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Abstract. In the first years of operation the dose rates at Gösgen Nuclear Power Plant increased more strongly 
than expected. Co-60 has been the main radiation contributor from the beginning. As an immediate step, 
investigations were initiated to find and remove unknown cobalt sources. System modifications and optimization 
in water chemistry were carried out to reduce material and activity transport within the primary system. As a 
result the dose rates were stabilized after a couple of years – unfortunately on a high level. To reduce the dose 
rate levels and the occupational radiation exposure, further long term measures were implemented. System 
decontamination and source replacement were considered as well as the implementation of enhanced shielding 
procedures and a more source oriented chemistry. As a result the dose rates have reduced significantly and the 
occupational radiation exposure has been decreased by more than a factor of 2 over the last two decades. The 
reduction of the mean individual dose turned out even better and was cut by a factor of 5. On terms of plant and 
personal safety, Gösgen Nuclear Power Plant decided to improve Radiation Protection using a smooth step by 
step action plan and has been very successful with it. Currently the technical possibilities have been developed to 
a high standard. Further improvements will be selective only. In future the focus will be set to personal behavior 
and human performance, using enhanced target settings, briefings, debriefings, experience feedback and 
(international) experience exchange. Nevertheless it will be essential to avoid unnecessary administrative and 
counterproductive short term hurdles. Strengthening of Radiation Protection is and will be a long term and 
continuous process. Gösgen Nuclear Power Plant will continue to introduce further actions one by one. 
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1. Introduction 
 
Gösgen “Nuclear Power Plant (NPP)” is a 2nd generation 3 loop pressurized water reactor of the 
KWU/Siemens type with a gross nominal capacity of 1020 MW. The turbine-generator unit comprises 
one high-pressure and three low pressure turbines which are directly coupled to the generator. The 
turbine condensers are cooled by a circulating water system with one cooling tower. In addition to the 
production of electricity, Gösgen NPP supplies process steam to a nearby cardboard factory. The plant 
was commissioned in the seventies and went into commercial operation in November 1979. Since then 
the plant was operated at full power in twelve month cycles to cover base load electricity demand in 
Switzerland. 
 
The strongly stressed part of the reactor internals are made of hard metal alloys containing up to 60% 
of cobalt (stellites), because the development of cobalt free hard metal alloys was not at a satisfactory 
level at the time of plant construction. Activated Co-60 was therefore expected to spread throughout 
the primary system and to raise the dose rate to elevated levels. 
 
2. Development of dose rate build up 

 
During the first years of operation the dose rate increase in the primary circuit was steeper than 
expected from the data of plants with comparable material configurations. In addition to that no 
tendency of leveling off was observed (see figure 1). 
 
As a result the average occupational radiation exposure at Gösgen NPP was above the ones of the 
similar design plants. 1.6 Sv per year for Gösgen NPP in the years 1985 to 1990 compared to about 1.3 
Sv per year for the other plants [1]. 
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Figure 1: Expected and measured dose rate values on the inner surface of the pressure vessel head and 
the steam generator channel heads 
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Investigations to find out the reasons of this unexpected behavior compared to other similar design 
plants were conducted in the mid 1980s [2]. The resulting findings were: 
 
- The dose rate build up given by the cobalt inventory of the reactor internals (especially stellites in 

the grid plate between the upper and lower core support) was slightly but not significantly 
different between Gösgen NPP and the other plants. 

 
- Cobalt impurities up to 10’000 ppm were partially found in the nickel plating of the fuel assembly 

spacer grids. This has been assumed to play an important role in the different dose rate build up 
because of the high neutron flux exposure of these components. 

 
- Water chemistry may play a minor role in the different dose rate build up, due to a small plant 

design weakness in respect of the control of the pH regime of the primary coolant, resulting 
probably in slightly increased corrosion product transport and deposits. 

 
3. Action plan 

 
3.1 Fuel assemblies 
 
As an immediate action the fuel assembly supplier was urged to prevent future cobalt impurities in the 
spacer grids. In parallel a specification was elaborated, which generally defines the impurity levels in 
new material used in or in the vicinity of the reactor core. For cobalt, for example, the impurity level 
was set to be less than 500 ppm. On a long-term basis an investigation program was established 
together with the fuel assembly supplier to replace the nickel based spacer grid material as well as the 
guide tube material made of stainless steel by a zirconium based material. The background behind this 
program was the reduction of nickel activation to reduce the Co-58 inventory in the primary coolant. 
Co-58 has been found to be the second largest contributor to the general dose rate at Gösgen NPP. 
Several technical issues had to be treated and to be reviewed for plant safety, as for example the 
changes in the neutron flux distribution, the corrosion behavior of the new material and the possibility 
of stress corrosion cracking in the spring holders of the spacer grids. Except for the lowest spacer grid 
(remaining stress corrosion cracking problems in the spring holders), the program was completed in 
the mid 1990s. 
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3.2 Water chemistry 

 
The dose rate in a NPP depends strongly on the deposition rate of radionuclides on the surface of the 
primary components and the release rate of activated products from the surfaces exposed to high 
neutron fluxes. Under operating conditions, protecting oxide layers are formed between the coolant 
and the surrounding material [3]. The solubilities of the oxide layer species (like for example mag-
netite or nickel ferrite) depend on temperature as well as on the pH value [3]. Optimal conditions 
apply, when the solubility of the species of the oxide layers is minimized (minimum release rate of 
activated products in the reactor core; minimum release and transport rate of inactive material into the 
reactor core). Figure 2 shows these conditions for a typical PWR primary coolant temperature regime 
in a more or less neutral and slightly alkaline pH range, depending on the species looked at.  
 
