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Abstract

The Megalopolis lignite field basin in southern Greece, with Megalopolis-A and B lignite-fired power plants in
Ž .operation total 900 MW , has been repeatedly investigated during the past 25 years by the Nuclear Engineering

Ž .Section of the National Technical University of Athens NES-NTUA . The present work aims at an integrated
radioenvironmental approach leading to the dose assessment to the public and to the plants staff. This approach
includes systematic sampling of lignite and barren at the local lignite mines feeding the power plants and sampling of
lignite, fly-ash and bottom ash at the power plants for the determination of the activity of the natural radionuclides
226Ra, 232Th, 40K, 234Th and 210Pb. Furthermore, the following measurements and samplings were conducted in 25
selected sites within 10 km around the power plants: soil sampling for the determination of the above radionuclides,
radon concentration and exhalation rate measurements, soil gas radon concentration measurements, dose measure-
ments and calculations, determination of air-particulate matter concentration, etc. The results obtained allowed for
the mapping of the parameters studied which lead to useful conclusions. Dosimetric calculations for the population

Žliving around the power plants and the plants staff were also performed based on the guidance of UNSCEAR 1982
.report . � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Megalopolis lignite field basin, one of the
two major lignite deposits under exploitation in
Greece is located in the centre of the Pelopon-
nese peninsula in southern Greece, near the city

Ž .of Megalopolis Fig. 1 . Two lignite-burning power
plants are in operation in this region: Mega-

Ž .lopolis-A 600 MW � 3 units since the early 70s
Ž .and Megalopolis-B 300 MW � 1 unit since the

early 90s. The Megalopolis lignite is of very low
calorific value and has rather high water and ash
contents � it is amongst the poorest burned for
electricity generation � resulting in relatively
high fuel consumption per unit energy produced.
Indicative consumption for Megalopolis-A power
plant is approximately 2.3 kg of natural lignite per

ŽkWh produced Simopoulos and Angelopoulos,
.1987a . Moreover, Megalopolis lignite has higher

natural radioactivity.
During the past 25 years, the natural radioac-

tivity at the Megalopolis power plants has been
extensively and repeatedly investigated through-
out the whole fuel cycle, using high-
resolution�high-efficiency �-spectroscopic set-

Žups, with Ge detectors by Simopoulos and An-

.gelopoulos, 1987a,b . During these investigations
226Ra, 232 Th and 40 K activity has been de-
termined in the:

1. lignite and barren from the mines feeding the
power-plants;

2. fly-ash and bottom-ash collected at the elec-
Ž .trostatic precipitators ESP ; and

3. fly-ash collected from the stack.

Furthermore, in the frame of the natural ra-
dioactivity mapping of Greek surface soil, another
wide research project of the Laboratory, 109 sur-
face soil samples were collected within a 30 km
distance from the power plants, allowing for the
natural radioactivity mapping of the wider Mega-

Ž .lopolis area Anagnostakis et al., 1996 , followed
by dosimetric calculations from terrestrial gamma

Ž .radiation based on UNSCEAR 1982 . According
to UNSCEAR the main pathways of radiation
exposure of the plants staff and the population
living around the plants from the radionuclides
emitted from the stack, result from:

1. inhalation during the passage of the plume;
2. external exposure; and

Fig. 1. The principal population centres in the Megalopolis lignite field basin.
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3. inhalation and ingestion resulting from the
radionuclides deposited on the ground.

According to the same report the production of
1 GWa of electrical energy produced with coal
burning leads to a total collective effective dose
equivalent commitment of 2 manSv. This sugges-
tion is based upon assumptions and estimations
which take into account:

1. measured concentrations of natural radionu-
clides in coal and ash. The assumptions are
made that the average activity concentrations
in coal are 50 Bq kg�1 of 40 K and 20 Bq kg�1

for each of 238U and 232 Th and that each of
238U and 232 Th is in radioactive equilibrium
with their precursors;

2. reported values of the efficiencies of the
emission control system of the power plant;
and

3. the population density around the plant.

Following the investigations conducted in the
Ž .Megalopolis Power Plants MPP , the following

questions regarding the justification of the above
UNSCEAR radiological assessment in the vicinity
of lignite burning power plants were raised:

1. natural radionuclide concentrations mea-
sured in lignite and the produced ashes may
not be considered as representative of the
whole life of a plant, but they are dependent
upon the lignite deposit feeding the plant;

2. the efficiency of the emission control system
of the power plants does not remain constant
with time;

3. the dose exposure is not only due to the fuel
cycle but also to the external �-irradiation
from the ground and radon exhalation from
the ground, because of the increased natural
radiation environment around a lignite de-
posit; and

4. fly-ash deposits also have a radioenvironmen-
tal impact.

