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Abstract. This paper provides a review of the dose assessment of discharges to air of two industries processing 
NORM (Naturally Occurring Radioactive Materials) in the Netherlands. An industrial plant producing elemental 
phosphorus (thermal process, unique within Europe) reports since 1987 its emission data to the Dutch Ministry of 
the Environment (VROM: Ministry of Housing, Spatial Planning and the Environment). This plant accounts for 
the highest release of Po-210 to air in the Netherlands, with a yearly average of approximately 500 GBq. Other 
significant NORM discharges to air arise from an industrial plant with blast-furnaces for steel production. Yearly 
discharges fall under permit, and are reported, since 1993.  
RIVM, the National Institute for Public Health and the Environment, is tasked by the Ministry to assess the dose to 
the general public arising from these discharges to air. Air transport modelling is used to determine both air 
concentration (for inhalation exposure) and deposition rate of the radionuclides. A (conservative) committed 
ingestion dose is determined by modelling the uptake of radionuclides from contaminated farmland, and assuming 
a food basket to be fairly representative for the population of the Netherlands. 
Discharges to water in the Netherlands have decreased in the past twenty years, due both to the closure of two 
phosphoric acid plants a decade ago and the improved treatment of waste fluids by other NORM industries. The 
collective dose assessed from discharges to air since 1987 is presented here.  
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1. Introduction 
 
In 1983, the site of an existing 500 MW nuclear power plant, Borssele, on the right banks of the Scheldt 
estuary in the Netherlands, was considered for enlargement with more units. An environmental survey 
of the site revealed elevated concentrations of natural radionuclides in surface waters. The source was 
identified as the industrial plant (Hoechst, presently Thermphos) producing elemental phosphorus by 
means of the thermal process. Although elevated Naturally Occurring Radioactive Materials (NORM) 
were expected in the waste streams, as it is well documented for the wet process, the release of 
radionuclides to the environment on such a scale had – for the thermal process - not been expected. 
Within a few years a permit for emissions of radionuclides to the environment was requested, and 
granted, within the framework of the existing Nuclear Energy Act, dating back to 1963. Since 1987 this 
industrial plant reports its emission data to the Dutch Ministry of the Environment: the policy around 
industries processing NORM in the Netherlands took shape. It predates by ten years the European 
legislation on NORM by means of the Council Directive 96/29/EURATOM of 13 may 1996 laying 
down basic safety standards [1]. 
 
The emissions of the steel plant in the Netherlands fall under permit and are reported yearly since 1993. 
Two phosphoric acid plants have ceased operations ten years ago and the phosphogypsum has been 
released, under permit, to the North Sea. 
 
2. Emission – elemental phosphorus plant in the Netherlands 
  
At present there are only a few plants in the world processing elemental phosphorus with the thermal 
process. Besides Thermphos in the Netherlands, Monsanto in Soda Springs, Idaho, and Kazphosphate in 
Kazakhstan, plants operate in India and China. Recently the small plants in China have closed, leaving 
at most a few major operators. 
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The largest contribution to radiation dose levels due to emissions of radionuclides to air by all 
manufacturing industries in the Netherlands originates from the elemental phosphorus plant 
Thermphos [2], see Fig. 1, with emissions to air of 500 GBq Po-210 and 50-100 GBq Pb-210 per year. 
Variations in the emission, see Fig. 2, arise from changes in ore composition, yearly changes in 
throughput and - possibly - modifications of the industrial process, such as operating temperature. 
Emissions to water have been dramatically reduced since 1999 and shall not be further discussed here. 
 
Figure 1: (a) Map with the geographical distribution of the population in the Netherlands (b) The 
elemental phosphorus plant Thermphos in the South West of the Netherlands on the Westerscheldt 
estuary. (c) Inhalation dose assessed for an emission of 500 GBq Po-210, with average weather over 
the years 1990-99, with the characteristics described in the text.    
 
