergency, can be compared with the decision to invest in a risky project. These

decisions both require the spending of  money, while their pay-offs remain uncertain.

The options approach to the evacuation decision indicated that the “real” problem of

the decision maker is not whether to evacuate the industrial region in case of a nuclear

emergency or not, but rather, whether he should decide immediately to evacuate or whether he

should wait for further information on the course of the alarm. In so doing, the decision maker

preserves the flexibility to evacuate when the obtained information points in the direction of a

real accident. However, the time that remains available to carry out the evacuation will be

smaller, possibly resulting in higher costs.
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ABSTRACT

Zowel in de Probabilistic Risk Assessment code COSYMA als in het Real-time On-line
DecisiOn Support system RODOS, is het uitermate belangrijk om de economische implicaties
van het opleggen van tegenmaatregelen in geval van een nucleair alarm juist in te schatten. Om
dit te realiseren, beschikken beide programma’s over het economisch model ECONOM.
In dit artikel, tonen we aan dat het ECONOM-model echter niet geschikt is, en ook nooit
bedoeld was, om de economisch impact te bepalen van een evacuatie in een industriële
omgeving. Bovendien geven we aan hoe huidig en toekomstig economisch onderzoek aan het
Studiecentrum voor Kernenergie SCK•CEN, kan bijdragen tot een mogelijke oplossing voor
de vastgestelde tekortkomingen.

RESUME

Dans le Probabilistic Risk Assessment code COSYMA comme dans le Real-time On-line
DecisiOn Support System RODOS, il est extrêmement important d’évaluer de façon correcte
les implications économiques à la suite d’une application des contre-mesures en cas d’une
alarme nucléaire. Afin de réaliser ces objectifs, les deux systèmes disposent du modèle
économique ECONOM.
Dans cet article, nous démontrons que ce modèle ECONOM n’est pas apte à, et en aucun
cas réalisé à déterminer l’impact économique d’une évacuation dans des territoires industriels.
En outre, nous signalons comment la recherche économique actuelle et future au Centre
d’étude de l’Energie Nucléaire SCK•CEN, peut contribuer à combler des lacunes constatées.
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ABSTRACT

Some countermeasures adopted in case of a nuclear accident can produce significant economic impacts.
 The paper makes in first place a short review of the existing models for assessing the economic
consequences of accidents, including the intercomparisons performed.  For the study of effects in both
the area directly affected, and in the areas with which it has economic relations, the Input-Output
methodology is considered very appropriate, since it is based in the transactions existing between all the
economic sectors and can be very useful for the assessment that changes in final demand or restrictions
in primary inputs may have on the production of the economic system, direct and induced, for the
affected and non-affected areas.

The essential principles of I-O methods are presented together with examples based on the recent
research, leading to conclusions on their applicability for deterministic (single case) and probabilistic
(risk) analyses.  One interesting conclusion is to see that positive effects in the areas non-directly
impacted by the countermeasures can normally overcome the negative effects in the same regions.

INTRODUCTION

The economic consequences of accidental releases of radioactive material to the atmosphere are one of



the main endpoints of Probabilistic Consequence Assessment (PCA) codes. Economic impact is

originated by the implementation of countermeasures (population movements, decontamination,

intervention on food , mainly) as well as by the health effects potentially caused by the exposure to

radioactive products.  However, its evaluation is not a simple task and, as it was observed in the

conclusions of the last CEC/NEA Benchmark Exercise on PCA codes (Nixon et al. , 1994) , this was

the least mature area of PCA modelling, with a need identified of research on the potential importance

of indirect economic impacts that were not modelled in any of the existing PCA codes.

For that reason, one of the main topics in the EC MARIA-41 project was economics modelling, leading

to the development of new models for the COSYMA code which can be used dependin on the

objectives of a particular study and on the availability of data (Gallego, 1995a).

In this paper an introduction is first made to the costs of nuclear accidents, followed by an schematic

description of the existing models and codes for assessing economic consequences of accidents, which

is including the conclusions of the main intercomparisons between models. The second section of the

paper will review the new model MECA3 based on the use of Input-Output tables, that allows an

assessment of the indirect impact outside the areas directly affected by the implementation of

countermeasures, also including some representative case studies.