Due to the above raised questions, a new inte-
grated approach was undertaken to determine the

significance of the above exposure pathways for
better dose assessment to the public and to the
plants staff.

2. An integrated radioenvironmental survey
around a lignite burning power plant

In the frame of this research an integrated
approach to the radioenvironmental survey of the
Megalopolis lignite field basin was planned and
conducted. The survey which may be applied in
the case of any coal�lignite burning power plant,
consists of the following steps:

1. Systematic sampling for a certain period of
time, of:

Ž .1.1. lignite and barren at the mine s feed-
ing the power plants; and

1.2. lignite and ash from the power plants
under investigation, to allow for the
determination of representative values
for the natural radioactivity content of
the above materials.

Ž .2. Investigation of the input lignite and output
Ž .ashes of the plants, in order to investigate
their radioactivity balance through the com-
bustion process which will subsequently lead
to the estimation of the radioactivity releases
to the environment.

3. Grid survey around the power plants. In each
sampling location the following samplings and
measurements were conducted:
3.1. sampling of the surface and 0�80 cm

soil layer to allow for the mapping of
the surface soil activity of the natural

Ž238 226 210 232radionuclides U, Ra, Pb, Th
40 .and K , study of their vertical dis-

tribution and study of the existence of
radioactive equilibrium among the nu-
clides of the natural radioactive chains;

3.2. soil gas radon concentration measure-
ments, together with soil permeability
measurements;

3.3. radon exhalation measurements from
the surface of the ground;

3.4. ambient air radon concentration mea-
surements;
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3.5. particulate matter air concentration;
and

3.6. in-situ gamma-ray dose rate measure-
ments.

Monitoring of meteorological conditions in each
sampling location during the measurement and
sampling time is essential for the subsequent vali-
dation and correlations of the results obtained.
Such an approach may lead to:

1. mapping of the fly-ash deposition patterns
within a critical area around the plants;

2. dose assessment calculations for the plants
staff and the population living around them,
due to fly-ash release;

3. dose assessment calculations due to other
factors which are not directly related to the
power plants; and

4. modelling of the radon transport from the
ground to the atmosphere, in the vicinity of
lignite deposits with increased natural ra-
dioactivity.

In the frame of the proposed survey the fol-
lowing samplings and measurements have been
conducted in the present work:

1. The collection of 40 lignite and barren sam-
ples from the local open lignite mines feeding
the power plants. All samples were analysed
using high resolution�high-efficiency �-spec-
troscopic set-ups with Ge detectors, for the
determination of 238U, 226Ra, 210 Pb, 232 Th
and 40 K activity; details on the �-spectro-
scopic analyses conducted may be found in
Ž .Simopoulos and Angelopoulos, 1987a .

2. Lignite feeding the Megalopolis-B power
plant and fly and bottom ashes produced in
the same power plant. A total of 6 weekly
representative samples of each material were
prepared covering a consecutive 6-week pe-
riod. Each weekly sample was prepared from
daily collected samples as described in
Ž .Simopoulos and Angelopoulos, 1987a .

3. A total of 350 fly-ash samples were collected
at 18 different stages such as the emission
control system, the electrostatic precipitators

Ž .ESP , the economizer, etc., of the Mega-
lopolis-B power plant. Almost half of the
samples have already been analysed for the
determination of 226Ra, 232 Th and 40 K activ-
ity using high-resolution�high efficiency Ge
detector set-ups. For many of the samples
which were analysed with a LEGe detector,
238U and 210 Pb activity was also determined.

4. Grid sampling within 10 km around the power
plants. A total of 25 sampling locations were
selected as shown in Fig. 1. In every sampling
location the following samplings and mea-
surements were conducted:

Ž .4.1. Surface soil sampling 1 cm depth and
soil samples from 0�20, 20�40, 40�60
and 60�80 cm depth for the study of
the vertical profile of the radionuclides
under study. The samples were anal-
ysed for the determination of 238U,
226Ra, 210 Pb, 232 Th and 40 K activity.

4.2. Soil gas radon concentration measure-
ments, at a depth of 80 cm. Soil perme-
ability measurements.

4.3. Radon exhalation from the surface of
the ground.

4.4. Ambient air radon concentration mea-
surements.

4.5. Particulate matter concentration in air.
Two high volume air-samplers were si-
multaneously used in each location in
order to determine the particulate mat-
ter in air 1.6 m above the ground.
Gamma spectroscopic analysis of the
collected filters followed to determine
any detectable natural radionuclides,
such as 210 Pb. The filters will also be
analysed using XRF and NAA for the
determination of heavy metals.

