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ABSTRACT 

In the past, 12-months' fuel cycles in the Krško NPP had not caused any problems 
regarding compliance with its Technical Specifications and license limits on liquid tritium 
releases (20 TBq/year, 8 TBq/three months). The first 18-months' fuel cycle, which was 
introduced in 2004, required fuel with higher enrichment, higher boron concentration in the 
primary coolant and more fuel rods with burnable poisons. In 2005, the NPP operated without 
refueling outage for the whole year and produced the highest amount of energy so far. Due to 
these facts and a few unplanned shutdowns and power reductions, production of tritium and 
releases increased strongly in 2005. As a result, the Krško NPP hardly succeeded to stay 
within regulatory limits on tritium releases. However, the three-months' limit was exceeded in 
the first quarter of 2006. 

On the basis of conclusions acquired from the SNSA's study and practice of other 
European countries the SNSA considerably increased the annual limit of permitted liquid 
tritium releases (from 20 TBq to 45 TBq) and abolished the three-months' limit. At the same 
time, the SNSA reduced the limit of fission and activation products by halves.  

 

1 INTRODUCTION 

In December 2005 the Krško NPP, the only NPP in Slovenia, PWR type with 
Westinghouse design, informed the SNSA about the increase of tritium production, a by-
product in each nuclear power plant. Regulatory limits for liquid tritium releases defined in 
the Krško Technical Specifications and Operation License were 20 TBq per calendar year and 
8 TBq quarterly. 

Because of increased tritium production, a few unplanned power changes that required 
boron dilution and boration of primary coolant and consequently produced additional amounts 
of waste water, the plant in 2005 released 18 TBq of tritium through liquid effluents and 
almost reached annual regulatory limit (see Fig. 1). However, in March 2006 the Krško NPP 
exceeded the three-months' limit of 8 TBq. Total tritium release from January to March was 
9.6 TBq. After the plant's refueling outage in April 2006, a stabile operation resulted in a total 
annual tritium release of only 12.7 TBq (3.1 TBq after the refueling outage), which was well 
bellow total annual limit of 20 TBq.  

A part of tritium is also released through gas releases. For the Krško NPP no regulatory 
limit exists for gas tritium releases. In 2006 the plant released 2.93 TBq of gas tritium. 
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Annual liquid tritium releases from the Krško NPP
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Figure 1: Liquid tritium releases from the Krško NPP since 1995 

In February 2006 the Krško NPP submitted to the SNSA an application for the increase 
of the limit for liquid tritium releases. They demanded the abolishment of the limit of liquid 
tritium releases or at least the increase of the annual limit from 20 TBq to 45 TBq without a 
three-months' limit. 

In accordance with provisions of the Act on Protection Against Ionizing Radiation and 
Nuclear Safety, an opinion from an authorized expert for radiation and nuclear safety Institute 
Jožef Stefan Ljubljana was attached to the application. The expert's opinion comprised the 
evaluation of the annual effective doses of the reference group of population. Calculations 
showed that in the case of a release of 45 TBq of liquid tritium an effective dose on the 
maximum exposed individual would be only 8.1 nSv/year. 

Also a review of regulatory limits in different European countries was included in this 
expert's opinion (Table 1). The expert's opinion concluded that liquid tritium effluents from 
the Krško NPP are comparable with regulatory limits of other similar NPPs while some 
countries do not have such administrative limit at all. Instead a limit of an annual received 
effective dose per individual from the critical group of population is given.  

Table 1: Limits of liquid tritium effluents from the Krško NPP and other PWRs [2]

Country Number 
of PWRs 

Normalized limit
[GBq/MWe] 

Range of 
norm. limits 
[GBq/MWe] 

Releases/Limit 
(year 2002) 

Belgium 7 16 10 – 21 - 
France 56 29 23 – 42 0.54 (0.23 -0.98) 
Germany 12 35 23 – 71 0.40 (0.07 – 0.63) 
Netherlands 1 62 62 0.26 
Spain 4 There are no specific limits on tritium release. 
Sweden 3 There are no specific limits on tritium release. 
Switzerland 2 80 69 – 92 0.17 (0.14 – 0.20) 
Great Britain 1 68 68 0.81 
Slovenia* 1 28 28 0.56 (0.22 – 0.90) 

* For the Krško NPP data from 1982 to 2005 were considered. 
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After the review of the application and expert's opinion the SNSA realized that the root 
causes for such sudden increase of tritium production and releases were not included in the 
application. Therefore the SNSA had to clarify the following questions: 

• what kind of measures have been applied by the Krško NPP to reduce the tritium 
production and releases, 

• which factors are contributors to the increased tritium production, 
• what are the effects on the environment in addition to the radiological contribution on 

the reference group of population. 