THE COST OF NUCLEAR ACCIDENTS. DEFINITION AND LIMITATIONS.

The definition of 'cost' of an accident is normally representing a concept broader than the simple

monetary impact. It would represent a benefit foregone, that can be measured by the amount of money

that would be required to restore the pre-accident level of well-being, in case it would be possible. 

Therefore, the total cost is including not only the direct monetary impact but also more indirect and

personal aspects such as pain and anxiety, including a degradation on the quality of life and welfare.

Apart from the nature of some elements of the cost, which are difficult to evaluate, or which can be of a

controversial nature -like the costing of health effects-, the evaluation of economic consequences of

nuclear accidents is subject to a number of limiting conditions, both in space and time.

While some elements will last for a short time period after the accident, other can continue or can



emerge a long time after the accident.  In the last case, a discounting is needed to obtain comparable

costs2.  However, no unanimity exists between economists about the validity of discounting

environmental damages in risk assessments, but, if an accident is assumed to have taken place, it is

evident that not all their consequences will occur soon after the accident, and thus a more correct

picture of the cost is obtained if delayed costs are discounted.  In this sense , there is now an increasing

consensus on using normal discount rates (about 10% per year) for market goods in general but, for

non-market goods , like health effects or environmental damage, a much reduced discount rate

(between 1 % and 3 % per year) is preferably used for medium term and no discounting at all for effects

appearing with a long delay in the future, thus avoiding its total neglection.  On the other hand, another

limitation for the evaluations is, as it can be imagined, that the uncertainties in the predictions increase

with time, given the concurrence of multiple uncertain factors and the imperfect knowledge of their

behaviour on a long term.

Concerning the spatial ambit, for very large accidents -when different countries or regions become

affected-, the more different are the economic systems of the affected countries the stronger would be

the uncertainties.  Past experience in the case of the TMI-2 and the Chernobyl accidents shows that for

small scale accidents, like the first, it was relatively easy to account for all the off site costs caused by

the accident, but for large scale accidents like the second, the only possibility is to assess

country-by-country costs . An example of this is available for the Nordic countries (Tveten, Ed. ,

1990).

Additionally, some effects result 'unquantifiable' and usually impose a forced boundary to the

assessments.  These are effects like the loss of image that the company, the region or even the country

affected by an accident would experience, or the losses of environment recreational  uses.  Alternative

methods like the willingness-to-pay for avoiding these effects may be useful to evaluate them, but a

substantial development would be needed.

THE COST OF COUNTERMEASURES AS AN ELEMENT FOR DECISION-MAKING.

Countermeasures adopted to limit the individual and collective exposure to radioactive products

released in case of an accident (off-site accident management) are an obvious source of economic

costs, since they will generally affect the normal living activities of the population, they can involve

destruction of contaminated products or will require the use of special techniques and tools to restore



pre-accident conditions.  Indeed, all the existing models consider the costs associated with the

implementation of countermeasures.

This evaluation is often used as part of the decision-making process to reach optimal intervention levels

for the application of alternative countermeasures.  According to the international recommendations for

intervention after a radiological accident (IAEA, 1994; ICRP, 1993), the protective actions to avoid

delayed health effects should be initiated when they produce more good than harm in the affected

population, and should be introduced and withdrawn at levels that produce a maximum net

benefit to the population.  In applying these principles, the terms 'good', 'harm' and 'benefit' should

include, obviously, health and safety and the tangible costs of protective actions, as well as other

unquantifiable factors such as reassurance stress and other societal values that should be taken into

account by the decision-maker.  In any case the economic cost of the countermeasures will be always

an important factor to consider, since their implementation can seriously affect, in case of a large

accident, the economy of the country and the society=s welfare thus inducing indirect consequences to

the population as a whole, which should be not neglected by the decision-maker.

MODELS AND CODES FOR THE ASSESSMENT OF ECONOMIC CONSEQUENCES.

