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ABSTRACT 

The paper presents a historical review of monitoring of C-14 gaseous and liquid 

discharges from the Krško NPP and the resulting radiation exposures of the population. The 

results of monitoring of gaseous discharges showed substantial variations during the life time 

of the plant. The reasons for such variation might be the existing measurement capabilities 

and operational changes related to a prolonged fuel cycle. The estimated public exposure due 

to C-14 gaseous releases showed even greater variation. Annual doses depended strongly on 

the selected methodologies as applied by the evaluators. They used different dispersion 

models, choice of reference groups, dose conversion factors, scenarios on food consumption, 

etc. Monitoring of C-14 in liquid discharges was introduced only recently and the first 

estimation of related effective dose is presented in the paper. It was shown that gaseous and 

liquid discharges of C-14 have a dominant contribution to effective dose to the representative 

individual of the reference group for the Krško NPP in normal operation. The authors present 

their suggestions on future improvements on the dose assessment. 

1 INTRODUCTION 

Carbon-14 in the global environment is mostly a result of continuous interactions of 

cosmic rays with the upper atmosphere (natural origin), and of the past atmospheric nuclear 

weapon tests (anthropogenic). Another man-made global source of C-14 is a current operation 

of nuclear facilities (mostly reprocessing plants) all over the world. Locally, its environmental 

concentrations are slightly increased in the very vicinity of the NPPs due to their gaseous and 

liquid releases. 

Carbon-14 in light water reactors is produced by neutron activation of oxides of the 

stable oxygen isotope O-17 [17O (n, α) 14C] in the fuel and in the coolant water and by [14N (n, 

p) 14C] reaction. Almost total C-14 activity formed in the coolant is discharged during normal 

plant operations, only a small fraction of the C-14 formed in the fuel and the structural 

material is released at the plant site [3]. 

 Most of C-14 activity from the PWR reactor is discharged to the environment with 

atmospheric releases. The normalised annual discharge of C-14 into the atmosphere for PWR 

reactors is typically 0.22 TBq/(GW(e)·a) [1]. Gaseous releases of C-14 are much higher 

during outages than during steady operation of the plant. Only about 1 % of the total released 

activity is discharged with liquid releases [2]. 
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The chemical compounds of C-14 in atmospheric releases are CO2 and hydrocarbons 

(CnHm). According to the available references only 5-25 % of C-14 releases belong to carbon 

dioxide and 75-95% to hydrocarbons [4, 5]. In liquid releases C-14 is present in the form of 

dissolved CO2, bicarbonate ion (HCO3
-) and carbonate ion (CO3

-) in shares, depending on pH 

value of discharged water [5]. 

The Krško NPP started its commercial operation in 1983. The plant is a Westinghouse 

PWR unit with 2000 MW thermal power (725 MW(e)) situated on the bank of the Sava River. 

From 1983-2004 the plant operated on an annual fuel cycle, which was later prolonged to 18 

months. At the beginning, the regular monitoring of the C-14 radionuclide in discharges and 

in the environment was considered not to be of radiological importance in comparison to the 

other radionuclides. Atmospheric and liquid discharges of C-14 are not the subject of the 

regulatory limitations. 

A chronological overview of monitoring activities of C-14 in the period of 1983 to 2013 

is presented in Figure 1. In the first years of the plant operation (1982-1984), C-14 gaseous 

releases were not scheduled in the monitoring programme, and later for some years (1985-

1990), the measurements of C-14 in the form of CO2 were only performed. From 1991 

onwards, monitoring of C-14 in hydrocarbons was additionally introduced. The regular 

monitoring of C-14 in liquid discharges started only recently in 2013. For two decades of the 

plant operation only inhalation pathway of this radionuclide was considered while the 

ingestion exposure pathway, based on incorporation of atmospheric C-14 in vegetation, was 

introduced much later. The dose assessment through the fish ingestion pathway which has 

been performed since the last year, clearly showed to have an important role [6] similarly to 

the experience in some other European nuclear power plants [7, 8]. All data on released 

activity and radiation exposure of the public were taken from the annual reports, elaborated by 

the NPP [9] and the approved research institutes [6]. 

 
 

Figure 1: Time course of regular monitoring of C-14 discharges, environmental 

concentrations and effective doses 

The aim of this paper is to present a time course of C-14 measurements in gaseous and 

liquid discharges at the Krško NPP and the development of resulting dose assessment of the 
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public, as reported to the competent authorities. The authors also present some results of their 

own dose assessment and compare them to those officially reported. 