In order to clarify these questions, the SNSA requested from the Krško NPP additional 
data on: 

• tritium production in the primary system, 
• boron concentration in the coolant, 
• tritium activity in plant reservoirs and reactor coolant, 
• data on tritium releases, 
• evaluation of effects on surroundings and river's organisms, underground water and 

the quality of the Sava River, 
• already implemented and planned measures to minimize the production and releases 

of tritium, 
• fuel leakage in cycle 21. 

In the paper the findings of the SNSA's analysis [1] on additional data received from the 
Krško NPP and from the review of the expert's opinion are presented. 

 

2 TRITIUM PRODUCTION AND RELEASES 

Tritium is produced by nuclear reactions that occur naturally in the atmosphere and are 
caused by cosmic rays, in nuclear weapon testing and in nuclear reactors.  

Mechanisms of tritium production in the Krško NPP are: 
• te
• 10 α 3

rnary fission in the fuel, 
 reaction B(n, 2 ) H in the reactor coolant, 
• reaction 6 i (n, α)3  in the reactor coolant, L H
• reaction 10B(n, 2α)3H in the fuel with burnable poisons, 
• 2 γ 3 reaction H (n, ) H in the reactor coolant. 

The Krško NPP used to operate in 12-months' fuel cycles until 2003 (cycle 19). In the 
year 2000 modernization and power uprate of the plant by 6.5% was performed and fuel cycle 
extension to 18 months was introduced. After a transitional 15-months' cycle, the first 18-
months' cycle started only in 2004 (cycle 21). Due to the extended fuel cycle higher excess 
reactivity is needed at the beginning of cycle (BOC) requiring higher enrichment of fuel, 
increased boron concentration and more fuel rods with burnable absorbers (integral fuel 
burnable absorber, IFBA) to control the criticality. Due to power uprate and longer fuel cycle 
the following contribution factors to tritium production have been increased: 
• production due to ternary fission (increased by a factor of 1.7), 
• production in the reactor coolant by the reaction on B-10 (increa sed by 2.4), 
• production in the fuel with IFBA (increased by 14). 

However, this multiple increase of tritium production by cycle extension is not reflected 
into same multiplication of actual liquid releases of tritium into the Sava River, since 18-
months's cycles extend over 2 or even 3 calendar years. The administrative limit for tritium 
emissions is defined for a calendar year. 
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During the modernization project numerous analyses have been made as the basis for 
changes of the safety analysis report (USAR). Source terms were determined in the analysis 
SSR-NEK-7.10 “Radiological Consequences” [6]. The calculated tritium production was 
67 TBq per 18-months' fuel cycle. 

Tritium production - different cycles
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Figure 2: Tritium production for fuel cycle 19, 20, 21 and 22  

The analysis SSR-NEK-7.10 presents the production of tritium in the core and in the 
coolant for the initial (cycle 1) and equilibrium cycles (18-months'). For the purpose of the 
regulatory process of increasing limit for tritium releases, the Krško NPP performed the 
analysis on the same basis and calculated the production of tritium for actual fuel cycles. 
Calculated tritium production for typical fuel cycles are presented in Figure 2. Calculations 
postulate 1% fuel clad leakage which means that 10% of tritium produced in the fuel passes 
into the coolant. This is very conservative compared to actual conditions with fuel cladding 
damage below 0.004%. Table 2 shows the increase of tritium production at the transition from 
12-months' to 18-months' fuel cycle. Contributions of a specific tritium source to the total 
tritium activity for a specific cycle expressed in percentage are also given 

Table 2: Calculated contributions of tritium to the RCS for 12- and 18-month cycles 

TRITIUM SOURCE cycle 19 
(12-months') 

cycle 21 
(18-months') 

Ratio 
(c21/c19)

total activity (GBq) 20672 34254 1.7 Ternary fission 
percentage 67% 58% - 
total activity (GBq) 222 3092 14 C

O
R

E 

IFBA 
percentage 1% 5% - 
total activity (GBq) 8140 19358 2.4 Boron 
percentage 26% 32% - 
total activity (GBq) 1813 3034 1.7 Lithium 
percentage 6% 5% - 
total activity (GBq) 44 74 1.7 C

O
O

LA
N

T 

Deuterium 
percentage 0% 0% - 

Σ (GBq) 30891 59812 1.9 

It can be seen that the relative increase of tritium production is highest for fuel rods with 
burnable absorbers (IFBA) and soluble boron sources. A comparison of absolute values 
shows that the increase of ternary fission production is also notable, but it is more in the 
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agreement with the extension of the cycle length for 6 months. Calculated values are 
conservative and actual emissions of tritium are several times below the values predicted by 
the analysis. 
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Figure 3: Critical boron concentration for cycle 19 (12-months') and cycle 21 (18-months') 

The Figure 3 (figure from Nuclear Design Report NEK for cycles 19 and 21) presents 
critical boron concentration versus burnup for cycle 19 (12-months') and cycle 21 
(18-months'). It is evident that an integral value (area under the curve) of boron in the coolant 
has more than doubled in 18-months' cycle. This is in agreement with the calculated increase 
as shown by analysis SSR-NEK-7.10 [6]. 

