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Abstract.  The "Litoral" Coal-Fired Power Plant (LCFPP) is situated in the town of Carboneras (Almeria) in 
southern Spain.  Its nominal output power is 1589 MWe.  The fuel used is imported sub-bituminous coal 
supplied by collier vessels, and unloaded in a port annexed to the plant.  The climate of the area is semi-arid 
mediterranean, with particularly low rainfall.  The plant's radiological impact was studied considering various 
exposure pathways for the workers and the general public.  In particular, inhalation and external exposure 
contributions to the effective dose due to the different materials involved in the operation (coals, fly ash, and 
bottom ash) were evaluated.  Alpha spectrometry was used to characterize radiologically the airborne 
particulates collected in aerosol filters at points within the installation, and to determine 210Po levels in aerosols 
collected in filters placed around the power station.  High resolution gamma spectrometry was used to 
characterize coal and ash samples from the plant, and soil samples collected outside the installation within a 
radius of 5 km.  A dose rate monitor was used to measure the ambient dose equivalent at different points inside 
and outside the plant.  Samples of the seawater used in the plant and of products for human consumption 
produced nearby were also collected and characterized radiologically.  The effective dose was evaluated 
following a realistic approach based principally on experimental measurements and in situ observations, 
complemented with mathematical models when necessary.  The resulting estimated effective doses for selected 
representative groups of workers and general public were all below the reference levels used in this work. 
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1. Introduction 

The "Litoral" Coal-Fired Power Plant (LCFPP) is located near the town of Carboneras in the province 
of Almeria, Spain (Fig. 1).  Its geographic coordinates are 36°58'46''N, 1°54'12''W, at 6 m a.s.l.  The 
plant of 1159 MWe consists of two units of about 550 MW.  The annual fuel use is 3·106 to 4·106 Tm 
of imported coal from different sources (currently Indonesia, Colombia, and South Africa).  This is 
supplied by collier vessels unloaded at a port annexed to the plant. 

The plant's design allows the use of coal with an ash content (the solid mineral residue content) of 
between 5% and 20%.  In the present study we found this content to be 17% on average.  The coal is 
transported by conveyor belts from the port to the storage pile park, where it is accumulated.  This 
park is 11.2 ha in area.  From the storage park, the coal is taken by conveyor belt to each unit's 
respective pulverizing mill where it is ground into powder.  The fuel is then injected into the boilers. 

The combustion residue – fly ash and clinker (bottom ash) – is collected in electrostatic precipitators 
with 99.89% efficiency and hoppers below the boilers, respectively.  The management of these wastes 
depends on market conditions.  They may be dumped onto a slag heap of about 8 ha located 1 km 
from the plant, or stored temporarily in silos and sold on to cement factories for the manufacture of 
construction materials.  For example, in 2003 both classes of waste were sold on (about 3·105 Tm, 
92% being fly ash), whereas in 2007 the fly ash was sold and the bottom ash was dumped onto the 
slag heaps. 
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The plant uses seawater for different processes.  This passes through a treatment and desalinization 
facility prior to use.  There is also a wastewater treatment facility. 

The chimney of the LCFPP has a height of 200 m (257 m effective height for the climatological 
conditions evaluated).  Its purpose is to evacuate the combustion gases which also carry the fly ash in 
suspension at a temperature of around 88°C.  The area's climate is considered to be mediterranean 
semi-desert, with particularly low rainfall.  The winds in the area can reach high speeds, the average 
wind speed being around 8 m s-1.  The predominant wind directions are W–WSW and NNE–NE. 

Figure 1.  Topographic map of the area, and location of the coal-fired power plant, population 
centres, and the plant's atmospheric monitoring stations. 

 

2. The Scenarios and Pathways Considered 

The principal scenarios and pathways of exposure for reference groups of the workers and the general 
public were identified on the basis of the description of the functioning of the LCFPP and the 
procedures involved, 

The potential scenarios of exposure for workers fall into two main groups: on the one hand, handling 
the coal consisting of its reception, transfer to the storage points, and accumulation in various parts of 
the plant, and on the other, the accumulation of the fly and bottom ashes and their transfer by conveyor 
belt or to the slag heaps or by truck to the cement factories.  The potential pathways of exposure are 
from external irradiation and inhalation of resuspended particles and radon.  The groups of workers 
and the exposure pathways thus defined are listed in Table 1. 
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Table 1.  The groups of workers and exposure pathways defined. 