2 DISCHARGES OF C-14 FROM THE KRŠKO NPP 

During a normal operation of the NPP Krško, the concentrations of almost all 

radionuclides released to the environment are well below the detection limits. Only H-3 and 

C-14 can be systematically measured above the background levels in the environment [6]. 

Therefore, the influence on the population and the environment is evaluated only indirectly 

from the data on the released liquid and atmospheric effluents. 

2.1 C-14 in Gaseous Releases and in the Local Environment 

As a pure beta emitter with low energy C-14 requires a special preparation of samples 

and an appropriate measurement technique. Exhaust air from the plant stack at the Krško NPP 

is continuously sampled in a bypass of the main air stream by a differential CO2/CnHm 

sampler, consisting of two parallel sampling lines [10]. The system was introduced in 1991. 

According to the previously quoted normalised annual discharges of C-14 into the atmosphere 

the expected value for the Krško NPP would be about 0.14 TBq/a. Information on gaseous 

releases of C-14 from the Krško NPP for the last two decades is presented in Table 1. 

Total annual released activities of C-14 were mostly comparable to the expected value. 

A considerable difference of two orders of magnitude was observed in released activities of 

hydro-carbons (CnHm). Obviously, released activities of C-14 in the forms of CO2 and hydro-

carbons at the Krško NPP do not appear in the ratios as stated in the general literature [4]. The 

ratio for the Krško NPP was determined in 1984 as 4 % in CO2 form and 96 % [6] in 

hydrocarbons, and in 1992 as 43% in CO2 form and 57% for the hydro-carbons [11]. 

This ratio remained nearly unchanged till 2003 but in the next period (2004-2012) the 

ratio significantly decreased (even to less than 1 %). In 2013 carbon-14 gaseous releases 

showed again a strong shift of hydrocarbons towards the previous values [11]. No detailed 

technical explanation about this significant disproportion has been available. Some problems 

with sampling of hydro-carbons in gaseous releases were assumed as one of possible reasons, 

while other reasons might be attributed to the prolonged fuel cycle and the related coolant 

chemistry. 

Table 1: Annual atmospheric discharges of C-14 from the Krško NPP 

Year 
A (14CO2) 

[TBq/a] 

A (14CnHm) 

[TBq/a] 

A (14C total) 

[TBq/a] 

Ratio 
14CnHm/total 

1983-1984 not measured not measured - - 

1985-1991 0.13-0.16 not measured 0.13-0.16 - 

1992-2003 0.019-0.084 0.011-0.100 0.064-0.16 0.34-0.63 

2004*-2010 0.011-0.13 0.0012-0.031 0.046-0.13 0.02-0.16 

2011 0.021 0.0004 0.022 0.02 

2012 0.14 0.00052 0.14 0.004 

2013 0.072 0.061 0.13 0.46 

*
 Change to 18-months fuel cycle 

Environmental concentrations of C-14 in the near-ground atmosphere were calculated 

with the dispersion models taking into account the reported atmospheric releases and the real 

weather parameters for a particular year. Actual measurements were periodically performed 

by the Rudjer Bošković Institute (IRB), Zagreb, although they were not requested by the 
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regular monitoring programme. The results indicated that monthly air concentrations at the 

fence of the plant are slightly higher than the background levels and can increase for 2 - 3 

times (up to 80-120 mBq/m3) during the plant outages [12]. Levels in vegetation have been 

regularly monitored only since 2008 as required by the regulations [13] and provided the 

actual data for dose assessment.  After drying and carbonization the samples were burning in 

oxygen. The resulting CO2 was absorbed by the mixture Carbosorba®E and Permafluora®E. 

Activity of C-14 was measured with the liquid scintillation counter Quantulus 1220 [12]. The 

results showed that in the prevailing wind directions the average excess contents of C-14 in 

vegetation off-site the plant were in the range of 5-40 Bq/kgC that means up to 2-15% above 

the background level of 235±2 Bq/kgC. The C-14 results are expressed in the unit of mass 

activity concentration referring to the mass of stable carbon in the sample (Bq/kgC). The 

highest C-14 contents in vegetation were recorded when the plant outage was scheduled in 

spring, i.e. before growing season [6, 12]. 