Actual liquid tritium releases from the Krško NPP into the Sava River were the highest 
in 2005 when 18 TBq of liquid tritium were released. Beside higher tritium production as 
shown in Table 2, the additional reason for increased tritium releases was a whole year's 
operation of the plant without a refueling outage. Three unplanned shutdowns and power 
changes for load follow operation caused an additional amount of waste water for discharge at 
every power decrease. Also notable is that in 2005 the NPP produced the maximum amount 
of electrical energy (5600 GWh) therefore the tritium releases in relation to the produced 
energy are comparable to those of previous operation. 

 

3 CORRECTIVE MEASURES TO REDUCE TRITIUM PRODUCTION AND 
RELEASES 

In order to minimize the production of tritium and its release into the primary coolant of 
reactor the IAEA recommends to [3]: 
• improve fuel rod fabrication and the quality of the fuel rods, in order to avoid fuel 

cladding failure, 
• use zircaloy cladding instead of stainless steel cladding, 
• use enriched (99%) 7Li as lithium hydroxide for pH control, 
• isolate as soon as possible defective fuel assemblies in leaktight canisters, in order to 

avoid polluting spent fuel pool, 
• control the coolant chemistry, in order to minimize the deposit of crud on the fuel rods. 

The Krško NPP has implemented all of the above mentioned measures except the 
storage of leaking fuel elements in leaktight canisters since there are no such damaged fuel 
elements that would significantly contribute to the tritium concentration in the coolant. Fuel 
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damages are of tight type and are present only in a few fuel rods. Calculations show that the 
release of all tritium from fuel pellets in damaged fuel rods would result only to 8.5 GBq of 
additional tritium activity which would not help decreasing the tritium releases. 

Although additional corrective measures to reduce tritium production are not possible, 
the SNSA realized that the Krško NPP has not implemented any programme for managing 
tritiated water. The SNSA required that the Krško NPP develops the Tritium Management 
Programme which would help to timely optimize discharges of tritiated water from the NPP. 

 

4 INFLUENCES ON THE ENVIRONMENT 

Tritium decays into 3He by emitting beta rays of low energies (maximum 18.6 keV and 
average 5.7 keV). Its half life is 12.3 years. In environment it is mainly present in the form of 
tritiated water (HTO) and it can enter into human organisms through breathing, ingestion or 
diffusion through skin. There is no danger of external irradiation but tritium contributes to the 
exposure of reference group of population by internal irradiation. Contamination of the Sava 
River and the underground water have to be taken into account as well. 

Radiological influences due to liquid tritium releases were evaluated by Institute Jožef 
Stefan [2]. Reference group of population are fishermen who catch and consume fish from the 
Sava River downstream of the Krško NPP and stay near the river. Estimated dose to reference 
group for postulated releases of 45 TBq of liquid tritium was 1.8 nSv per year and dose to 
maximum exposed individual was 8.1 nSv per year. Both values are negligible since annual 
received dose of maximum exposed individual would be only 0.016% of authorized dose of 
50 μSv per year per an individual due to NPP operation. 

Other liquid effluents from the Krško NPP contain about 20 fission and activation 
radionuclides (14C, 51Cr, 54Mn, 55Fe, 58Co, 60Co, 95Zr/95Nb, 97Nb, 110Ag, 125Sb, 134Cs, 137Cs, 
90Sr, 133Xe). Regulatory limit for liquid releases of these radionuclides used to be 200 GBq 
per year and 80 GBq quarterly. Actual releases from the NPP are only a few percents of the 
limit. A dose for an individual is determined by the sum of partial exposures for all these 
radionuclides and all transfer pathways. For the liquid effluents released to the Sava River the 
following general transfer pathways can be possible: drinking of the river water, consumption 
of fish, swiming and staying near the river, water for stock and land irrigations, boating, etc. 
To achieve a realistic estimation of an exposure of reference group, only specific transfer 
pathways consumption of fish and staying near the river are considered. In 2004 the dose to 
an individual from the reference group was 22.4 nSv per year (Table 3). Tritium contribution 
was only 0.4 nSv per year that is less than 2%. [5]. 

