
 

International Conference
Nuclear Energy for New Europe 2005

Bled, Slovenia, September 5-8, 2005

 
 
 

103.1 

Field Experience on Zn Injection on PWR Plants  
With a View to Dose Rate Reduction 

  
 

F. Roumiguière 
Framatome ANP, Decontamination, Chemistry Services and Material Recycling, SGC 

Freyeslebenstr. 1, 91058 Erlangen, Germany 
fernando.roumiguiere@framatome-anp.com 

ABSTRACT 

Operating experience acquired at PWR plants shows that zinc injection in the primary 
coolant at low concentration (~5 ppb) is a very effective tool to achieve a reduction of the 
dose rate build-up. The beneficial effect of zinc consists on improving the protective layer 
characteristics of the reactor coolant system surfaces, which results in a lower pickup of 
activated products (Co-60, Co-58), and consequently a reduction of the associated dose rates. 

Zinc injection was introduced at the Unit B of the Biblis Power Station in September 
1996 and at the Obrigheim Nuclear Power Station in February 1998, as a measure for 
reduction of radiation fields. The effectiveness of the method and its compatibility with the 
overall plant was examined in a rather comprehensive surveillance program at these plants. 
The already published data show that zinc injection did not lead to any operating restrictions 
or other negative effects on plants systems and components. Zinc injection is still being 
implemented today at these plants. 

Zinc injection is considered today as a mature technique and is now being successfully 
applied at a number of PWRs in Germany, Brazil, USA and Japan, with the support of 
Framatome-ANP. Several PWRs in Europe and Asia are preparing for zinc chemistry in the 
near future. 

The method is inexpensive and easy to apply. Its implementation is highly advisable in 
terms of the cost/benefit criterion following the ALARA principle. 

This paper gives an overview of the experience gathered with the method. The main 
subject addressed by the paper is the evolution of dose rates at the primary system and work-
related doses since introduction of the method. In German PWRs with Incoloy 800 steam 
generator tubing material (Ni-content ~32%), the observed reductions correspond to a 
decrease in dose rates of around 10 to 15% per year following, as predicted, the half-life time 
of 60Co. Overall reductions in high radiation areas are now in the range of 50% after 5 years 
of zinc chemistry. Further cycles with zinc injection will show whether local dose rates 
decrease to even lower levels. 
 
1 INTRODUCTION 
 

Zinc injection for radiation field control is currently applied at six Siemens PWR plants. 
In addition, the NPP Obrigheim has been operated with Zn chemistry for six cycles until 
definitive shut down in May, 2005. Target concentration has been 5 ppb zinc in primary 
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coolant. The method was qualified for Siemens PWRs in a three-year program and then 
implemented for the first time at the 1300 MW Unit B of the Biblis Power Station in 
September 1996. The project was carried out in collaboration between the German PWR 
operators, represented by VGB and Siemens KWU, now Framatome ANP. Results of the 
qualification program, which was backed by rather comprehensive theoretical and 
experimental investigations into interactions between zinc and oxide layers, are described in 
the literature [1] – [6]. A key finding was that start of zinc injection can be associated with a 
temporary increase in the corrosion product level of primary coolant and a concurrent increase 
in crud formation on fuel rods. Primary coolant corrosion product and activity levels have 
therefore been carefully monitored at all Siemens PWRs in order to confirm that values do not 
exceed the normal range also after implementation of the method. Another key finding was 
that zinc injection causes a decrease in the dose rate level at the reactor coolant system (RCS) 
of Siemens PWRs by approx. 10 – 15 % per year. Dose rates at primary loop piping of the 
older Siemens PWRs are dominated by Co-60. The “old” Co-60 which has been incorporated 
in the RCS oxide layers over many years being therefore deeply occluded within the films can 
not be displaced by zinc anymore. Decrease in dose rates is controlled under such 
circumstances by the radioactive decay of the accumulated “old” Co-60 inventory. On the 
long-term an overall decrease in radiation fields of 50 % was held possible. 