Figure 2: Solubility behavior of nickel ferrite and magnetite 
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Because of the temperature dependency of the pH value – as shown in figure 3 – reactor in- and outlet 
as well as steam generator in- and outlet are never exposed to the same chemical conditions. Corrosion 
product releases, transport and depositions within the primary circuit are therefore inevitable. 
 
Furthermore, the real composition of the oxide layers may be slightly different from pure magnetite or 
nickel ferrite. The solubility behavior of these species may therefore be different too. For 
Co0.05Ni0.5Fe2.45O4 – as one of the possible examples – the solubility minimum is at a pH value above 
7.7 [4]). 
 
The general primary coolant chemistry regime has therefore to be adjusted to each plant specific 
condition. For Gösgen NPP, with its stellites as hard metal alloys, the optimum coolant chemistry has 
been found to be at pH300 7.2 [4]. 
 
The coolant is alkalinized depending on the concentration of boron according to the following 
reaction: 
 
B-10                        Li-7                                                               (1) 
 
Continuous lithium removal is necessary to keep the pH value at specified levels. Unfortunately an 
equipment to remove lithium continuously was not implemented during the commissioning of Gösgen 
NPP. In the early years of operation, lithium concentrations scattered therefore in a wide range 
resulting in pH300 variations from 6.75 to 7.35 [5] and as a consequence in enhanced corrosion product 

(n, α) 
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transport phenomenas and deposits. This has been identified to be a design weakness. A plant 
modification to enable continuous lithium removal was realized in the mid 1980s. 
 
Figure 3: Temperature dependent pH curve of the PWR primary coolant 
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In addition, Gösgen NPP optimized its shutdown chemistry in 1988 by starting the injection of 
hydrogen peroxide after plant shutdown at a pressurizer temperature of < 100°C [5] to create oxidizing 
conditions and to dissolve and remove a part of the activated corrosion products (mainly cobalt and 
antimony) from the component surfaces. 
 
3.3 Core structure 

 
Apart of the investigations mentioned in chapter 2, it was detected during one of the first outages that 
the core support clamp in the reactor pressure vessel was not well designed and that some fretting 
occurred between the upper core support and the grid plate. In total about one gram of cobalt release 
into the primary coolant was estimated. In 1988 the defect was repaired. 
 
4. Results 

 
The improvements carried out in the design of the fuel assemblies resulted in a reduction of the cobalt 
source term whereas the remedial action taken to correctly clamp the core support and the 
optimization made in water chemistry reduced the release rate of cobalt as a radiation source. 
 
It was expected that the steep increase in dose rate would stop and the dose rate reduce to a lower 
level. 
 
As shown in figure 4, the rate of increase of radiation levels have been clearly reduced after about 7 
cycles of operation, but dose rates continued to be at high levels with a slight tendency of further 
increase. 
 
Despite of the still high radiation levels, the average occupational radiation exposure has been reduced 
from 1.6 Sv per year in the years 1985 to 1990 to 1.0 Sv per year in the years 1991 to 1999, because of 
the introduction of parallel steps towards ALARA – like improvements and automation of testing 
equipment, introduction of detailed radiation protection planning programs and additional shielding of 
radiation sources. 
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Figure 4: Dose rate levels in the pressure vessel head and the steam generator channel heads after first 
optimization steps 
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5. Further steps 

 
After the first success to more or less stabilize dose rates in the plant, radiation protection management 
saw still a further need towards ALARA. Four main topics (full system decontamination, replacement 
of stellites, further improvement of coolant chemistry and enhanced shielding) have been intensively 
reviewed. 
 
5.1 Full system decontamination 
 
Full system decontamination was discussed on the basis of the experience which had been made 
throughout the corresponding applications [6]. The decontamination process has been judged to be 
very effective (removal of 95 to 99 % of the activity). Problems were seen in waste handling due to 
lack of storage capacity for spent ion exchange resins (waste from the decontamination process) and 
the recontamination of the primary system, because of the remaining existence of the stellites in the 
reactor internals. Dose savings following a full system decontamination had been estimated to be 
about 5 Sv in total, whereas the costs for the decontamination (including the decontamination process, 
loss of electricity production, waste handling and disposal) amounted to about 15 million US$. The 
monetary value of a saved mSv would have been about 3’000 US$, which is much above the generally 
accepted value [7]. The plan of full system decontamination was therefore rejected. 
 
5.2 Replacement of stellites 

 
Replacement of stellites within the reactor internals would remove the main cobalt source. Combined 
with full system decontamination this would have a lasting effect on dose rate reduction. Nevertheless 
such a replacement has never been done in a PWR. The Gösgen NPP management abandoned the idea 
due to safety aspects. Doubts concerning future reactor safety and feasibility were the main reasons.  
 