Groups of workers External Inhalation 

A – Bulldozer drivers at the port Yes Yes 
B – The plant's maintenance workers Yes Yes 
C – Port control Yes Yes 
D – Bulldozer drivers at the coal storage piles Yes Yes 
E – Control of operations with fly and bottom ash Yes Yes 
F – Ash truck driver Yes Yes 

 

With respect to the general public, the exposure scenarios are on the one hand from releases of gases 
into the atmosphere through the chimney, and on the other from the slag heap onto which unsold solid 
waste is dumped.  In the first case, the fly ash suspended in the flue gas has increased concentrations 
of the different natural radioisotopes.  In particular, there is increased radioactivity due to 
radionuclides with relatively low boiling points, such as 210Pb or 210Po, which are vaporized in the 
combustion of the coal and later condense in the fly ash.  In the second case, the fly ash and above all 
the bottom ash are dumped onto the slag heap from where they may partially be resuspended by the 
wind.  There is also potential direct external exposure to these materials, which in this case may be 
high due to the large amounts involved.  Thus, the following three representative exposure scenarios 
were identified: 

1. Consisting of an individual who lives in Carboneras, a town of 7570 inhabitants located 2.55 km 
to the NNE (one of the prevailing wind directions, corresponding to 13% of the time). 

2. Consisting of an individual who lives in Agua Amarga, a village of approximately 300 
inhabitants located 4.95 km to the SSW (point of maximum impact of the gas plume, see Fig. 2). 

3. Recreational exposure in which an individual spends one hour per week walking in the vicinity 
of the slag heap. 

Figure 2.  Representation of the average concentration of a long half-life radionuclide in the air in the 
zone of the LCFPP. 

 

 



 
4 

The exposure pathways in these scenarios would be: inhalation, external irradiation by immersion in 
the gas plume which would contain particles with increased radioactivity, external irradiation due to 
the deposition of these particles onto the ground, and ingestion of food that could have been affected 
by discharges of wastes.  We considered another potential pathway of radiological impact.  This was 
related to possible leaching of part of the radioactive content of the ashes and slag in contact with the 
sea water used in the LCFPP for different processes.  Since this water is subsequently evacuated back 
into the sea, there could be exposure due to shore sediments, to bathing, or to eating food affected by 
this water.  The example considered for this last possibility consisted of species raised in the fish-
farms near the discharge point of the water from the plant. 

3. Materials and Methods 

Having defined the different scenarios and the corresponding exposure pathways, we then designed a 
strategy for sample collection and in situ measurements: 

a. The activity levels of the natural radionuclides 40K, 238U, 232Th, and their radioactive 
descendants in the different materials and environments defined. 

b. Point values of the ambient dose equivalent, H*(10), in the identified locations. 

c. The activity levels of the natural radionuclides 210Po, 234,238U, and 226Ra in the aerosol filters 
and water samples. 

The 40K, 210Po, 238U, and 232Th activity levels in the fuels and the generated by-products were 
determined in the laboratory by alpha and gamma spectrometry.  For the determination of the activity 
levels of these radionuclides in the air, various aerosol samples were collected using high-flow aerosol 
filters which allow representative samples to be taken in a relatively short time in the areas considered 
(Fig. 3).  The filters used were of 0.8 µm pore size nitrocellulose. 

Figure 3.  Schematic diagram of the LCFPP and the points at which aerosol samples (identified as 
Sample #) and water samples were collected. 

 

For the gamma spectrometry, we used a coaxial n-type intrinsic germanium detector of 112.6 cm3 
effective volume, 25.6% relative efficiency, 1.85 keV resolving power, and 57:1 peak-to-Compton 
ratio for the 60Co 1332.5 keV emission.  This detector is housed in low- activity iron shielding with an 
inner lining of copper.  It is connected to a DSPEC 4096-channel digital multichannel analyzer.  The 
detector efficiency was calibrated using certified mixed gamma standards QCY-48 (energy range 60–
1900 keV) supplied by Amersham.  Prior to their assay, the samples were put into 191 cm3 volume 
Petri dishes, covered, and sealed to prevent losses of 222Rn.  Measurements were made after 28 days to 
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allow secular equilibrium to be reached between 222Rn and its descendants.  The photopeaks analyzed 
were: 351.9 keV (214Pb), 583.1 keV (208Tl), 609.3 keV (214Bi), 661.6 keV (137Cs), 911.1 keV (228Ac), 
and 1460.7 keV (40K).  The activity of 226Ra was determined from the mean of the activities of 214Pb 
and 214Bi in secular equilibrium, and similarly that of 232Th from the activities of 208Tl and 228Ac. 