2.2 C-14 in Liquid Discharges from the Krško NPP 

The preliminary measurements of C-14 concentrations in water of Waste Monitoring 

Tank (WMT) at the Krško NPP were performed in the period 2010-2011 by the Jožef Stefan 

Institute (IJS). Annual discharged activity was estimated on the basis of activity of quarterly 

grab samples. In 2013 C-14 activity concentration was regularly measured by the IRB 

institute in aliquot composite quarterly samples of liquid effluents in WMT. C-14 activity 

ranged from 0.23 MBq/m3 to 0.45 MBq/m3. The estimated total activity of C-14 in liquid 

discharges in 2013 was 0.85 GBq, which is lower than previous estimations of 1.1 GBq and 2 

GBq for 2010 and 2011, respectively. However, all the results were quite in accordance with 

the general predictions [2, 3] i.e. on the level of about 1% of gaseous releases.  

At the present there is no scheduled monitoring of C-14 in the river environment. In the 

year 2013 the IRB institute carried out a study of measuring the activity concentration of C-14 

in the Sava River during discharges. The activity concentration of C-14 in samples was 

detectable also 600 m downstream from the NPP dam (31.6 Bq/m3) with the reported 

background levels of 15 Bq/m3 above the discharge point. In the Sava River pH varies around 

the value of 8 with bicarbonate ion form (HCO3
-) dominating. 

Based on the annual discharges we estimated that activity of monthly taken samples 

from continuous sampling below the discharge point would increase between 0.1 Bq/m3 and 1 

Bq/m3. Due to the presence of the existing C-14 in the environment (natural origin and 

anthropogenic) such contribution in the environment is indistinguishable from the measured 

background activity concentration. 

This is not the case for fish in the affected rivers. From the French nuclear facilities 

experience fish activity concentration under the influence of the nuclear power plants 

regularly exceeds 600 Bq/kgC and may reach 1000 Bq/kgC (~120 Bq/kg wet weight). The 

background activity in fish is around 400 Bq/kgC (~45 Bq/kg of wet weight) [14]. Water 

plants and fish have much higher bioaccumulation factor for carbon as for other chemical 

elements. In the literature values vary for two orders of magnitude (from 5m3/kg to 400 m3/kg 

for fish) [15, 16, 17]. By use of estimated increase in the average activity concentration of 

river water by 1 Bq/m3 we can expect an increase of the C-14 activity concentration in fish to 

430 Bq/kgC (~50 Bq/kg). 

3 PUBLIC RADIATION EXPOSURE DUE TO C-14  DISCHARGES 

According to the operating license of the Krško NPP, the assessment of radiation 

exposure must be done for an individual living at the distance of 500 m from the reactor. The 
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total effective dose due to gaseous and liquid radioactive discharges is limited to 50 µSv per 

year. The typical estimated radiation exposure assessed by the approved technical and 

research organisations, was usually about 1 µSv per year. Effective doses were estimated 

according to the relevant basic references [18, 15], taking into account the intake of C-14 

based on a local specific consumption of locally produced vegetables and fruits.  

3.1 Radiation Exposure to C-14 in Gaseous Releases 

Gaseous releases of C-14 affect the environment via two main exposure pathways, 

namely via inhalation and via ingestion of local food with incorporated C-14. In the first two 

decades of operation of the Krško NPP (1983-2000) only the inhalation exposure pathway of 

C-14 was taken into account [6]. Later, from 2001 onwards, also the ingestion pathway was 

considered, and it soon became clear that the latter contributes the major part of radiation 

exposure of the public from the gaseous releases during normal operation. 

C-14 inhalation dose 

The assessment of inhalation dose is based on the discharged activity, the selected 

dispersion model for gaseous discharges, the distance from the point of discharge, the weather 

parameters for a particular year, and also on the chemical form of C-14 compounds. The short 

overview of the reported inhalation doses of the public is presented in Table 2. 

