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Abstract. The paper reports on an assessment conducted on a hypothetical radiological
accident during the ongoing project to decommission the VVR-S nuclear research reactor at ‘Horia
Hulubei’ National Institute for Physics and Nuclear Engineering, IFIN-HH, Bucharest. The reference
accident scenario assumed a fire-driven radioactive release to the atmosphere, of the material
resulting from disassembling reactor’s graphite column. Two versions were pursued: (i) an
entrainment in the fire resulting from a plane crash demolishing the entire reactor hall, of the
radioactive graphite debris; and (ii) a direct graphite fire due to electric cables under voltage load
falling accidentally over the stock of waste graphite. The specificity in addressing issues relating to
the safety and health- and environmental impact of zero-power reactors decommissioning is
emphasized.
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1. INTRODUCTION
The decommissioning of nuclear reactors is, since more than a decade now,
a thriving business. Taking the turn of the century as a reference point in time, by
the end of 1992 there were 65 plants that had already been permanently shut down,
57 of which were located in the OECD countries. Many of those had a capacity of
less than 200 MWe, were commissioned before the year 1970 and were built as
prototype or demonstration reactors [1]. And the decommissioning does have a
future, for – according to the source just quoted, “assuming a 25-year lifespan
(thought extendable up to 40 years), almost 300 facilities would have to be
decommissioned by the year 2010.” It has been inferred that, after 2010, the
number of nuclear power plants reaching the age of 40 years will rapidly increase,
reaching a peak around 2015 and staying high from 2015 to perhaps 2025.
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It is interesting to note that most considerations about decommissioning
would currently lean on the side of power-generating reactors, in spite of the fact
that the forerunners in decommissioning were the lower power, ‘prototype and
demonstration reactors’, as well as ‘zero-power’, or research reactors, that happen
to make the bulk of the World’s nuclear yard and which, arguably, are also likely
to provide the bulk of the decommissioning sensitive issues [2]. According to the
International Atomic Energy Agency, at the turn of the centuries 272 research
reactors were in operation, 214 were shut down, 168 were decommissioned, nine
were under construction and eight were in the planning stages [3]. Currently, in the
industrialised countries there are 193 research reactors in operation, with 230
reactors shut down, 106 decommissioned, four under construction and three in the
planning stages, while in the developing countries, there are 85 in operation, with
28 shut down, 12 decommissioned, five under construction and five in the planning
stages. The age distribution of operating research reactors peaks at between 35 and
40 years, with 61% of them more than 30 years old [4]. Figures 1 and 2 are
informative in this regard.

Fig. 1 − Research versus power reactors: the numbers.
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From a broad, strategic angle, the decommissioning of research reactors
raises a number of specific issues [2]. These include, inter alia, (i) the task of
conducting a complex, multi-year or even multi-decade business of handling and
processing, both onsite and offsite, vast amounts of radioactive materials and
debris, with the defence-in-depth lowered – a conundrum admittedly shared by
power-, and research-reactors alike; (ii) the task of specifically and adequately
address a larger number, older, and a considerably wider variety of research
reactor types – in comparison with the lower in number, younger, and also highly
and deliberately tipified commercial power reactors; and (iii) the task of managing
kilo-Curie-sized activity inventories per unit, of spent fuel to be returned to the
original suppliers, rich in long-lived fission products, on the one hand, as well as
stocks of unused fresh and normally highly-enriched uranium-based fuel left
behind after the final shutdown, on the other hand.