The aerosol filters were subjected to the following procedure of radiochemical separation of the 226Ra, 
232Th, and 234,238U.  The first step was acid digestion by HCl and HNO3, followed by the addition of 
133Ba, 229Th, and 232U tracers.  Each sample was then conditioned for retention of the uranium in a 
Dowex 1×4 cation exchange resin, with the eluted fraction containing the radium and thorium.  The 
eluate was conditioned to prepare the thorium source by coprecipitation with NdF3.  The radium was 
preconcentrated with the formation of MnO2, removing the actinides with TBP, and finally preparing 
the source by coprecipitation with BaSO4.  With respect to the uranium fraction, this was eluted from 
the column, and conditioned with the addition of Mohr's salt, followed by preparation of the source by 
coprecipitation with NdF3. 

The 210Po activity was determined by alpha spectrometry.  To this end, a prior radiochemical 
separation of Po was performed as follows.  First, the matrix was subjected to acid digestion, followed 
by the addition of a tracer, 208Po.  The resulting solution was then preconcentrated by forming a 
precipitate of Fe(OH)3 on which the polonium present in the sample is adsorbed.  The sample was 
finally conditioned in acidic medium with 1.5 M HCl, including the addition of ascorbic acid to avoid 
interference of the Fe content and facilitate autodeposition onto a silver planchet previously 
impermeabilized on one side. 

For the measurement of H*(10) we used a portable monitor – model FHZ600A of FAG – previously 
calibrated with a 137Cs and 60Co source using the "free-field" technique.  

Measurements were made in two sampling campaigns, the first in the winter and the second in the 
summer.  The purpose was to check the influence of climatological conditions on the dynamics of the 
radionuclides evacuated. 

From these measurements made at points within the plant's zones of influence and at points considered 
to be outside those zones, we estimated the total effective dose for the identified groups of workers 
and general public.  To this end, we applied a series of reasonable assumptions, using mathematical 
models and appropriate software tools. 

Table 2.  Averages and ranges of the activity levels determined in the samples of fuel, fly ash, and 
bottom ash in the LCFPP for the two sampling campaigns. 

 

  Activity (Bq/kg) 

  40K 226Ra 232Th 210Po 

Vm ± SD 62 ± 29 18 ± 4 19 ± 5 47 ± 20 
Fuel 

Range 38 - 104 12 - 22 12 - 24 27 - 74 

Vm ± SD 249 ± 145 156 ± 48 154 ± 53 505 ± 321 
Fly ash 

Range 155 - 463 86 - 190 76 - 187 236 - 962 

Vm ± SD 224 ± 145 144 ± 55 138 ± 61 9 ± 4 
Slag 

Range 146 - 379 65 - 180 50 - 182 6 - 15 
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4. Results 

4.2 Activity levels in samples of the fuels and the by-products generated in the plant 

Table 2 presents the averages and ranges of the activity levels determined in the samples of fuel, fly 
ash, and bottom ash in the LCFPP for the two sampling campaigns. 

The activity levels found in the fuel are consistent with the values presented by UNSCEAR [1].  They 
differed between the two campaigns, as is reflected in the wide ranges of activity levels obtained.  This 
is due to coals of different origins being used, so that the concentrations of radionuclides in the fly and 
bottom ashes can also vary significantly over time, as again is reflected in the ranges of the activities 
found in these two ashes. 

The calculated enrichment factors are listed in Table 3. 

Table 3.  Enrichment factors of the 40K, 226Ra, 232Th, and 210Po activity levels calculated in the fly and 
bottom ashes relative to the fuel being used. 

 Sample 40K 226Ra 232Th 210Po 

Fuel - Fly-ash 1.9 - 8.0 7.2 - 8.6 6.3 - 8.4 6.2 - 18 
Unit I 

Fuel - Slag 1.8 - 6.5 5.4 - 8.2 4.2 - 7.9 0.2 – 0.3 

Fuel - Fly-ash 3.2 - 4.6 8.2 - 10 7.8 - 8.8  6.7 - 13 
Unit II 

Fuel - Slag 3.0 - 9.2 7.5 - 10 7.6 0.12 - 0.20  

 

Figure 4.  Distributions of the activity concentrations (Bq/kg) in the different materials. 
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As was to be expected, these enrichment factors can reach high values.  In the case of 210Po, for 
example, they reached values of up to 18 in the fly ash, while in the bottom ash there was an 
impoverishment of the content of this radionuclide. 
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To take into account the variability in the activity concentrations of the different materials, the 
enrichment of the fly and bottom ashes was considered to depend fundamentally on the type of coal 
being used and its characteristics, in particular, its ash content (the solid mineral residue content).  As 
was noted above, this can vary between 5% and 20% in the LCFPP. 