Upon recommendation and support of Framatome ANP, other PWR plants of different 
design started also to apply the Zn technique. 

This paper gives an overview of published zinc injection experience gathered at 
Siemens-designed PWR plants [7] – [17]. It mainly deals with short-term and long-term 
changes of primary coolant properties induced by zinc, taking as reference the NPP Biblis 
units [16]. Zinc has been continuously added at Biblis B for nine years which is the longest 
experience record with the method at a PWR anywhere in the world. Published dose rate 
measurements and personal doses during shutdowns of the Biblis Power Station cover a time 
span of eight years (Unit B) and six years (Unit A) after start of Zn injection. Data are 
evaluated with regard to the total reductions meanwhile achieved as well as to future trends. 
 
2 MEASUREMENT DATA OF THE BIBLIS POWER STATION [16]:  
 

The Biblis Power Station comprises two four-loop PWR units, Unit A (1225 MWe) and 
Unit B (1300 MWe), both built by Siemens KWU. The plants have been in operation since 
1974 and 1976, respectively. 

Zinc injection for radiation field reduction started at Unit B in September 1996 and at 
Unit A in January 1998. Implementation of zinc injection at the German lead PWR plants 
Biblis B and Obrigheim was backed up by a comprehensive in-plant surveillance program 
[7] – [15].  

Primary coolant properties: 
Plots of primary coolant zinc concentrations as well as Zn-65 and Zn-69m activity data 

are shown in Figure 1. The zinc concentration level has been maintained in the target range of 
5 ppb. Zinc was injected in form of zinc acetate solution. 

The concentration of iron in primary coolant of Biblis B is plotted in Figure 2. Zinc 
injection resulted in the expected increase in the iron concentration level. The mean value was 
approx. 4 ppb Fe during the first cycle with zinc injection. A decrease in the iron 
concentration can be seen during subsequent cycles, however, the current level of iron in 
primary coolant of the plant still is twice as high as before start of zinc injection. 

The Co-58 and Co-60 activity data of primary coolant are plotted in Figure 3. Zinc 
injection resulted in an increase in the Co-58 activity level of primary coolant by a factor of 
approx. 5. A significant influence of zinc on the Co-60 activity level cannot be observed.  
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Figure 1: Primary coolant Zn, Zn-65 and Zn-69m levels since start of zinc injection at  

Biblis B [16].  
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Figure 2: Primary coolant iron level before and after implementation of the zinc 

injection method at Biblis B [16]. 
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Figure 3: Primary coolant activity data of Co-60, Co-58 and of other nuclides before 

and after implementation of zinc injection at Biblis B [16]. 
 
A pronounced influence of zinc on Co and Co-60 levels of primary coolant became 

apparent during shutdown of the plant after the first cycle with zinc injection. Figure 4 shows 
the corresponding Co-60 activity data. The Co and Co-60 peak values of the 1997 plant 
shutdown were approximately one order of magnitude higher than values of the former 
refuelling shutdowns of Biblis B. 
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Figure 4: Primary coolant Co-60 data of plant shutdowns before (1996) and after 

implementation of the zinc injection method at Biblis B [16].  
 
All in all, the corrosion product and activity levels of primary coolant of Biblis B during 

power operation show a clear reaction to zinc injection. Zinc injection resulted in a permanent 
increase in the Fe and Co-58 level of primary coolant, and also in an increase in Co and 
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Co-60 levels during subsequent refuelling shutdown transients. No influence of zinc injection 
on the visual appearance and crud loading of fuel assemblies could be detected [16].  

Dose Rates and Personal Doses: 
Routine radiation survey data of Biblis B are plotted in Figure 5. The measurement 

accuracy of radiation measurements is typically within ± 30 %. The effect of zinc injection on 
dose rates at the primary system became apparent at Biblis B with a time lag of one cycle. 
Since then dose rates have dropped considerably, with continuing decreasing trend [16].  