The first significant attempt to a comprehensive evaluation of the consequences of accidental releases of

radioactive material including economic consequences was the Reactor Safety Study (U. S. NRC,

1975).  It is in this context of risk assessment that a number of accident consequence assessment

(ACA) computer programs have been developed since then, by which the effects of postulated

accidental releases may be predicted.  Between them two have wide international groups of users, the

U.S. MACCS code (Jow et al. , 1990) and the European COSYMA code (Hasemann and Jones,

1993)., developed in the framework of the MARIA project (Methodology for Assessing the

Radiological Impact of Accidents).  These programs are capable of predicting the consequences of

accidents in particular weather conditions, and also of performing probabilistic assessments , which take

into account the range of weather conditions which may occur.  Such models may be useful in

emergency planning, and in studies in connection with the siting, design and licensing of nuclear facilities.

Computer systems are also being developed which will aid the formulation of decisions on protective

actions in the event of an actual accident, and assist in emergency planing.  An example is the RODOS

system (Ehrhardt et al., 1993), currently being developed jointly by several European organisations



under a CEC funded programme of work. As already explained, the economic impact of protective

countermeasures is a very important input factor for decision-making about their implementation.

Several economic consequence models exist which can be used as the basis of an economics module

appropriate for application in programs of both of the above types. The predictive nature of all these

models is also the cause of many of their limitations, since they must be applied to a variety of scenarios,

using generally applicable techniques, which can not be so precise as the use of classical accounting

methods for specific cases.

The are two outstanding models with regard to the detail in which economic consequences are

considered: COCO-1 (Cost Of Consequences Off-site; Haywood, Robinson and Heady, 1991),

which is the standard model of COSYMA (Faude, 1992) and of the British code CONDOR (SRD,

NE and NRPB, 1993), and MECA (Model for Economic Consequence Assessment; Gallego,

1994) which was coupled initially to MACCS, and later to COSYMA. Their basic characteristics

together with those of the model in MACCS, much simpler, are summarized in Table 1.

From that table, we will just remark the greater complexity of MECA, like a research model developed

to study more in depth the nature of each component of the cost, making use of the maximum statistical

information readily available in EU countries. In its last version (named MECA3, Gallego, 1995b), it

also includes an Input-Output model to evaluate the direct and indirect costs caused by population

movements, which is described later.

Between the precursor models it is worth to mention that developed by the U.S. Bureau of Economic

Analysis (Cartwright, Beemiller and Gustly, 1981), called RIMS (Regional Industrial Multiplier

System).  It was based on economic production and on the Input-Output methodology for estimating

the effect on a regional economy of a change in demand for goods in a given sector of that economy. 

For reactor accident impacts, the regions under consideration were divided into 'physically affected'

and 'physically unaffected' areas. However, the economic effects were only calculated for the first year

after the accident, and the model was considered unsuitable for direct use in probabilistic accident

consequence assessment because it required a very detailed data base and a great deal of

computational effort.



Intercomparison exercises.

Intercomparison exercises are needed to compare the capacities and identify lacks in the models and

future guidelines to investigate.  The most recent international exercise was that included in the recent

NEA/EC Second International Comparison of Probabilistic Accident Consequence Assessment

Codes (NEA/OECD, 1994), in which all the models described above (plus the Finnish ARANO) were

included together with other ACA codes not specifically addressing the problem of economic

consequences.

The results of that exercise showed not only the differences between the various economic models but

those coming from the previous steps of accident consequence assessment, specially in the calculation of

the impact of countermeasures and the number of health effects.

Additional differences were originated from certain assumptions the users made to adapt the data in the

specifications of the exercise to their own model.  In general, the differences in the

results obtained were within reasonable variation factors, and the exercise presented a lower dispersion

in the results from modelling differences than previously expected.

For example, with regard to the cost of population movement, the differences between the  predictions

of the codes for this endpoint were relatively small, within a factor of 4 for a large magnitude release and

the CCDF3 were in reasonable agrement.  The difference observed were due largely to differences in

output from the countermeasures module, such as the extent and duration of relocation and, for a low

magnitude release, from the assumed duration of short-term evacuation, with a less significant

contribution from differences in economic modelling.