Fig. 2 − Research versus power reactors: the age.
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Such issues echo down into the technical aspects of research reactors
decommissioning, bearing especially upon the decommissioning safety issues,
including the health and environmental impact of the operations. From the core
design, to cooling, controls, radioprotection, waste management, less hardened
containment and operational aspects, the differences between the power- and the
research reactors must be duly accounted for and adressed in the plethora of safety
and authorization documents required by the nuclear regulatory process.
Among the issues, the identification and assessment of a properly sized,
plausible, scientifically-defendable and acceptable by the regulators and other
stakeholders, reference decommissioning accident has proved of special
importance. This challenge has inevitably confronted the teams involved in the
multi-disciplinary effort of documenting and managing the decommissioning of the
VVR-S-type nuclear research reactor that had served, for more than four decades, a
wide fan of topical research as well as the radioisotope production at the National
Institute of Physics and Nuclear Engineering in Bucharest.
2. A RESEARCH REACTOR DECOMMISSIONING REFERENCE
ACCIDENT SCENARIO
The design of the reference scenario was the priviledge of those directly
responsible with organizing and conducting the operation – Institute’s Department
of Reactor Decommissioning, that defined the accident circumstantial versions, and
provided a source term.
The data were conveyed to the Department of Life and Environmental
Physics for technical substantiation and the elaboration of the impact assessment.
The input was clearly reflective of a few, relevant terms of reference. Thus, the
hypothetical accident should:
(i) reflect the realities of the VVR-S decommissioning yard assumed in full
swing, i.e. with various, dismantled reactor parts liberally spread over the
yard area – in the case at hand, the floor of the former reactor hall;
(ii) be of a sufficient degree of severity, so as to involve a transport of
radioactivity off the yard premises and present, in principle, the risk of
offsite radiological consequences; and
(iii) imply a documented precedence in the history of the nuclear
industry/research.
After reflection, the version outstanding as featuring the above was – a
graphite fire.
Literature [5] indicates that graphite was, and/or is used as a moderator or
reflector material in many reactor types, both power or research. In all, there are
about 250,000 tonnes of graphite waste to be dealt with in decommissioning
worldwide. Graphite has particular characteristics that makes it suitable for a
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moderator or reflector of neutrons in a nuclear reactor. Nuclear graphite, the one
used in the nuclear industry, is one of the purest materials manufactured at
industrial scale and retains its properties (including strength) at quite high
temperatures [6]. When the graphite-moderated reactors were first being built, little
was known about the behavior of graphite when exposed to neutrons. It was
Eugene Wigner who, in the early years of the atomic age, discovered that graphite,
when irradiated with neutrons, suffers dislocations in its crystalline structure
causing a buildup of potential energy (the ‘Wigner effect’). This energy, if allowed
to accumulate, could escape spontaneously in a powerful heat excursion – which,
in fact, occasionally happened, sometimes with dramatic consequences.
There have been two major accidents in graphite-moderated reactors - the
Windscale fire, clearly involving to some extent the Wigner effect; and the
Chernobyl disaster, of a much more compounded nature. In a nutshell:
• the Windscale event (10 October, 1957) featured an in-core graphite fire,
reaching a maximal temperature of 1300 °C. The fire duration, till a forced
extinction by water injection, was arround 5 days;
• the Chernobyl event (26 April, 1986) revolved around an open graphite
fire, having a duration, till forced extinction by oxygen deprivation, of
about 10 days.
On reckoning upon such precedence, the reference accident at the
IFIN/VVR-S decommissioning yard was described as an accidental fire during
decommissioning operations, entraining out to the atmosphere the material and
combustion products from the dismantled reactor’s graphite column, along with
the associated radioactivity, on either of the following pathways [7]:
(i) an entrainment of the radioactivity in the fire of the liquid fuel resulting
from a plane crash that destroys the building; or
(ii) a direct graphite fire flow of combustion products via the normal
ventilation system of the reactor hall.
The input offered to the analysts consisted in the mass of contaminated
graphite, 5,300 kg, assumed to eventually get completely airborne; the steady
ventilation rate of the reactor hall building − when intact (case (ii)), of 30,000
m3/hrs; and a mix of 7 radionuclides and the respective activities, in a total release
of 1.32×1010 Bq.
The preliminary issues that had to be dealt with were: an operational
redefinition of the accident scenarios, in the light of the physical models employed
in the assessment; and the identification, by numerical expriment and simulations,
of the key parameters determining the dosimetric consequences of the hypothetical
releases, including: the fire area (m2); the linear burn rate (mm/min); the average
atmospheric stability over the release duration; and the anemometric wind velocity.
Running on computational tools compliant with the Romanian Law [8] a
number of ‘what if scenarios’ featuring combinations of the key parameters above
a comprehensive collection of results was obtained, including, and especially,
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functions of the downwind distance for quantities of interest in a radiological
assessement: dilution factors (s/m3); airborne activity concentrations (kBq/m3);
ground depositions (kBq/m2); a variety of doses, with emphasis on the Total
Effective Dose Equivalent (TEDE, mSv); as well as a number of intermediate
quantities (dispersion standard deviations (m), effective plume height (m), windshear-affected plume velocities (m/s), arrival times (s) etc.). A special importance
was attached to the identification of the circular contours of maximum TEDE as
well as of worst case preventive exclusion areas.
Supportive assessment conducted with alternative computational tools RODOS (EU) [9], HotSpot (developed under the auspices of Lawrence Livermore
National Laboratory, U.S.A.) [10], to consolidate the results.
3. MODEL SCENARIOS
In the light of the observational and documentary input collected, the
following operational construct was adopted [7], for the original formulation of the
accident scenarios:
Scenario 1. A plane crashes on the VVR-S reactor hall. Building looses all
containment functions. Plane fuel is ignited. The open fuel fire engages the
graphite column material and takes it out to the atmosphere (Fig. 3).
Scenario 2. Electric cables under voltage load fall by accident over the stock
of graphite resulted from the graphite column decommissioning. The graphite is
ignited by the ensueing electric arc. The fire proceeds entirely within the intact
VVR-S reactor hall, till the eventual exhaustion of the graphite stock. All
combustion products are taken up by the routine ventilation system and evacuated
through the reactor stack, at the prescribed rate of 30,000 m3/h (Fig. 4).
3.1. THE PLANE CRASH, FUEL-DRIVEN FIRE
The scenario relies on a time sequencing suggested by the assessment of the
World Trade Center Towers plane impacts of September 11, 2001 [11], and on the
Open Fire model recommended by the codes HotSpot, and the Romanian nuclear
authority CNCAN [8].
The contaminated graphite is assumed in a form that would be readily and
completely taken airborne by the fuel fire as is (entrainment) and/or combustion
products – gases and smoke (Fig. 3), namely a graphite scrap resulted from
decommissioning processing, close to a pulverized coal bed in suspension in the
fuel remained on the reactor hall free floor following the initial fireball, and cold
spill promptly entailed by the plane crash.