The calculated annual inhalation dose varied from 4.9 pSv up to 0.27 µSv, varying for 

five orders of magnitude, in spite of the fact that C-14 gaseous discharges were quite uniform 

through the years. There are several explanations for these enormous differences. The 

underestimation of gaseous discharges during certain periods due to possible difficulties at 

sampling of C-14 hydrocarbons could be one of the reasons. From 2007 onwards an important 

role can be attributed to the use of the Lagrangian dispersion model instead of the previously 

used Gaussian model which is required by the operational licence. The use of the Lagrangian 

dispersion model, not yet verified in the plant environment, in comparison to the Gaussian 

dispersion model mostly reduces the reported inhalation dose for more than two orders of 

magnitude. Another reason could be also in taking different distances from the discharge 

point as required by the licence. Namely, the reported inhalation dose refers to the distance of 

1500 m from the reactor discharge point instead of the requested distance of 500 m. The 

authors of this paper coarsely estimated from the annual reports [6] that due to a greater 

distance the reported results are underestimated on average for a factor of three. The incorrect 

use of the dose conversion factor for gaseous hydro-carbons (from 2005 onwards) could also 

be a possible explanation. Inhalation dose strongly depends on the chemical form of C-14 

(CO2 and CnHm), having the dose conversion factors different for two orders of magnitude 

(6.2·10-6 µSv/Bq and 5.8·10-4 µSv/Bq respectively). 

Overall, the reported inhalation dose differs roughly for a factor of thousand because of 

the use of different methodologies of dose assessment by the different evaluators. 

 

Table 2: Annual inhalation effective dose due to discharges of C-14 in 1983-2013 

Year 
Inhalation (CO2) 

[µSv/a] 

Inhalation (CnHm) 

[µSv/a] 

Inhalation C-14 (tot.) 

[µSv/a] 

1983-1988 - - - 

1989-1990 0.013-0.015 - - 

1991-2004 6.3·10-4-2.9·10-3 0.025-0.27 0.026-0.27 

2005-2013 4.9·10-6-6.0·10-3 8.9·10-8-3.2·10-5 4.9·10-6-6.0·10-3 
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C-14 Ingestion dose 

Ingestion effective dose depends on the excess content of C-14 in a local food above the 

average background values and on the selected scenarios of food consumption. For the early 

period of the 2000s, the relevant ingestion dose levels for the Krško NPP were assessed at a 

flat rate, just upon the comparison to the similar PWR plants. During the recent period (from 

2008 onwards), when the radioactivity monitoring programme was expanded with C-14 

measurements, the dose estimations have been done on the actual analyses of selected vegetal 

samples (fruits, vegetables, etc). The reported ingestion doses were estimated on an ad hoc 

food consumption (18 kg per year) which seems to be non conservative. Consequently, the 

reported ingestion doses from 2008 onwards are rather low, as shown in Table 3, in spite of 

the fact that measured results refer to a vegetation sampled near the plant fence. 

The scenarios for local food consumption have to be sufficiently realistic to reflect a 

land use, specific local habits, and the specifics of the rural environment. Usually a moderate 

self-sufficient provision of vegetables and fruits grown in kitchen gardens is considered. The 

consumption of locally grown food can be extended over the whole year due to numerous 

conservation methods that are widely and frequently used, such as freezing, preserving, 

juicing, cellarage, and drying. Following the requirements of the NPP Technical 

Specifications, involving the US NRC RG 1.109, intake of products of locally fed animals 

(milk, eggs, meat, and honey) has to be considered at dose assessment. So the authors suggest 

that more realistic consumption scenario has to be taken into account at the dose assessment. 

The authors made their own estimations (Table 3) based on scenarios of moderate (Scenario 

1) and substantial (Scenario 2) consumption of local fruits and vegetables, assuming kitchen 

garden production by local owners. Dose values for Scenario 1 are based on a daily 

consumption of 0.4 kg locally grown food for half a year (72 kg/a). The scenario reasonably 

follows the WHO/FAO recommendation on minimum consumption of vegetables and fruits 

of 0.4 kg daily (without potatoes) [19]. In the second scenario a daily consumption of 0.4 kg 

of local vegetal food over the whole year is assumed, including a consumption of 0.1 kg 

products of locally fed animals (in total 180 kg/a). For comparison the dose values assessed 

on moderate and possible extreme scenarios on consumption of local food are shown in the 

Table 3. All measurements of C-14 content in terrestrial food were performed by the IRB 

institute [20]. 

Table 3: Comparison of reported ingestion effective dose and values from this paper 

Year 
Reported values 

[µSv/a] 

Scenario 1 

[µSv/a] 

Scenario 2 

[µSv/a] 

2006 <2* 0.4 0.9 

2007 <2* 0.1 0.3 

2008 <1* 0.1 0.25 

2009 0.3 0.3 0.8 

2010 0.1 0.1 0.25 

2011 0.05 0.1 0.3 

2012 0.3 0.4 1.1 

2013 0.05 0.1 0.3 

*… values were assessed at a flat rate 

 
Comment:  Bolded figures refer to years when power plant outage was performed in the growing season. 