(a)  

 
 

(b)  
 
 
 
 

 

(c)  
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Figure 2: Discharges to air of the elemental phosphorus plant in the Netherlands. 
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3. Dose assessment: method 
 
The effective dose originating from the emissions of this ore-processing industry is assessed with an 
atmospheric dispersion model (the Operational Priority Substances model, OPS [3]). The two 
modelled stacks (modelled as a single one) are 55 m high, with a heat content of 1.5 MW. The size of 
the modelled particles is < 1 µm, as this is the information available from measurements conducted in 
the past.  The assumption of continuous all-year-round emission is made.  
The yearly inhalation dose has been estimated to be smaller than 40 µSv for the nearest dwellings 
(approximately 4 km, on average downwind, from the stack) [4], showing that, in this coastal area, the 
calculated  dose can vary up to 30% due solely to atmospheric conditions. At the planning stage, for 
plants applying for an operating permit with projected emissions close to the permitted threshold, this 
natural variation should be taken into account when assessing if the plant will fulfill the requirement of 
the permit.  
The largest contribution to the assessed dose, for the average inhabitant of the Netherlands, is from a 
(conservative) estimate of the ingestion of food grown on contaminated farmland.  The 
implementation of the IAEA guidelines [5, 6] for the calculation of the ingestion dose to the situation 
in the Netherlands is here briefly illustrated. The impact of different assumptions (up to 20%) on this 
dose estimate has been shown in [7]:  yearly weather variations (see section 4.4), the operational span 
of the plant (relevant only for crops contaminated by Pb-210 emission), and changes in population, 
which in the Netherlands has increased by two million since 1987 and is now around 16.5 million.  
In this paper, average weather conditions are assumed, in order to show the influence on the assessed 
dose of different composition of the ores over the years. Actual weather conditions have been assumed 
only for the maps of the individual dose for the year 2007.  
 
4. Radiological impact: ingestion  
 
The relevant pathways for exposure are inhalation and ingestion. Both locally grown leafy vegetables 
and ingestion of food from a wide area of contaminated farmland contribute to the ingestion dose. 
Inhalation is dominant close to the source, while deposition of contaminants on farmland yields a 
contribution to the general public through ingestion which is, for the elemental phosphorus plant, 
estimated in the order of 1 µSv as committed individual dose, as detailed in the following sections.  
The size distribution of the emitted particles has an impact on the calculation of the effective dose 
through atmospheric dispersion. In case the particle size distribution is not accurately known, a 
distribution with 70% of the particles smaller than 1 µm (“fine distribution” as defined in [3]) is 
usually assumed. For the phosphorus plant in the Netherlands measurements in the past have actually 
shown that nearly all emitted particles have a size of 1 µm or smaller [8]. The deposited activity on the 
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ground in a 40 km2 region around the plant is thereby only approximately 1/3 of what would be the 
case for the “fine distribution” as defined in [3]. With most particles having a size < 1 µm, the average 
individual dose over the Netherlands, from ingestion of contaminated food, is 70% of the dose 
calculated for the “fine distribution” [4]. 
 
4.2 Transfer coefficients  
 
The radiological impact of regular emissions to air from industrial sources is calculated at RIVM using 
an atmospheric dispersion model, which determines both the air concentration and the deposition of 
the emitted radionuclides on farmland. For the transfer of the ground contamination to crops, a 
compartmental model is used [8], where most parameters are based on IAEA parameters [5]. For 
inhalation, conservative dose conversion coefficients for particles with AMAD of 1 µm are chosen, 
specifically lung absorption class “Slow”, instead of “Fast”, as it is prescribed in [8]. 
  
Transfer coefficients are used to determine the contamination present in crops (vegetables and 
potatoes), cattle (cows and sheep only) and milk. Both the retention in the soil and the half-life of the 
nuclide play a role here. Dutch legislation assumes a continuous plant operational life of 25 years. The 
transfer coefficients for Pb-210, with a half-life of 22.3 years, would yield an average increase of 17% 
by assuming an operational lifetime to 40 years [7]. The activity of the emitted Pb-210 is however 
consistently lower than the Po-210 emitted by this industrial plant (see Fig. 2). 
 