Dose rates in the steam generator channel heads are plotted in Figure 6. In SG channel 
heads, the dose rate reduction effect is clearly detectable already after the first cycle with zinc. 
The steam generator channel heads provide a good shielding against background radiation. 
Changes of the surface γ-activity level in the reactor coolant system can therefore be 
recognized earlier and with higher sensitivity. 

The dose per man-hour worked in the controlled access area during refuelling outages 
yields a much clearer picture of exposure trends at the primary system than annual collective 
doses. Shutdown doses per man-hour spent in the controlled access area of Biblis A and B of 
the past decade are plotted in Figure 7. At both units, shutdown doses have been halved since 
start of zinc injection. The beneficial effect of zinc on the radiological situation of course 
becomes apparent also in terms of the annual collective dose (revision plus operation). 
Despite of extensive refurbishment activities in the past few years the annual collective dose 
per man-hour spent in controlled access areas of the Biblis Power Station has been reduced 
from the 30 µS/h level before zinc injection to the actual level of 20 µS/h [16].  

The general results and trends obtained at Biblis could be also observed in Obrigheim 
[13] - [15], and later in other PWR plants adopting the Zn technique. In particular, the results 
obtained at NPP Angra 2 in Brazil have been very satisfactory, since this plant is the world’s 
first power plant using this method since first criticality [17]. This plant, even having a 
material concept with stellite surfaces in the reactor pressure vessel, achieved a dose rate level 
of the order of the most recent German units (Konvoi type). With few exceptions, stellites in 
the RPV of Konvoi and pre-Konvoi plants were substituted by Co-free wear-resistant 
materials. The Angra 2 data will be published in detail at the 5th ISOE European Workshop on 
Occupational Exposure Management at Nuclear Facilities in Essen, Germany, March, 2006. 
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Figure 5: Dose rates at the primary system of Biblis B before and after implementation 

of the zinc injection method in 1996 [16]. 
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Figure 6: Dose rates in the steam generator channel heads of Biblis B since 1989 [16]. 
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Figure 7: Shutdown doses per man-hour worked in controlled access areas of Biblis B 

and A [16]. 
 
3 DISCUSSION 
 
Primary Coolant Properties 

Start of zinc injection at PWR plants is associated with changes of primary coolant 
properties. The influence of zinc on the level of corrosion and activity products of primary 
coolant is plant-specific. It depends on the morphology and the elemental composition of 
oxide layers on primary system surfaces and on the total corrosion product inventory of the 
plant, considered. Following general features can be identified: 

- An increase in Co-58 activity levels by a typical factor of five to ten. 
- The increase in Co-60 level is normally not so pronounced (e.g. at the NPP 

Unterweser, the factor was 5 [16]). 
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- An increase in primary coolant iron levels.  
Zinc injection can result in a temporary increase in the iron concentration to approx. 

5 ppb. Plant data further show a subsequent decrease in iron concentration levels to 2 – 3 ppb. 
However, initial values have not been reached anymore [16]. 

Start of zinc injection results in incorporation of considerable quantities of zinc in the 
oxide layer on primary system surfaces. Oxide layers on manway cover seals of steam 
generator channel heads of Siemens PWRs were analyzed as a function of exposure history to 
zinc. Seals are made either of chromium steel X6 Cr17 or of Type 18 10 CrNi steel. Oxide 
layers on seals from Biblis B and Obrigheim consist of chromium-rich spinel oxide particles. 
The zinc content of the particles is a function of the duration of injection. The average zinc 
content is 10 % after one cycle with zinc injection and 18 % after two cycles. The 
incorporation of zinc results in a parallel decrease in the average iron and nickel content of the 
oxide layer. The chromium content of oxide layers on the seals is not influenced by zinc pick-
up. Investigation results are published in [13].  