7

Decommissioning research reactors

49

Fig. 3 − Schematics of the plane fuel-driven fire sequence.
The radioactivity vector is the fire flow and smoke plume.

Key factors governing the fire are the liquid pool area (m2) and the assumed
linear burn rate (mm/min). These directly determine the heat emission rate and the
fire/release duration.
In conjunction with the average meteorology – ambient temperature (C) and
atmospheric stability (Pasquill A through F) – assumed over the fire/release
duration, the latter determine the plume rise (m) and effective plume height (m
above ground) and, by way of consequence, the atmospheric dispersion, ground
deposition, the contamination along the food chain and the radiation doses.
The ‘Fuel Fire’ scenario turned out to be one of a fast release, at heights in
the order of 102 metres above ground.
3.2. THE ELECTRIC ARC-IGNITED GRAPHITE FIRE
The contained fire concept adopted assumes again a graphite scrap bed
nearing the condition of a pulverized coal bed – and thus favoring ignition and
oxidation of the, otherwise, a material reluctant to ignite – occupying a determined
area on the reactor hall. The fire – ignited by an electric arc effect from the fallen
electric feeders (a minimum of 400 °C is a requisite temperature) is assumed to be
self-sustaing, at a burn rate taken at 0.175 mm/min – representing ca. 1/10th of the
minimal linear burn rate normally adopted for hydrocarbon-fueled fires, which
ranges from 1 to 5 mm/h.
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The fire follows the pattern and laws described by e.g. Sugawa [12] and
confirmed in such occurences as the Budapest Sports Arena fire [13], i.e. forming a
columnar vertical flow featuring temperatures in the order of 103 °C at the base, 102
°C at midheight, and 101 °C at the ceiling level of the 20 m-high reactor hall –
where it gets deflected laterally, to be then directed by the normal hall ventilation
to the stack, and out to the atmosphere as shown in Fig. 4.