Concerning the cost of food bans, the differences were also certainly small, within a factor 5 for the two

releases, also showing a reasonable agreement in the CCDF curves. The differences observed were due

partly to differences in output from the food countermeasures modules, and partly to different

assumptions made in adapting the data in the specification of the exercise for food, which were not

directly adaptable to all the codes .



In relation to the total cost, it was apparent that food bans costs were the dominating costs for all the

codes and calculations, population movements were the next in importance for the large magnitude

release, and health effects for the low magnitude4. The total combined spread was by about a factor 2

or 3 for the cases analysed. This explains the comment made above on the differences lower than

expected that were observed in the exercise.

INCORPORATION OF MECA2 IN COSYMA.

The model MECA2, coupled to MACCS, was one of the participants in the CEC/NEA

Intercomparison Exercise.  However, the incorporation of MECA2 to COSYMA was considered as

the best way to obtain a real intercomparison between the two economics models developed in

connection with the MARIA project: the COCO-1 and the own MECA2. This complemented previous

theoretical comparisons, like that of Table 1.

MECA2 has been coupled to COSYMA as a post-processor independent module.   No modifications

in the main COSYMA system have been made.  The description of the accident and weather sequences

that should be analyzed by the model is transferred from COSYMA through the corresponding

intermediate results files containing the sample of weather sequences, the flags for the kind and duration

of the countermeasures in each element of the calculation grid, and the number of health effects

estimated by COSYMA.  Economic estimates made for each weather sequence are stored and

processed by the own program, which produces itself the CCDF curves and percentiles of a quite large

number of related consequences (not only costs, but also amounts of persons, areas or produce

affected by countermeasures).

The tests performed have include an intercomparison of results for three hypothetical scenarios, based

on two real Spanish nuclear sites.  The calculations were made using generic source terms, taken form

the specialised literature, non specific from the actual nuclear power plants at the sites, and merging

meteorological data measured at different sites so that the conditional probabilities obtained are not

representative at all of the site atmospheric conditions.  The only truly representative of the sites were

the economic-relevant data, such as all the distributions of the population, agricultural and livestock

products, crop areas, and more specific data like the Gross Value Added at factor cost by economic

sectors.  It is important to remark that the results obtained are thus only valid for economic modelling

intercomparison purposes, but they do not represent the risk or the consequences associated to any real



M
E

C
A

2
 h

a
s be

e
n

 r

N
o

 m
o

d
ifica

tio
n

s i

o
f th

e
 a

ccid
e

n
t an

transferred from
 C

co
n

ta
in

in
g

 th
e

 sa
n

the counterm
easul

h
e

a
lth

 effe
cts estin

sequence are storo

C
C

D
F

 cu
rve

s an
d

 1
o

n
ly

 c
o

s
ts

, b
u

t

counterm
easures).

T
he tests perfonæ

sce
n

a
rio

s, ba
se

d
 o

using generic soutl

the actual nuchr

m
easured at dift

representativetd

of the sites w
cæ

 |

population, agri(r

like the G
ross V

el

rem
ark that the r

intercom
parison p

a
sso

cia
te

d
 to a

n
y r

T
he m

ain characte

th
e

 m
e

a
n

 va
lu

e
s ot

th
e

 sa
m

e
 w

e
a

th
e

C
O

S
Y

M
A

 a
re

 u
st

T
h

e
 first im

p
o

rta

e
n

d
p

o
in

ts ob
ta

in
e

r

so
m

e
 te

n
d

e
n

cie
s c

ch
a

ra
cte

ristics. h

va
lu

e
s th

a
n

 C
O

C
(

in
te

rd
ictio

n
. F

o
r

rt)
QO2

!Uz

eIz

.=
Ê

9
E

4
6

Ê
-

6
&

ê
o

 
i

.
.

û
!