The solubility of spinel oxide phases with non-stoichiometric composition can be 
calculated with the Framatome ANP thermodynamic code EXCALIBOR. The code structure 
and the validation of published thermodynamic data through analysis of experimentally-
determined solubilities are described in the literature [6]. Spinel oxide compositions used for 
solubility calculations are compiled in Table 1. Other input data for code calculation were:  
T = 300 °C, H2=3 ppm, Me3O4=40 µmol (Me = Fe, Ni, Cr and Zn); pH(300 °C) = 6.9 and 7.4, 
adjusted by entering appropriate quantities of boric acid and lithium hydroxide. 40 µmol 
Me3O4 are equal to a corrosion product inventory of primary coolant of 6.7 ppm Me. 

 
Table 1: Spinel oxide compositions entered for calculation runs with the thermodynamic 

code EXCALIBOR. 
Spinel oxide composition Zn Cr1) Fe Ni 
No zinc exposure  0 % 43 % 42 % 15 % 
One cycle with Zn 

addition 
10 % 43 % 37 % 10 % 

Two cycles with Zn 
addition 

20 % 43 % 30 % 7 % 

1) Chromium content not influenced by zinc exposure. 
 
The calculated Fe, Ni, Cr and Zn solubility data are given in Table 2. The calculated 

solubilities agree quite well with primary coolant measurement data of Biblis B and 
Unterweser and show the same general trends [16]. Incorporation of zinc in chromium-rich 
spinel oxides results in an increase in iron solubility.  

 
Table 2: Calculated solubilities of chromites containing 0, 10 and 20 % Zn 

pH 6.9 
Zn content Fe (ppb) Ni (ppb) Cr (ppb) Zn (ppb) 

0 % 2.4 0.4 0.4 0 
10 % 3.5 0.4 0.2 2.9 
20 % 4.5 0.4 0.1 14 

pH 7.4 
Zn content Fe (ppb) Ni (ppb) Cr (ppb) Zn (ppb) 

0 % 2.9 0.3 0.7 0 
10 % 4.3 0.3 0.3 0.9 
20 % 5.4 0.3 0.2 4.6 
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Dose Rates and Personal Doses: 

Preferential incorporation of zinc in RCS oxide layers inhibits further pick-up of Co-60 
and Co-58 and RCS dose rates begin to decrease. An overall long-term decrease in radiation 
fields of 50 % was held possible for the older Siemens PWRs with a high Co-60 inventory. 
Reductions in this range have meanwhile been achieved in steam generator channel heads and 
at cold leg loop piping of Biblis B. Dose rates at these locations have been continuing to 
decrease steadily also during the last fuel cycles. A general decrease of plant dose rates to 
even lower levels is therefore expected also for the next years [16].  

The evolution of occupational doses at Biblis follows the dose rate trends at the primary 
system. Shutdown doses per man-hour spent have also been halved since onset of zinc 
injection at Biblis B and A.  
 
4 SUMMARY AND CONCLUSIONS 
 

Main findings and conclusions of zinc injection experience at Siemens-designed PWRs 
can be summarized as follows: 
- Implementation of zinc injection at German plants resulted in a clear increase in primary 

coolant Co-58 activity levels. An increase in Co-60 activity concentration levels could be 
also observed. 

- The iron concentration level increases. Values of the plants are still higher as before onset 
of zinc dosing. 

- Calculation of the solubility of chromium-rich spinel oxides as a function of the zinc 
concentration yields the same general trend: incorporation of zinc results in an increase in 
iron solubility of chromites. 

- Dose rates at the reactor coolant system of German lead PWR plants dropped considerably 
since start of zinc injection. For instance, reductions in the steam generator channel heads 
and at cold leg loop piping of Biblis B are in the range of 50 % [16]. 

- Dose rates have been continuing to decrease steadily also during the last fuel cycles. A 
general decrease in plant dose rates to even lower levels is therefore expected also for the 
next years. 

- Personnel doses follow RCS dose rate trends. For instance, shutdown doses per man-hour 
spent have also been halved since onset of zinc injection [16]. 

In summary, zinc injection has been proven as a very effective radiation source term 
reduction measure at Siemens PWRs. The meanwhile achieved dose savings meet or even 
exceed the expectations of plant operators. Negative side effects of zinc on plant operation 
have not been observed. 
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