From a random sampling of this factor and of the measured activity concentration values, we 
calculated the distributions of the possible activity concentrations of the various materials (see Fig. 4). 

4.3 Activity levels in samples of the water used by the LCFPP 

Water samples were taken at the inlet to the desalination plant (ENT001), at the outlet from the 
wastewater treatment plant (SAL001), and at the outlet back into the sea (SAL002) where the water 
includes the addition of the brine from the desalination plant.  Table 4 lists the pH, conductivity, and 
226Ra, 234,238U, and 210Po activity levels determined in these samples. 

Table 4.  Values of pH, conductivity, and 234,238U, 226Ra, and 210Po activity concentrations  in water 
samples collected in the LCFPP. 

 

Sample pH Conductivity 

(mS/cm) 

234U 

(mBq/L) 

238U 

(mBq/L) 

226Ra 

(mBq/L) 

210Po 

(mBq/L) 

(ENT01) 8.20 38.8 47 ± 6 40 ± 5 2.2 ± 0.7 8.1 ± 1.4 

(SAL01) 8.20 38.6 51 ± 7 43 ± 6 1.5 ± 0.5 8.3 ± 1.4 

(SAL02) 8.15 42.0 53 ± 8 47 ± 7 2.4 ± 0.6 10.8 ± 1.4 

It should be noted that there was no significant increase in the activity levels of the radionuclides 
studied in the discharged waters that might have been due to the processes taking place in the plant or 
to possible leaching of radionuclides contained in fly and bottom ashes when they come into contact 
with the water. 

4,4 Activity levels in soil samples, and the corresponding ambient dose equivalents (H*(10)) 

Samples were collected from 10 sites, 9 located at most 5 km from the LCFPP.  At all three of the 
sampling points, soil profiles were collected at the following depths: 0–2, 2–4, 4–6, 6–10, 10–15, 15–
20, and 20–25 cm.  At each of the 10 sampling points, a measurement was made of H*(10).  Table 5 
presents the average activity levels for the full profile, and the H*(10) measured in situ at these points. 

There was no clear relationship between the activity levels of the radionuclides analyzed and the 
distance from the LCFPP, although in the soil close to the plant (Soil 3) there were increased 
concentrations of 226Ra and 232Th in the topsoil layer relative to the deeper layers.  As is shown in Fig. 
5, the vertical distributions of these radionuclides are close to a decreasing exponential type, while in a 
soil where there has been no deposition of these radionuclides the distribution would be constant with 
depth. 

The values of H*(10) were practically the same for all the sampling points in the proximity of the 
power plant.  Notably, for Soil 11 which is outside the influence of the LCFPP, the measurement was 
approximately 40% higher. 

Measurements of H*(10) were also made at 14 points inside the plant where there is accumulation of 
fuel or by-products and transit of plant personnel.  At each of these points, we made at least 5 
measurements of H*(10) of 180 s each.  The mean, standard deviation, and range of the dose rates 
were: in winter 0.061 ± 0.009 µSv/h, 0.049–0.083 µSv/h, and in summer 0.063 ± 0.011 µSv/h, 0.048–
0.086 µSv/h. 
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Table 5.  Average 40K, 226Ra, and 232Th activity levels determined in the soil profiles collected in the 
proximity of the LCFPP.  Values of H*(10) determined in situ at the soil profile sampling points. 

Sample Distance to 
LCFPP  

(km) 

40K  

(Bq/kg) 

226Ra  

(Bq/kg) 

232Th  

(Bq/kg) 

Dose rate  

 μSv/h 

Soil 3 1 139 ± 19 28 ± 6 12 ± 6 0,058 

Soil 6 1 500 ± 31 36 ± 2 35 ± 2 0,066 

Soil 5 2 123 ± 72 17 ± 7 13 ± 7 0,050 

Soil 2(a) 2,5 480 ± 15 38 ± 2 37 ± 2 0,059 

Soil 10 2,5 279 ± 17 23 ± 2 22 ± 2 0,052 

Soil 7 3 216 ± 29 8 ± 3 11 ± 1 0,065 

Soil 8(a) 3 394 ± 20 30 ± 3 28 ± 4 0,058 

Soil 9(a) 4,5 274 ± 16 26 ± 3 23 ± 3 0,060 

Soil 1 5 365 ± 38 14 ± 3 9 ± 2 0,057 

Soil 11(b) 12 732 ± 32 32 ± 1 30 ± 1 0,101 
(a) Surface sample: 0-5 cm 
(b) Sampled in an soil outside LCFPP influence area 