 
=

g
â

ë
-

T
Ë

.
;

;
e

E
e

 Ê
Ë

 3
 ë

È
q

 P
 3

 a
É

;
 

5
r

 
E

.F
 : E

 â
a

ï
à

E
e

:
E

E
'E

Ë
=

' E

ç
Ë

ë
E

?
2

?
>

-
.

.
C

,
a

:
:

 
h

.
=

-
s

E

>
É

,
e

a

:
!

?
?

>
x

:

a
;

-
-

;
?

2
P

U
O

F
q

o
É

)1, 
a

F
'

)

z
ù

r
d

E
 c

r
i

g

>
<

Ë

oo

(I
{

s

>
2U;T5

E?
'Z

q
d

O
O

X
9

2
.

?
9

€

à
r,

d
x

.
E

E

ao€

qo
o

=
>

'
5

5

\
E

5
F

>
4

-
-

.
>

,.: 
lJ

{
€

c
9

4
:

r
3

9

e
;

o
o

o
9

c
ù

c
d

-
^

-
!

4

:
 q

Ë
-

?
,

9
l

*

X
à

c
=

5
<

a
8

Ë
h

ô
l

c

5
:

,
3

c
 

è
c

?
.

"
ô

-
l

o

À
3

5
>

:
=

c
-

Y
 

4
-

8
.; +

L 
n 

.,::

e
s

 Ë
-

-
i

è
E

X
=

-
i

i
v

S
È

E
 

Ê
L

<
'

É
=

=
t

9
>

-
=

fr
e

E
v

 
o

-
.

i
:

6
t

v
.

-
t

<
5

'
t

t
>

.
2

/

ô
3

3

8
-

;
o

ô

;
E

F
ôo

ô
a

=

:
t

,
 

9
^

F
Y

ô

'
=

:
t

o
=

 
=

^
6

,
.

ô
h

-

È
 

r
e

e
7

 
5

 s
+

q
a

r
3

i,. 
o

u
f O

=
.

:
>

:
i

E
=

Ë
H

g
^

q
È

€
ï

:
9

.
-

E
F

É
H

 
ô

;
 

>
 

g

g
à

;
E

E
È

s
s

E
Ë

.Ë
 9

s
 

É
 Q

,
)

=
'-

)
D

.
=

à
8

;
a

 
-

 
Ë

 
>

6
t

o
=

-
o

o

5
 / 3

 É
à

9
.

0
9

5
F

-
!

J
*

:
!

e
6

t
d

L
J

L
L

e
^

a
ç

^
q

5
n

3
È

3
Ê

É

t

Ê
ô

g
-

.=
 

>
.

=
o

Ê
>

Ë
c

:
3

b
H

-
ç

=
:

s
Ë

I
 

€
à

J
P

c

o
5

ô

e
Ë

.Ê
t

-
-

:
=

ç
5

'
.

,
Ë

g
?

g
:-

€
è

s
J

€
 iË

E
5

 5
o

 
s

'
5

€
o

d

+
=

0
=

L
 

Ë
=

a
d

F
9

0
=

€
e

z
 z

à
:.: 

o
 

..

6
t 

_
o

 
6

l

t
E

:
5

3
t

'^
A

J

i
u

5
0

=
o

 
d

é

q
Ë

8
.

=
l

È
=

d
P

€
:

 à
x

a
9

0
5

9
€

7
,

'=
 

-

s
?

€
>

;
(

 
E

- ô
'=

v
r

=

É
c

c

4
 s

.ç
X

 
à

'
o

E
e

t
s

 -*<
3

i
8

a
Y

c

.
o

X
N

a
-

 
E

^
:

€
)

d
>

Ig?o
-

9
Ë

9

_
c

L
Y

€
U

i
*

v
,

g
 â

:
X

a
-

o
ç

.
9

9
{

:

Ë
 F

c
Ë

F
3

-
v

=

ë
h

6
'

r
o

=

;
:

:

à'-!)94€ËoQ
C

j 
'to

ô
9

)
:

^
<

n

s
:

Y
O

Y
E

<
E

>
.