Values obtained out of the growing season were not significantly different from the background levels so 

the uncertainty of results (1σ) was taken as input for dose calculation. 
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The effective doses calculated by use of these more realistic scenarios are similar or 

higher as previously reported values. The elevated annual doses (bold text in Table 3) appear 

periodically when a power plant outage was performed during the growing season, so every 

three years an increased ingestion dose is expected (2006, 2009, and 2012). The authors 

suggest that Scenario 2 (extreme consumption) or similar scenario is used for the future 

conservative dose calculations for the reference group. 

3.2 Radiation Exposure to C-14 in Liquid Discharges 

The dose assessment model was developed in 2003 and revised in 2009 [6, 21] for 

liquid effluents. It takes into account as the reference population an actual group of fishermen 

fishing 350 m downstream of the Krško NPP dam, spending a certain amount of time at the 

riverbank and consume fish from the Sava River. The other exposure pathways were also 

studied (irrigation, watering animals, swimming and drinking) but they were found to be less 

probable and therefore of a secondary importance. Based on the local habits of fishermen an 

average fish consumption of 10 kg/a and a maximum consumption of 45 kg/a of fish were 

used in calculations. For the dose assessment the more conservative consumption has been 

used. 

In 2013 for the first time after three decades of the plant operation C-14 in liquid 

discharges was included in the inventory of radionuclides and used as the input for a model 

calculation. The estimated effective dose for C-14 contribution equals 0.42 Sv/a and was 

thus an order of magnitude higher than in the previous years from all the other radionuclides. 

Without C-14 contribution the effective dose for an adult would be only ~0.01 μSv/a. There is 

a considerable uncertainty concerning the value of the bioaccumulation factor for the fish. 

The most recent bioaccumulation factor Br = 50 m3/kg [17] was used for calculations. 

These results undoubtedly indicate that the levels of exposure due to ingestion of fish 

could be dominant in comparison to the contributions from other radionuclides present in the 

plant liquid releases, such as tritium, fission and activation products [7]. It is suggested by the 

authors that the routine monitoring of C-14 in fish is conducted in the future to confirm the 

preliminary results and their assessment. 

The radiological role of C-14 in liquid discharges might be increased in the next years 

when a dam of the hydroelectric power plant at Brežice is constructed downstream the Krško 

NPP [22]. The future basin of slowly running water and consequently a foreseen 

eutrophication will stimulate excessive plant growth (algae). This could emphasize the 

importance of the corresponding exposure pathway due to fish ingestion. 

4 CONCLUSIONS 

After three decades of the plant operation one can say that monitoring of C-14 gaseous 

and liquid discharges, its environmental concentrations and corresponding radiation exposures 

at the Krško NPP have been almost covered. It can be seen that C-14 monitoring and dose 

evaluation have been developed gradually and in parallel with the new cognition and expert 

knowledge on the environmental impacts of this radionuclide. The completion was essential 

since this radionuclide has a dominant role in radiation exposure of the public, contributing 

over 90 % of the total effective dose. 

The authors suggest that presented inconsistencies in the assessment of inhalation dose 

concerning the sampling of discharged hydro-carbons, the use of the dispersion model, the 

applied distance from discharge point and the dose conversion factors for gaseous compounds 

of C-14 are critically reconsidered. 
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For the assessment of the ingestion effective dose via terrestrial food we suggest that 

more reliable scenarios of local food consumption are applied in future. It is not justified to 

use a non conservative approach. 

It is expected that a dose assessment due to liquid effluents will be perfected when 

additional environmental C-14 concentrations are available. It is suggested by the authors that 

the routine monitoring of C-14 in fish and other biota (algae, etc.) is conducted in the future to 

verify the model calculations concerning the high bioaccumulation factor in fish. 

The methodology for dose assessment should be comprehensively developed, clearly 

defined and consistent for all exposure pathways. The assessment procedures should not be a 

subject of changes without a careful consideration and the approval by the competent 

authority. The experts should report to the authorities according to the requirements of the 

plant operating licence. This will enable to compare adequately the Krško NPP results with 

other PWR plants. 
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