Due to the observed trend of increased Pb-210 emissions from the phosphorus plant in recent years, 
the ingrowth of Po-210 from Pb-210 is now accounted for in the calculation for the dose assessment. 
Here we conservatively assume that the creation rate of Po-210, once Pb-210 is deposited on the 
ground, is equal to the deposition rate of Pb-210, correcting only for the operational life of 25 years: 
the source term for the ingrowth of Po-210 is then approximately half of the emission rate of Pb-210; 
to be precise exactly a factor (1 – exp(-ln2 25/t1/2)), where t1/2 is the half-life of Pb-210.   A refinement 
of this approach would be to also take into account the removal rates from soil and vegetation. 
 
4.3 Nutritional habits  
 
For the assessment of the ingestion dose, the consumption of 3.5 kg of leafy vegetables - produced 
locally - allows for a conservative estimate of the ingestion dose for members of the public living in 
the vicinity of the plant, where ground deposition can be significant. This is added to the ingestion 
dose, which is estimated on the basis of a standard food basket, representative of the average yearly 
consumption by the general public. All consumed food which is likely to be contaminated is assumed 
to originate from the Netherlands. The spatial distribution of crops is derived from the land use 
database, see Fig. 3.  
The yearly consumption assumed for the calculation of the individual dose is shown in Table 1, 
together with recommended values by the Netherlands Nutrition Centre 
(http://www.voedingscentrum.nl/) in 2006. The preparation of food reduces the presence of 
radionuclides before intake: the reduction factors are also given in Table 1. 
 
Table 1: Some assumptions for the calculation of effective dose, from [7]. The weight of cheese is 
translated to the same amount of litres of milk. 
 

 tuberous 
plants 
(potatoes) 

cereals milk meat vegetables leafy  
vegetables 
(local) 

reduction factor 0.8 0.3 1 0.7 0.5 0.6 

yearly consumption 51 kg 71 kg 147 l 10 kg 
(cows, sheep) 

38.5 kg 3.5 kg 

recommendations 68 kg 70 kg 172 l 40 kg 
(total) 

73 kg 
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Figure 3: Land use in the Netherlands for pasture, grains, green vegetables and potatoes, here shown 
on a 1 x 1 km2 grid (based on the 25 x 25 m2 Dutch national land-cover LGN3 database, see e.g. [9]). 

 
 
4.4 Effect of the weather on the ingestion dose 
 
The wind in the Netherlands is predominantly from the west-southwest: most of the particles emitted 
from the phosphorus plant are deposited in the Netherlands. The influence of the weather on the 
calculated yearly ingestion dose can be as large as ±20% (Fig. 4). The year 1996 (which has the lowest 
calculated ingestion dose) had the most variation in wind directions, while e.g. in the year 1998 winds 
from the west-southwest direction were dominant. 
 
Figure 4: Individual dose from ingestion, as a consequence of emission of 500 GBq Po-210 to air 
from the elemental phosphorus plant, calculated from the actual land use in the Netherlands on a 
1×1 km2 spatial grid. 
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5. The effective dose assessed in 2007 from emissions of the elemental phosphorus plant 
 
A map of the effective dose, the sum of the inhalation dose and the ingestion dose, as consequence of 
the emissions of Po-210 and Pb-210 to air for the year 2007, is shown in Fig. 5. 
 
Figure 5: Map of the effective dose as consequence of the emissions to air from the elemental 
phosphorus plant for the year 2007. Actual weather conditions have been modelled. 

 
6. Collective dose 
 
For the determination of the collective dose (Fig. 6), the distribution of the effective dose of Fig. 5, for 
different years, is multiplied by the population density (Fig. 1a) on the 1x1 km2 grid.  Although it can 
also be scaled with the changes in total population, the collective dose per million inhabitants is shown 
in Figure 6, in order to highlight the effect of changes in emissions to air. The effect of changes in 
distribution of the population over the territory is insignificant when, as is the case here, the ingestion 
of contaminated crops dominates the effective dose.  
 