2

Éz

O
E

o
<

u
=tt)Q

IaOz

@oII0

x
x

=
o

8
à

H
9

o
!

{
'

-
Y

o
{

9
q

ç
2

Ë

3
E

b
?

r
 à

:
=

H

r; F
o

=
E

Ê
;

;
V

-
=

ôo

d
>

1
.

.
=

'n
9

4
 

a
Ë

Ë
 n

 
E

é
:

g

2
E

Ê
 :

-
Ê

-
=

.
.

 
d

 
E

3
æ

P
 

É
E

E
â

-
s

?
q

=
 

Ê
 

É
 

o
c

s
.

q
f

è
F

*
l

.
'

/
È

h

+
6

â
ç

9

ao
.

>
o

?
.

=
O

J
L

o

9
0

Â
Â

d
$

dE
 

"d

II;
:

+
v

:
^

iâ
a

s
E

c
=

L
J

È
 &

E
=

-
-

Ë
9

À

E
'ê

 2
Y

;
J

 
9

x
 

.
.

 
d

Ë
!

'
=

o
.

t
s

f
o

x
.

,:.IO
J

=
o

{

9
s

s
.

=
>

€

X
(

q
c

€
'

ê
s

+
 

a
r

 =
E

-
H

Y
 È

J
.: e

.E
6

=
c

S
,

P
€

:
4

4

:
<

e
o

q
A

o
5

z

oE00

9
.9

3
.q

-
v

>
,E

6
9

=
{

È
<

3
q

o
?

^
.:

o
g

9
C

t
r

-
i

-
l

o
6

Ë
,

3
É

-
F

oo
i

è
o

o
=

-
€

=
>

ù
dr

s{J

q?qlJ

=
6

v
.

9
a

ù
9

0
J

6

v
=

4
'

=

v
Ë

g
s

c
Z

ô
v

'
i

2
s

=

=
.Ë

^
9

:
?

à
i

U
Ë

>

e
q

3
:

z
.'f;

-
o

E
g

&
E

à
';:i

=
o

=
>

d
>

Io

ddL)É
4

Y
=

ù
Ë

202

oq)Ia)o)(t)

999(9
C

Hc)cntâq)ct)
(tt

Lçt)
q)c)

ItHou)
q')

!(htr()!Ic!L6l

UF
Tc)

F



site.

The main characteristics of the three cases studied are summarised in Table 2, and the mean values

obtained for each run are included in Table 3.  In these calculations, the same weather sequences and

patterns of countermeasures calculated by COSYMA are used by MECA2 to assess their economic

impact.

The first important conclusion is that no big differences are resulting in the endpoints obtained due to the

differences in the economics models used.  Obviously, some tendencies can be observed, and probably

are amplified depending on the site characteristics.  In general, for the relocation of people MECA2

predicts higher values than COCO- 1, probably due to the differences in modelling the costs of

interdiction.  For decontamination costs, although MECA2 can use a more complete data base on

decontamination techniques and costs for different types of surfaces, it was limited to only one type and

technique, as it is commonly made in COSYMA, and the result, as can be seen is a lower cost

prediction.  Food bans  result always a very important item, and the differences in the models and

categories of costs considered in both models result in opposite behaviour depending on the scenario;

this may be reflecting a greater detail of MECA2 in the data base managed.  Finally, although the

costing of health effects is not the subject of this paper, it can be said that MECA2 normally results in

smaller costs, at least for latent effects, which are the most representative from this point of view.

Looking to the probability distributions, Figure 1 shows the CCDF curves produced by both models for

the Zorita scenario A, in which it can be seen that relocation and health effect costs seem very similar for

the two codes, MECA2 relocation costs being always higher and health effect costs smaller, and the

most signifcant differences being attributable to food ban costs, which have the greater weight in the

total costs, as it was already seen for the mean values. Figure 2 displays the curves for Vandellós

scenario B, in which again relocation and health effects cost curves are very close, and not the curves

for food bans costs, which this time are greater for MECA2.