Table 3: Received dose of reference group through the specific transfer pathways 

Transfer pathway 
3H 

[nSv/year] 
Fission and activation products 

[nSv/year] 
Total dose 
[nSv/year] 

Consumption of fish from the Sava River 0.4 2 2.4 

Staying at the Sava River bank 0 20 20 

Total 0.4 22 22.4 

The SNSA calculated the dose of the reference group of population in the case of 
potential maximum allowable liquid release from the Krško NPP. 45 TBq/year for tritium and 
200 GBq/year for fission and activation products were considered.  In this case dose of an 
individual from the reference group would be 7612 nSv/year which is approximately 8 μSv. 
Contribution of tritium would be only 1.8 nSv/year that is about 0.02% (Table 4). Since actual 
releases of fission and activation products from the Krško NPP are very low, the SNSA 
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reduced the original regulatory limit of 200 GBq to 100 GBq per year. This measure will 
reduce radiation exposure of population and environment in the case of potential fuel leakage. 
Dose to an individual from the reference group would be only 4 μSv/year which is less than 
10% of an authorized dose of 50 μSv/year for an individual due to NPP's operation. 

Table 4: Received dose of reference group in the case of maximum liquid releases 

Transfer pathway 
3H 

[nSv/year] 
Fission and activation products 

[nSv/year] 
Total dose 
[nSv/year] 

Consumption of fish from the Sava River 1.8 360 362 

Staying at the Sava River bank 0 7250 7250 

Total 1.8 7610 7612 

The Krško NPP evaluated the tritium concentrations in the Sava River. Calculated 
average monthly tritium concentration in the Sava River was 7.5×103 Bq/m3 what is well 
bellow regulatory limit for drinkable water of 1.0×105 Bq/m3 [4]. 

The expert's opinion [2] states that increasing of tritium releases from the Krško NPP 
does not affect the subsurface water. This statement is demonstrated only with measurements 
at the sampling point Medsava, which is located in the republic of Croatia 22 km downstream 
of the NPP. The existing sampling points in Slovenia are supplied with underground water 
from deep wells without influx from the Sava River. In order to establish monitoring of the 
tritium concentration in subsurface water downstream of the NPP on the territory of Slovenia, 
the SNSA requested the NPP to supplement the Radiation Monitoring Programme with at 
least one additional sampling point from this area. An additional request was related to 
redefining the reference group. There exist firm possibilities that some members of the 
near-by population practice fishing in the closed proximity of the NPP and not only outside 
the limit of 8 kilometers downstream of the NPP as is supposed in defining of actual reference 
group. 

 

5 CONCLUSIONS 

Based on the SNSA's analysis of measurement data, calculation of tritium production 
received from the Krško NPP and review of expert's opinion the following conclusions can be 
derived: 
• Increased tritium production at the Krško NPP results from power uprate of 6.5% in 2000 

and fuel cycle extension from 12 to 18 months. Relative increase of tritium production is 
the highest for IFBA and soluble boron sources. Increase of ternary fission production is 
proportional with the extension of a cycle length. 

• An additional reason for the increased liquid tritium releases in 2005 was a whole year's 
operation without a refueling outage. Three unplanned shutdowns and power changes for 
load follow operation caused an additional amount of waste water to be released. 

• The Krško NPP has already implemented all preventive measures proposed by the IAEA 
to minimize tritium production. 

• The TSO expert's opinion showed that a radiological effect in case of liquid tritium 
effluents of 45 TBq/year would be very small. A received annual dose of a maximum 
exposed individual from the reference group (settled at Brežice, 8 km downstream of the 
NPP) would be 8.1 nSv which is only 0.016% of authorized dose of 50 μSv/year to an 
individual due to NPP operation. The annual received dose from natural background is 
2.4 mSv, while the dose from industrial sources and medicine amounts 1 mSv. 
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• The SNSA approved the application and increased the annual limit for liquid tritium 
effluents from 20 TBq to 45 TBq and abolished the limit for three-months' releases. 

• The relaxation of a regulatory limit for the liquid tritium releases has a very small 
radiation effect on the environment. To compensate this relaxation, the SNSA reduced 
the original regulatory limit for releases of fission and activation products from 200 GBq 
to 100 GBq per year. Therefore the overall radiation exposure of population and the 
environment in the case of potential fuel leakage is even decreased. 

• Since there are no sampling points to monitor subsurface water contamination of the Sava 
River basin downstream of the Krško NPP in Slovenia, the SNSA required the Krško 
NPP to introduce at least one sampling point in this area into Radiation Monitoring 
Programme. 

• The Krško NPP is required to develop the Tritium Management Programme which will 
help to timely optimize discharges of tritiated water from the NPP. 

• The SNSA requested a verification of the reference group and reassessment of received 
effective dose because there exist firm possibilities that some members of the 
near-by population practice fishing in the closed proximity of the NPP. 
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