Fig. 4 − Schematics of the electric-arc-ignited graphite fire sequence.

As with the liquid fuel fire, the graphite scrap bed area (radius) and burn
rate determine the heat emission rate and the fire duration which, in conjunction
with the ambient temperature, the wind velocity and the atmospheric stability set
the effective plume height and radioactivity release rates, and thereby the doses in
a distance from the release source.
The ‘Direct Graphite Fire’ scenario turned out to be one of a slow release, at
heights rather close to the reactor stack height (40 metres above ground).
3. RESULTS AND DISCUSSION
The method leading to the results reported in the sequel combined
atmospheric dispersion models recommended by the Romanian topical regulations
[8] and implemented with domestic, IFIN-HH/DFVM-developed codes RAT
(Radiological Assessment Toolkit) [14], with compatible models employed by the
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reference European codes RODOS and COSYMA [15] and the U.S.-recommended
HotSpot [10]. Additional models dealing with the special cases of Tritium and
Carbon-14 were also employed.
A selection of the results, indicative of the radiological effects of the
radioactive emissions assumed is presented in Figs. 5 and 6. For each scenario the
cases of interest are identified in Table 1. The following are given:
(i) a set of values of the characteristics quantities of the environmental
dispersion and exposure to persons (doses), consisting of the downwind
distance from the source for which the calculation shows maximum
relative values of the total effective dose equivalent, TEDE (mSv);
(ii) the dose-to-distance dependence of TEDE, for distances ranging between
0.9 and 49 km, to ensure an appropriate coverage of the data distribution
profile;
(iii) the maps of the circular contours set at the relative maxima of TEDE, for
different atmospheric stability classes.
The cases of interest were:
for Scenario 1 – plane crash, fuel-driven fire, 6 cases:
• Case 1. 30 m2 fire pool, 1 mm/min burn rate;
• Case 2. 60 m2 fire pool, 1 mm/min burn rate;
• Case 3. 150 m2 fire pool, 1 mm/min burn rate;
• Case 4. 300 m2 fire pool, 1 mm/min burn rate;
• Case 5. 600 m2 fire pool, 1 mm/min burn rate;
• Case 6. 30 m2 fire pool, 5 mm/min burn rate
and, for Scenario 2 – electric arc-ignited graphite fire, 2 cases:
• Case 1. 6 m radius fire, 0.175 mm/min burn rate;
• Case 2. 3 m radius fire, 0.175 mm/min burn rate, respectively.
To consolidate the assessment, alternative evaluations were conducted with
the reference European codes RODOS. A summary of the results thus obtained is
given in Table 2 and Fig. 7, respectively. On the same line, a direct comparison of
the results obtained with the in-house tools (RAT, EURISOL Desktop Assistant)
with HotSpot results are shown in Table 3.
RODOS (Real Time On-Line Decision Support System) has been designed as
a comprehensive system incorporating models and databases for assessing,
presenting and evaluating accident consequences [9]. Its flexible coding enables it
to cope with differences in site and source term characteristics.
The RODOS system features possibilities to evaluate not only the nuclear
power plant accidents, but also explosions of radiological devices (ERD) and
radiological accidentsinvolving fire (RAF). For the assessment of the radiological
impact of a graphite fire of the given source term, in the open air source version,
the RAF was the natural choice.
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Table 1
Sets of values for the characteristic quantities featuring environmental dispersion
and exposure of persons
SCENARIO 1: PLANE CRASH – FUEL FIRE
Case

Case 1:
Fire Pool = 30 m2
Burn Rate = 1 mm/min

Case 2:
Fire Pool = 60 m2
Burn Rate = 1 mm/min

Case 3:
Fire Pool = 150 m2
Burn Rate = 1 mm/min

Case 4:
Fire Pool = 300 m2
Burn Rate = 1 mm/min

Case 5:
Fire Pool = 600 m2
Burn Rate = 1 mm/min

Release
Stability
Class

Effective
Height
(m)

A/B

245

D

196

F

63

A/B

361

D

279

F

75

A/B

604

D

TEDE* max

Duration
(s)