In any case, the results for food bans costs are strongly conditioned by the assumed countermeasures in

case of food contamination, basically a complete disposal of crops in the first year, and condemnation of

terrains in the following years if food contamination would result above permissible levels; with no other

alternatives which could be more cost-effective. Therefore, the modelling of alternative countermeasures

for food is considered as a priority before trying to improve cost assessment for food countermeasures



in PCA codes.

Table 2. Main characteristics of three hypothetical scenarios.

- Scenario A: Zorita site (Guadalajara).
N.P.P. Westinghouse PWR - 1 Loop . 510 Mwth . 160 Mwe .

- Scenarios B & C: Vandellós site (Tarragona).
N.P.P. Westinghouse PWR - 3 Loop. 2775 Mwth. 992 Mwe.

- End of equilibrium cycle inventories for 60 radionuclides.

- Source terms representative of LOCA with core fusion and late overpressure containment
failure (A & B) or explosive early containment failure (C) .

SOURCE TERM CHARACTERISTICS

A) CLUSTER 27 Zion (NUREG- 1150)
B) RZ2 Zion (NUREG/CR-6094)
C) CLUSTER 11 Zion (NUREG- 1150)

A B C

Start of release (from reactor scram) 7.90 h 12 h 2.4 h

Release duration 1.82 h 3 h 5 h

Warning time (from reactor scram) 5.75 h 5 h 0.4 h

Thermal power in the release 2.5E + 5 w - 5.0E + 6 w

Height of the release 10 m 10 m 10 m

TOTAL RELEASE FRACTIONS BY RADIONUCLIDE GROUPS

Kr
Xe

I Cs
Rb

Te Sr
Ba

Ru La
Ce

A 9.3E-1 8.0E-2 9.7E-3 5.3E-3 5.9E-4 3.4E-6 7.0E-5

B 1.0 3.0E-2 6.0E-6 7.0E-6 1.0E-6 2.0E-8 1.0E-7

C 9.2E-1 1.8E-1 7.0E-2 3.4E-1 1.2E-1 4.0E-2 5.0E-2

Countermeasures criteria:

C Short-term emergency actions (evacuation, sheltering, iodine prophylaxis) according to Spanish
regulations.



C Population relocation criterion: 10 mSv effective dose in 30 days.
                                      Resettlement: 50 mSv in 365 days.

C Food ban criterion: 5 mSv in 1 year (COSYMA default values).

Table 3. Mean values of economic consequences for three hypothetical scenarios.

Zorita scenario A

ECONOMIC COST (MPTA) COSYMA 93/1 MECA2

Relocation of population 5.01 102 3.2 % 7.66 102 9.8 %

Decontamination 8.40 100 0 % 5.45 100 0.1 %

Food Bans 1.14 104 72.2 % 3.74 103 48.1 %

Early Health Effects 0.0 0 % 0.0 0 %

Late Health Effects 3.89 103 24.6 % 3.27 103 42 %

Total Costs 1.58 104 100 % 7.78 103 100 %

Vandellós scenario B

ECONOMIC COST (MPTA) COSYMA 93/1 MECA2

Relocation of population 1.38 102 10.1 % 2.02 102 9.8 %

Decontamination 0.0 0 % 0.0 0 %

Food Bans 6.94 102 51 % 4.72 103 89.5 %

Early Health Effects 0.0 0 % 0.0 0 %

Late Health Effects 5.29 102 38.9 % 3.51 102 6.7 %

Total Costs 1.58 104 100 % 7.78 103 100 %

Vandellós scenario C

ECONOMIC COST (MPTA) COSYMA 93/1 MECA2

Relocation of population 6.80 104 33.8 % 1.00 105 43.2 %

Decontamination 6.42 103 3.2 % 1.05 103 0.5 %

Food Bans 7.05 104 35.1 % 9.50 104 41.1 %

Early Health Effects 8.77 100 0 % 9.32 100 0 %

Late Health Effects 5.61 104 27.9 % 3.53 104 15.2 %

Total Costs 2.01 105 100 % 2.31 105 100 %
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Figure I . CCFD comparison between MECA2 and COSYMA for Zorita scenario A
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