4.6. Gamma-ray dose rate measurements 1
m above the ground, using a portable

ŽNaI detector, calibrated for dose in
�1 .nSv h .

4.7. In-situ gamma-spectroscopic measure-
ments using a stabilized 3� �3� NaI
detector system 1 m above the ground.
In each location a spectrum was col-
lected for at least 1 h. The analysis of
the spectrum, together with the dose
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measurements and the results of the
gamma-spectroscopic analysis of the
soil samples collected lead to very use-
ful results regarding the exposure due
to terrestrial radiation and presumably
due to radon daughters concentration
in the air.

4.8. Monitoring of meteorological condi-
tions such as: ambient temperature and
moisture in ground level, and wind
speed and direction at 5 m height from
the ground, using a portable meteoro-
logical station on-line connected to a
computer. A computer program was
written and used to provide integrated
results of wind speed and direction over
a period of 10 min.

5. Analysis of spring water for the determina-
tion of radon concentration. Samples were
analysed by a portable measuring system for
the direct determination of the radon concen-
tration in water.

3. Results

The results of the gamma spectroscopic analy-
sis of the lignite and barren from the mines, and
the lignite feeding the power plant Megalopolis-B
and the ashes produced are presented in Table 1.
It is important to mention that significant disequi-
librium among 210 Pb and 226Ra was observed in
the case of certain fly ash samples, which were
found highly enriched in 210 Pb, with the ratio
210 Pb� 226Ra reaching the value of 4, depending

on the sampling location along the emission con-
trol system of the Megalopolis-B power plant.
This is attributed to the different physico-chem-
ical properties of 210 Pb and 226Ra, and their
different behaviour during the combustion
process. This disequilibrium should be taken into
account when sampling inside a lignite burning
power plant and when performing dosimetric cal-
culations for the plant’s staff. Furthermore, ac-

Ž .cording to UNSCEAR 1982 this disequilibrium
is expected to be higher in the fly-ash escaping
the power plant.

It is important to note that 226Ra, 232 Th and
40 K activity of lignite feeding the Megalopolis-B
power plant and the fly-ash produced estimated
in the frame of this research compared well with

Žthe values obtained 12 years ago Simopoulos and
.Angelopoulos, 1987a for Megalopolis-A. They

show that there is no significant difference in the
natural radioactivity between the lignite feeding
the two plants and the ashes produced.

Table 2 presents the results of the measure-
ments performed in the 25 locations around the
power plants. For comparison purposes, the re-
sults obtained from similar measurements per-
formed in two reference locations are presented,
namely:

1. Athens, Zografos, The National Technical
University of Athens Campus; and

Ž .2. The Lavrion lead mine now exhausted , 50
km south-east of Athens.

The amount of available data allowed for the
mapping of the measured parameters. The in-

Table 1
ŽGamma spectroscopic analysis results of lignite, fly-ash and bottom-ash from Megalopolis-B power plant mean values for a 6-week

.sampling period

Material Mean activity over a 6-week sampling period
�1Ž . Ž .Bq kg � total error %

238 234 226 210 232 228 40Ž . Ž .U Th Ra Pb Th Th K

Lignite 306�13 346�8 361�10 19�9 173�14
Fly-ash 964�7 904�9 1158�11 52�2 454�11
Bottom ash 681�4 662�9 275�6 41�5 405�11
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E H
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Table 2
Ž .Results of the survey within the 10 km radius from the Megalopolis power plants 25 sampling locations

Units Range Reference data range
a0�5 km 5�10 km Value Site

226 �1Ž .Surface soil Ra concentration Bq kg 26�337 23�42 9�20 1
18�53 2

232 �1Ž .Surface soil Th concentration Bq kg 24�41 12�43 10�23 1
7�38 2

40 �1Ž .Surface soil K concentration Bq kg 154�477 218�631 168�238 1
39�485 2

�1Ž .External �-ray dose rate of nSv h 40�187 28�72 17�33 1
terrestrial origin, due to: 14�68 2
40 232 226 Ž .K, Th, Ra, calculated

�1Ž .External �-ray dose rate nSv h 63�331 50�180 45�60 1
Ž .measured

�3Ž .Soil gas radon kBq m 4�90 2�81 0.2�2.8 1
Ž .monitored at 0.6-0.8 m 0.3�1.6 2

2 �15 �9 �14 �9 �12 �11Ž .Soil permeability m 10 �10 10 �10 10 �10 1
�1 3 �1110 �10 2

�2 �1Ž .Surface soil exhalation rate mBq m s 0�2166 0�230 0�12 1
7�122 2

�3Ž .Radon in air concentration Bq m 0�835 0�222 15�102 1
0�200 2

Ž �3 .Particulate matter air- �g m 25�248 18�124 139 1
concentration 2

�1Ž .Radon in water concentration Bq l 5�26 0�10 1

a Ž .Site 1: Athens, Zografos, The National Technical University of Athens Campus. Site 2: Lavrion Lead Mine now exhausted , 50
km south-east of Athens.

house built complex Data Base�Geographical In-
Ž .formation System DBGIS was used, to produce

the following mappings:

1. 226Ra, 232 Th and 40 K activity of the 1 cm
Ž .surface soil, Figs. 2�4, respectively .