757

378

446

151

Dose
(mSv)

Distance
(km)

4.73e-4

0.0

4.11e-6

4.200

2.07e-5

5.000

4.73e-4

0.0

3.31e-6

0.200

1.81e-6

7.300

1.33e-5

6.900

4.73e-4

0.0

3.75e-7

0.400

7.66e-7

22.000

F

94

7.52e-6

10.500

A/B

889

4.73e-4

0.0

D

636

5.81e-8

0.700

7.31e-7

25.000

F

111

4.92e-6

15.000

A/B

1311

4.73e-4

0.0

D

906

6.73e-9

1.000

2.55e-6

9.100

F

131

3.25e-6

23.000

75

37

SCENARIO 2: GRAPHITE FIRE
Case

Case 1:
Radius Fire = 6 m
Burn Rate = 0.175 mm/min

Case 2:
Radius Fire = 3 m
Burn Rate = 0.175 mm/min

Release
Stability
Class

Effective
Height
(m)

A

125

D

86

F

48

A

47

D

45

F

42

TEDE* max

Duration
(s)

Dose
(mSv)
3.80e-5

0.300

16912

1.14e-5

2.200

8.90e-6

9.300

1.33e-4

0.200

1.17e-4

0.600

5.70e-5

2.500

67650

Distance
(km)
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Fig. 5 − Typical assessment and results for Scenario 1.
Dose to distance dependence of TEDE (left) and circular lines of relative maximum of TEDE (right)
on atmospheric stability clases.
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Fig. 6 − Typical assessment and results for Scenario 2.
Dose to distance dependence of TEDE (left) and circular lines of relative maximum of TEDE (right)
on atmospheric stability clases.

In the results reported next, RODOS has focused however only on
information oncerning Co-60 and Cs-137, for which data were genuinely available
in its libraries.
To be noted that the national border point closest to the release source is
bearing SSW, at ca. 40 km, so that significant transborder radiological
consequences from the assumed scenarios were confidently ruled out.
A more anlytical assessment, based on considerations of several
complexities of the nuclide environmental and food chain transfer as well as site
specificities and focusing on the ingestion phase of the accident consequences has
also produced a series of consolidating results.
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For Tritium the model and codes contributed by IFIN to RODOS versions 4
and 5, as well as a PC version were successfully employed [16].
Table 2
Alternative evaluations conducted with the reference European codes RODOS
Different
cases
1

2

3

4
5

Atmospheric
Stability
Category A
Category D
Category F
Category A
Category D
Category F
Category A
Category D
Category F
Category A
Category D
Category F
Category A
Category D

Dose from
cloud
(mSv)
2.07 e-08
2.02 e-08
2.66 e-08
1.65 e-08
1.51 e-08
2.59 e-07
1.25 e-08
1.32 e-08
2.40 e-08
1.49 e-09
1.14 e-08
2.11 e-08
1.00 e-09
9.15 e-09

Dose from
ground-7 days
(mSv)
9.08 e-08
1.02 e-07
1.46 e-07
4.65 e-08
5.53 e-08
1.36 e-07
1.62 e-08
1.98 e-08
1.22 e-07
3.74 e-09
1.27 e-08
9.98 e-08
4.44 e-09
1.27 e-08

Dose from
inhalation–50y
(mSv)
1.76 e-06
2.02 e-06
2.99 e-06
9.06 e-07
1.09 e-06
2.79 e-06
3.17 e-07
2.99 e-07
2.52 e-06
1.28 e-07
2.54 e-07
2.05 e-06
8.65 e-08
2.53 e-07

Total dose –
max value
(mSv)
1.89 e-06
2.14 e-06
3.16 e-06
9.69 e-07
1.16 e-06
2.95 e-06
3.46 e-07
3.23 e-07
2.67 e-06
1.33 e-07
2.78 e-07
2.17 e-06
9.19 e-08
2.75 e-07

Fig. 7 − RODOS dose evaluations (mSv) for scenario 1, case 1, stability class F:
a) dose from ground deposition–7 days; b) dose from cloud; c) dose from inhalation – 50 years.