4.5 Activity levels in the aerosol filters due to re-suspended particles 

Aerosols were sampled at points inside the plant where resuspension of particles is possible and there 
is transit of plant personnel.  The location of these points is shown schematically in Fig. 3.  They were 
selected next to the ash silos and beneath the electrostatic precipitators, and inside the conveyor belts 
transporting coal to the pulverizing mills and the conveyor belts at the port.  Two points were also 
selected inside the plant where there was no significant resuspension of particles.  The results are 
presented in Table 6. 

Figure 5.  Activity levels measured in the profile of Soil 3. 
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Table 6.  Activity concentration in the air measured at various points inside the LCFPP. 

   Activity x 10-3 (mBq/m3) 

 Sample Volume (m3) 232Th  234U  238U  226Ra  

Sample 1  545.68 1.9 ±1.7 3.7 ± 1.3 2.6 ± 1.1 29 ± 3  

Sample 2 546.72 6.4±1.8 5.2 ± 1.5 5.1 ± 1.5 12.7 ± 2.3 

Sample 3 (ash) 567.13 10.1± 2.4 6.9 ± 1.5 7.1 ± 1.6 11 ± 2.5 

Sample 4 (ash) 509.24 22.8 ± 4.5 12.9 ± 2.4 13.5 ± 2.5 15.5 ± 2.5 

Sample 7a (ash) 119.66 22.3 ± 8.3 14.2 ± 2.9 11 ± 2.5 93.4 ± 45 

Winter 
campaign 

Sample 7b (ash) 80.879 65.4 ± 17.2 74.8 ± 6.7 66.6 ± 6.2 300 ± 120 

Sample 4 (ash) 104.201 42 ± 12 24 ± 5 21 ± 5 58 ± 17 

Sample 5 (coal) 1.381 1037 ± 400 1450 ±340 1540 ±  350 2660 ± 650  

Sample 6 (coal) 1.628 884 ± 340 760 ± 280 710 ± 270 2900 ± 1400 

Summer 
campaign 

Sample 7 (ash) 23.945 234 ± 53 161 ± 37 168 ± 38 240 ± 50 

One appreciates, as was to be expected, a significant difference in airborne activity concentrations 
depending on the climatological conditions.  Also, the activity concentrations were highest in the two 
coal conveyor belt samples (Samples 5 and 6).  This reflects the high level of particle resuspension in 
these locations. 

4.6 Activity levels due to 210Po in filters collected from the plant's immission stations 

An analysis was made of the 210Po content in the filter traps of the immission stations operated by the 
power plant in its vicinity.  The resulting 210Po activity levels are presented in Table 7.  The samples 
identified as Rodalquilar were taken at a point 20 km from the plant, theoretically outside its zone of 
influence. 

Table 7.  Airborne 210Po activity concentration measured at the plant's atmospheric monitoring 
stations. 

Control station Sampling period 
210Po 

(mBq/m3) 
Carboneras 12/12/05 - 17/02/06 1.7 ± 0.3  
Carboneras 17/02/06 - 26/04/06 0.8 ± 0.1 
Carboneras 11/07/06 – 02/08/06 0.8 ± 0.1 
Rodalquilar 30/11/05 – 13/02/06 1.8 ± 0.1 
Rodalquilar 13/02/06 – 25/04/06 0.8 ± 0.1 
Rodalquilar 10/07/06 – 02/08/06 0.9 ± 0.2 

Campo Hermoso 10/07/06 – 02/08/06 0.7 ± 0.1 
AguaAmarga 12/12/05 – 17/02/06 4.0 ± 0.5 
AguaAmarga 17/02/06 – 26/04/06 0.8 ± 0.1 
AguaAmarga 10/07/06 – 02/08/06 1.0 ± 0.2 
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The values were very similar to each other, except for one of the measurements in Agua Amarga, the 
point of greatest impact of the gas plume from the chimney. 