2. External gamma-ray dose rate of terrestrial
226 232 40 Ž .origin due to Ra, Th and K Fig. 5 ,

Ž .calculated according to UNSCEAR 1993
suggestions from the formula:

D�0.0414�A �0.623�AK -40 Th -232

�0.461�ARa -226

where D is the absorbed dose rate in air in
nGy h�1 and A , A and A theK-40 Th-232 Ra-226
activity concentrations in soil of 40 K, 232 Th
and 226Ra respectively, in Bq kg�1.

3. External gamma-ray dose rate measured on
Ž .the site Fig. 6 .

4. Radon concentration in the soil gas, radon

exhalation rate from the soil and radon con-
Ž .centration outdoors Figs. 7�9 .

Given the 226Ra content of the lignite, the ash
content, the partitioning between slag and fly ash
and the efficiency of the emission control systems,
the 226Ra radioactivity discharges from Mega-
lopolis-B power plant are estimated to be approx-

Ž .�1imately 3500 MBq Gwa , which is much lower
than those of the Megalopolis-A plant, which is

Ž .�1 Žapproximately 52 000 MBq Gwa Simopoulos
.and Angelopoulos, 1987a ; this is attributed to

the significant difference in the efficiency of the
electrostatic precipitation devices between the two
plants.

4. Discussion and conclusions

The following conclusions may be drawn from
the measurements and analysis of samples:
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Ž . 226Fig. 2. Surface soil 1 cm Ra activity mapping of the Megalopolis lignite field basin.

Ž . 232Fig. 3. Surface soil 1 cm Th activity mapping of the Megalopolis lignite field basin.
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Ž . 40Fig. 4. Surface soil 1 cm K activity mapping of the Megalopolis lignite field basin.

Fig. 5. External gamma-ray dose rate of terrestrial origin due to 226Ra, 232 Th and 40 K in the Megalopolis lignite field basin,
Ž .calculated according to UNSCEAR 1993 .
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Fig. 6. External gamma-ray dose rate measured in the Megalopolis lignite field basin.

1. Within 10 km radius from the plants there is
a hot-spot of 226Ra activity on surface soil,
which is attributed to the fly-ash deposition.
A similar increase in 232 Th and 40 K activity
was not observed.

2. The calculated and the measured gamma-ray
dose rate, although they both indicate the
same hot spot, have significantly different val-
ues within the 10 km area from the power
plants, with the measured dose sometimes
being two times higher than the calculated.
Outside the 10 km area the calculated and
measured doses agree satisfactorily. This is an
indication that the dose conversion factors

Ž .suggested by UNSCEAR 1993 may not be
valid for dose estimations in the vicinity of a
lignite mine or a lignite power plant. The
calculated dose is relatively high compared
with the dose estimated for the whole of

Ž .Greece Fig. 7 .
3. Radon concentration in soil gas is increased

inside the 10 km radius compared with that at
the two reference sites, with a hot spot lo-
cated in the vicinity of one of the open lignite
mines under exploitation. Radon concentra-

Ž .tion outdoors Fig. 10 has increased values
within the 5 km radius compared with the two
reference sites, with a pattern similar to that
of soil gas radon concentration.

4. Radon exhalation rate from the ground sur-
face within the 10 km was increased com-
pared with that at the two reference sites.
The respective pattern does not agree well
with those of soil gas radon concentration
and radon concentration outdoors, but agrees
with the pattern of 226Ra concentration on
surface soil. Possible reasons for this dis-
agreement are: hill effects in the southern
part of Megalopolis region, meteorological
conditions and the existence of fly-ash de-
posits. However, further investigation is
needed.
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Fig. 7. External gamma-ray dose rate of terrestrial origin in Greece due to 226Ra, 232 Th and 40 K, calculated according to
Ž .UNSCEAR 1993 .

Fig. 8. Radon concentration in the soil gas in the Megalopolis lignite field basin.
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Fig. 9. Radon exhalation rate from the soil in the Megalopolis lignite field basin.

Fig. 10. Radon concentration outdoors in the Megalopolis lignite field basin.