56

D.V. Vamanu et al.

14

The other special case – Carbon-14 benefited from a model of this nuclide’s
transfer in the food chain, based on carbon cycling in the plants and using the
mechanistic-physiological approach of plant processes [17].
Table 3
A direct comparison of the results obtained with the RAT and with HotSpot softwares
Case

1.1.
1.2.
1.3.
2.1.
2.2.
2.3.
3.1.
3.2.
3.3.
4.1.
4.2.
4.3.
5.1.
5.2.
5.3.
6.1.
6.2.
6.3.

Effective Release Height
TEDE – Max. values
HotSpot
RAT
HotSpot
RAT
(m)
(m)
(mSv)
(mSv)
Case 1: 30 m2 Fire Pool, 1mm/min Burn Rate, Release Duration 757 s
A/B
232
245
8.0E-06
4.73E-04
D
207
196
2.7E-06
4.11E-06
F
66
63
7.3E-06
2.07E-05
Case 2: 60 m2 Fire Pool, 1mm/min Burn Rate, Release Duration 378 s
A/B
367
361
3.6E-06
4.73E-04
3.31E-06
D
298
279
9.9E-07
1.81E-06
F
80
75
3.4E-06
1.33E-05
Case 3: 150 m2 Fire Pool, 1mm/min Burn Rate, Release Duration 151 s
A/B
615
604
1.3E-06
4.73E-04
3.75E-07
D
482
446
3.1E-07
7.66E-07
F
101
94
1.0E-06
7.52E-06
Case 4: 300 m2 Fire Pool, 1mm/min Burn Rate, Release Duration 75 s
A/B
906
889
5.6E-07
4.73E-04
5.81E-08
D
690
636
1.3E-07
7.31E-07
F
121
111
3.3E-07
4.92E-06
Case 5: 600 m2 Fire Pool, 1mm/min Burn Rate, Release Duration 37 s
A/B
1339
1311
2.8E-07
4.73E-04
6.73E-09
D
993
906
4.0E-08
2.55E-06
F
143
131
8.2E-08
3.25E-06
Case 6: 30 m2 Fire Pool, 5mm/min Burn Rate, Release Duration 151 s
A/B
622
610
1.2E-06
4.73E-04
3.47E-07
D
488
453
3.1E-07
7.57E-07
F
107
100
7.1E-07
6.42E-06
Stability Class

Included were the gross photosynthesis; assimilate formation; maintenance
and growth respiration; reserve allocation and reutilisation; partition to plant parts;
harvest yield; and storage and processing losses. For consistency, the model shared
a data library with the tritium model. Several significant results are summarized in
Table 4.
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Table 4
Special treatment nuclides
Nuclide

Adult

Child (1 y)