For comparison, the collective dose for the Netherlands due to the emission of 500 GBq Po-210 is 
1.4 manSv per million inhabitants, of which 1 manSv per million is from the ingestion of 
contaminated food, calculated on the basis of the average food basket, and less than 0.4 manSv per 
million from inhalation (see also [5]).  
 
Figure 6: Estimate of the collective dose from the elemental phosphorus plant, for inhalation and the 
sum of inhalation and ingestion. The average weather over the decade 1990-99 has been used in the 
modelling. In the year 2005 there were over 16 million inhabitants in the Netherlands.  
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7. Emission – steel production 
 
The Corus steel production plant at IJmuiden on the North Sea coast operates blast furnaces to produce 
primary iron (Fig. 8a).  The ore is fed into the blast furnaces after being prepared into sinters or pellets. 
Emission from the sintering plant and pelletizing plant is considered for the dose assessment. Steel is 
produced from primary iron and scrap in converters. See e.g. [10] for a detailed description of the 
processes involved. Discharges to air are of the order of 100 GBq for Po-210 and below 50 GBq for Pb-
210 yearly (Fig. 7). Discharges to water are presently under the exemption level. 

 
Figure 7: Discharges to air of the steel plant Corus. 
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7.1 Dose assessment: collective dose from steel production 
 
The discharges from the sintering and the pellet plant are modelled with different heat content: 
8.2 MW from a 75 m stack for the sintering plant and 2 MW from a 70 m stack for the pellet plant. 
More than 10% of the modelled particles are larger than 1 µm.  The assumption of continuous all-year-
round emission is made. The individual dose arising from the emissions of Po-210 and Pb-210 to air in 
the year 2007, from both the sintering and pelletizing plant, is shown in Fig. 8b. The collective dose is 
shown in Fig. 9. 
 
Figure 8: The steel plant Corus on the North Sea coast near IJmuiden, and a map of the effective dose 
as a consequence of the emissions of Po-210 and Pb-210 to air for the year 2007, with the 
characteristics described in the text. Actual weather conditions have been modelled. 
 

(a)  
 
 
 
 

 

(b)  
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Figure 9: Estimate of the collective dose from the steel plant in the Netherlands, for inhalation and the 
sum of inhalation and ingestion. The average weather over the decade 1990-99 has been used in the 
modelling. In the year 2005 there were over 16 million inhabitants in the Netherlands.  
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8. Summary and conclusions 
 
The collective dose originating from discharges of radionuclides to air from the steel and elemental 
phosphorus industries in the Netherlands has been assessed (Fig. 10). Conservative estimates are made 
both in determining the dose conversion coefficients and the committed ingestion dose, where it is 
assumed that all food consumed in the Netherlands is produced there.  

Figure 10: Estimated collective dose from the steel and thermal phosphorus plants, combined, per 
million inhabitants. The assessment is made with an average meteorology over 1990-99. In 2005 there 
were over 16 million inhabitants in the Netherlands. 
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The elemental phosphorus plant accounts for the highest release of Po-210 to air, with a yearly 
average of approximately 500 GBq Po-210 and 50-100 GBq Pb-210. Operating by means of the 
thermal process, it is at present the only plant of its kind in Europe. Emissions to air from the steel 
plant are significantly lower. 
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For a yearly release of 500 GBq of Po-210 and for 16 million inhabitants of the Netherlands, the 
ingestion of locally grown leafy vegetables contributes for less than 1 manSv to the collective dose. 
 
The largest contribution to the collective dose is from ingestion, when the assumption is made that all 
the individual food consumption originates from contaminated farmland in the Netherlands. This 
nationwide contribution to the collective dose is estimated to be 16 manSv. The influence of the 
weather shows a ±20% variation on this yearly ingestion dose. 
 
The collective dose from inhalation is less than 6 manSv. 
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