5.3 Further improvement of coolant chemistry 

 
Having in mind a further strengthening of Radiation Protection, Gösgen NPP was one of the first 
promoters of a widely supported study to show the feasibility of a so called “stellite chemistry” which 
ended up in a project to introduce zinc injection into the primary coolant of PWRs. 
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Zinc injection to the primary coolant has been shown to be an effective measure for radiation field 
control [8]. The effect of Zn2+ is based on the fact that it binds thermodynamically more strongly to the 
oxide layers on the surface of the primary circuit than Co2+ and other divalent corrosion products. As a 
consequence, the release of cobalt to the primary coolant as well as the deposition rate of activated 
species (e.g. Co-60) is reduced [9-10] (see also figure 5). Very small concentrations of zinc (e.g. about 

5 µg/kg in the coolant) are needed to achieve a dose rate reduction in the range of 30 to 50 % within a 
couple of years, if zinc depleted in Zn-64 is used. In 1996 for the first time zinc injection to the 
primary coolant of a Siemens designed PWR was introduced. By 2004 the dose rates at this reactor 
coolant system had dropped to around 50% [8]. 
 
Figure 5: Corrosion rates of different alloys with and without zinc addition 
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Because Gösgen NPP is one of the “hottest” PWR plants in the world (high duty core index [11] of 
about 300), several years of experience with zinc injection at other power plants was gained prior to 
commencing the project of zinc injection at Gösgen NPP in 2003. The influence of zinc on fuel rod 
cladding was especially of interest. From these investigations it was concluded that zinc injection has 
no negative influence on plant operation, primary circuit materials, and fuel assemblies. In the 
beginning of 2005 injection of depleted zinc acetate (< 1% Zn-64) into the primary coolant was 
started. 
 
With the introduction of higher enriched uranium fuel and mixed oxide fuel (MOX) in the late 1990s, 
the boron inventory in the plant was no longer sufficient to guarantee subcriticality under all operating 
conditions and in the relevant accident scenarios. Instead of only increasing the boron concentration, 
Gösgen NPP decided also to increase the B-10 fraction of the boric acid (enriched boric acid). The 
total boron concentration at the beginning of a fuel cycle could be lowered from about 1250 mg/kg to 
900 mg/kg resulting in a chemistry regime closer to the plant specific optimum mentioned in chapter 
3.2. Gösgen NPP was among the first PWRs in the world to introduce enriched boric acid in the year 
1998. 
 
5.4 Enhanced shielding 

 
During the outages many jobs are routinely carried out in radiation fields. A systematic analysis of all 
these jobs has shown optimization possibilities using lead shieldings with pre-prepared mountings on 
plant components or mobile stages. 
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The time needed to attach the shieldings was reduced dramatically. Combined with a specific water 
content management of big components (like steam generators, pressurizer) background radiation in 
the plant was reduced by one order of magnitude at some places (see figure 6). 
 
Figure 6: Example of a “water/lead” shielding of a steam generator 
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For smaller but still significant radiation sources – like nozzles for example – specific lead shapes 
have been manufactured to reduce radiation exposure at these workplaces (see figure 7). 
 
Figure 7: Shielding of a pressurizer nozzle 
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For an extensive plant modification during the 2005 outage an intensive “water/lead” shielding work 
was performed and combined with partial system decontamination. 
 
The averted dose was estimated to be about 3.5 Sv at specific costs of 300 US$ per mSv [12]. 
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6. Outcome 

 
Ten years after implementation of enriched boric acid and three years after beginning of zinc injection 
a significant reduction of the dose rates has been observed (see figure 8). 
 
Figure 8: Dose rate levels in the pressure vessel head and the steam generator channel heads after 
further optimization steps 
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Combined with the reduced dose rate levels the intensive “water/lead” shielding has resulted in a 
further reduction of occupational radiation exposure: 0.7 Sv per year in the years 2000 to 2007 
compared to 1.0 Sv per year in the years 1991 to 1999. 
 
The reduction of the mean individual dose of personnel turned out even better and was cut over the 
last two decades from 2.5 mSv to 0.5 mSv per year. 
 
7. Future developments 
 
The technical possibilities to optimize radiation protection considering the ALARA principles have 
been developed to a high standard. Further improvements are expected to be selective only. 
 
In future the focus will therefore be set to personal behavior and human performance using enhanced 
target settings, briefings, debriefings, experience feedback and (international) experience exchange. 
Nevertheless it will be essential to avoid unnecessary administrative and counterproductive short term 
hurdles. 
 
8. Conclusions 
 
Strengthening of Radiation Protection is and will be a long term and continuous process. Optimization 
steps should be well considered with regard to plant and personal safety, feasibility and economic 
efficiency. Experience after implementing optimization steps must be analyzed and reassessed. 
 
Therefore a step by step action is sometimes more effective than a package of measures in which the 
effects of each measure may not be transparent. Gösgen NPP has chosen a step by step action plan 
with good results and experience. The plant will continue to introduce further strengthening actions 
one by one. 
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