H-3
C-14
Fe-55
Co-60
Ni-63
Eu-154
Cs-137

3.50E-05
4.19E-03
9.22E-05
2.38E-03
1.19E-05
2.16E-05
1.49E-04

7.50E-05
6.10E-03
3.95E-04
1.20E-02
5.06E-05
8.15E-05
8.83E-05

These said, one may see that, in spite of known internal differences in their
degree of conservatism, details in approaching the phenomena, constitutive
equations, dispersion coefficients, and dose conversion factors, the various models
invoked in the assessment would converge on a set of dose data consistent,
generally, within an order of magnitude.
In the area of primary importance – of the early emergency response –
several solutions thought appropriate to representing areas of higher risk deserving
special attention were proposed and practiced.
Thus, while the circular contours on the maps above mark the all-azimuth
lines of maximal Total Effective Dose Equivalent (TEDE, mSv) following from
releases patterned by various scenarios, it was also conceivable to identify, in
relation with whatever arbitrarily chosen point in the territory, areas that should be
marked for forbidden access, (i) should the scenario indicating maximal exposures
would materialize, and (ii) should the wind take the release onto precisely the
respective point. The areas meeting this description were termed ‘Worst Case
Preventive Exclusion Areas’ (PEAs), on the understanding that the accident
response planning relating to the reactor decommissioning would have a clear
awareness of their existence (maps ready, intervention teams timely exploring the
terrain etc.).
Note that, in contrast with the traditional intervention areas such as the
sheltering, or the evacuation areas, to avoid walking a PEA may only contribute to
people not acquiring higher doses than otherwise staying in the PEA’s reference
point – which, while not decisive, is however consistent with the basic rule of
keeping people exposure to the lowest, reasonably achievable, level.
The other advantage of the notion of PEA is that is does not require highstrength releases to be applicable – it can, in principle, be applied to any release,
however modest.
A comparative examination of the cases discussed have indicated as the most
serious (though dosimetrically insignificant per se) sub-scenario the situation
described as Graphite fire ‘slow’ release, case 2. Although the duration of the
release, of about 18 hours stretches the notion of acceptability of a single-wind
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sector release (normal durations of single-head blows being, according to different
authors, in the order of 1-4 hours) it was adopted as the worst among cases – no
matter the wind direction.
Adopting now as the most relevant landmark in the territory around the
decommissioning yard the Institute of Atomic Physics (IFA) Administrative Tower
in the town of Magurele – the closest community, the following are the maps of the
Worst Case Preventive Exclusion Areas for the three atmospheric stability
instances (Fig. 8), the bright pin pointing at the release source and the light circle
marking the zone where persons should be advised – in case of a release meeting
the scenario terms - to avoid entering the dark area on map (maps may be posted,
distributed as leaflets, e-mailed etc.).
One can see that a remarkable aspect of PEAs is that, depending on the
release and meteorology, they may be placed either towards the source, or opposite
to the source in respect with their refence anchor point. A rule of the thumb to
anticipate the PEAs type is to remember that a PEA will always be ‘attracted’ to
the downwind maximum of the dose featuring it.

Fig. 8 − Preventive Exclusion Areas for the three atmospheric stability instances:
a) class-A atmospheric stability; b) class-D atmospheric stability; c) class-F atmospheric stability.

A cross-examination of the results can be summarized as follows:
– Over the investigated range of 40 km from the release source, the
maximum prompt (Early Phase, up to 7 days) Total Effective Dose Equivalent to be
expected downwind from a fast release (plane fuel fire) scenario ranges from
values in the order of 10-4 to 10-8 mSv. The doses originating in the slower (lower-
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strength) emissions featuring the graphite fire show comparable values; thus the
most ‘severe’ case indicates a TEDE of 1.33×10-4 mSv at 0.200 km from source in
a class-A atmosphere; 1.17×10-4 mSv in a class-D atmosphere, at 0.600 km; and
5.70×10-5 mSv in a class-F atmosphere, at 2,500 km.
– In the closest residential area, situated WNW from the source at ca. 0.9
km, the longer term (Late, Ingestion Phase) Total Effective Dose Equivalent to be
expected from a slow release (direct graphite fire) scenario, may be in the order of
10-1 mSv, featuring an important contribution of the ingestion pathway. It is
therefore recommended that the environmental radiological monitoring in the
proximity of the decommissioning yard place special emphasis on food and
feedstock potential contamination.
– In consideration of the graphite oxidation behavior, it is deemed that the
likelihood of the contaminated graphite getting off the reactor premises is higher
via a fuel fire entrainment ‘fast’ scenario (e.g. a plane crash) than via the direct
graphite ignition, ‘slow’, scenario.
4. CONCLUSION
The challenge of addressing the safety issues involved in decommissioning
research nuclear reactors is dinstinctively marked by the need to take into account
the specifics of the assessed targets and is, therefore, perceived as more
provocative when compared with the tasks of assessing standard power reactors
that can only belong to a rather limited family of types.
An imaginative effort is especially in order in designing extreme situations –
like the reference severe accident discussed in this paper.
It is expected that other, related issues of both technical and regulatory
relevance concerning decommissioning yards – like e.g. the assessment of risks
and vulnerabilities – would also present peculiarities that will require special
attention and treatment.
The need of having available a diverse, comprehensive resource of models,
methods and tools was also evidenced, by way of consequence, as a prerequisite of
a successful completion of the tasks.
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