4.7 Activity levels in products for human consumption 

The species bred at the fish-farm near the LCFPP are mainly sea bass and gilt-head sea bream.  Two 
samples of these were taken and assayed by gamma spectrometry for the activity levels of the 
radionuclides 40K, 226Ra, and 232Th.  The results are presented in Table 8. 

Table 8.  Activity concentrations in products for human consumption (Bq/kg). 

Sample 40K 226Ra 232Th 

European Seabass (Dicentrarchus labrax) 143 ± 7 < 0.063 < 0.080 

Gilt-head seabream (Sparus auratus) 148 ± 2 < 0.078 < 0.104 

One observes in the table that the 226Ra and 232Th activity levels were below the minimum detectable 
activity.  This is consistent with there being no significant impact of these radionuclides in the water 
evacuated by the plant. 

5. Evaluation of the Radiological Impact 

Tables 9 and 10 present the total effective doses estimated for the plant personnel and the general 
public from the data measured in the study and the distributions obtained from them, applying a series 
of reasonable assumptions, mathematical models, and appropriate software tools. 

It should be noted that in Scenarios 1 and 2 of the general public the differences in activity 
concentration in the waters discharged from the plant were negligible with respect to those at the inlet 
to the plant.  We therefore discarded further consideration of the exposure pathways due to bathing 
and shore sediments.  We also discarded the pathway of eating fish from the fish-farm since all the 
corresponding measurements were below the minimum detectable activity. 

Table 9.  Most probable total effective dose rate (µSv/y) received by each group of workers, and the 
upper limit of that dose rate (at a 99% confidence level). 

Group E most probable 99% certainty 
A, C, D 25.7 127.4 

B 68.1 - 
E 17 39 
F 9.2 19 

Table 10.  Total effective dose rate for members of the public (µSv/y). 

Setting 1 Setting 2 Setting 3 

Age group Most 
probable 99% Most 

probable 99% Most 
probable 99% 

<1 a 0.021 0.05 0.06 0.13 1.67 4.03 
1-2 a 0.024 0.05 0.06 0.14 1.75 4.17 
2-7 a 0.023 0.05 0.06 0.14 1.77 4.25 
7-12 a 0.024 0.06 0.07 0.15 1.82 4.38 
12-17 a 0.025 0.06 0.07 0.15 1.87 4.48 
>17 a 0.024 0.06 0.07 0.14 1.86 4.41 
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Figure 6.  Distribution of the total effective dose rate obtained for Group F of workers. 
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In all cases, the effective dose rate is less than the reference levels established for workers (1 mSv/y) 
and for the general public (0.3 mSv/y), even considering the upper limits of the distributions. 

The effective dose rates were obtained in the form of probability distributions.  These were derived 
from the distributions of the measurements due to their associated uncertainties and their variability, 
and from the distributions associated with the various parameters due to their uncertainties.  By way of 
example, Fig. 6 shows the resulting distribution for one of the cases. 

6. Conclusions 

A series of radiometric measurements were made of the materials used in a coastal coal-fired power 
plant, and of the aerosols, water, and soils both inside and around the plant.  Measurements were also 
made of the ambient dose equivalent (H*(10)) at points both inside and outside the plant. 

On the basis of these measurements and of information about the power plant, the distributions of the 
activity concentrations were calculated for the different materials.  These distributions showed that the 
calculated activity concentrations were always below the reference levels for the declassification of 
NORM materials established by the IAEA [4] (10 Bq g-1 for 40K and 1 Bq g-1 for the remainder).  The 
sole exception was 210Po which might exceed this value depending on the characteristics of the coal 
used.  It is highly unlikely, however, that it exceeds the declassification level of 5 Bq g-1 defined in the 
European document RP 122 [5] for this radionuclide. 

The relatively highest values of H*(10) were measured at the points where there is accumulation of fly 
and bottom ash – the slag heap, ash silos, and beneath the precipitators.  The highest values measured 
in the aerosol filters collected outside the plant corresponded, as was expected, to the village of Agua 
Amarga, located at the point of maximum impact of the flue gas discharged through the chimney. 

Taking into account the measurements, a series of assumptions considered reasonable, and modeling 
the impact pathways defined in the study by means of different mathematical models, we evaluated the 
effective dose rates of reference groups of the plant's personnel and the general public.  In all the 
cases, the calculated values were below the reference levels used in NORM (1 mSv a-1 for workers and 
0.3 mSv a-1 for the public).  In the worst cases, the values these groups could be exposed to would be 
0.13 mSv a-1 for workers handling the coal, and 0.004 mSv a-1 for people who walk around the slag 
heap. 
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