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Abstract 
This document reports the accumulation factors of C-14 in certain fractions of ion exchange resins in the 

Swedish Nuclear Power Plants, viz. Condensate Clean-up (CCU) in BWRs and Reactor Water Clean-up 

(RWCU) in PWRs.  

 

The accumulation in wet CCU resins may be summarized by two correlations to the amount of CCU anion 

equivalents used, divided by the number of Equivalent Full Power Hours (EFPH). The first correlation is for 

units where the resins do not have an efficient air bubbling. The second correlation is for units with efficient air 

bubbling of the spent resins. These correlations enable the estimates of historic and future accumulations in wet 

CCU resins for all units. 

 

The major part of the C-14 in the CCU resins is inorganic, i.e. members of the carbonate system. The organic 

fraction is usually in the range 1-5 % of the total accumulation. 

  

The accumulation in the RWCU of the Ringhals PWR units R2, R3 and R4 is of the same magnitude as observed 

in the BWR CCU resins. However, the organic fraction is higher, 30 %.  

 

The study reported here is a response to the SSM requirement to characterize the fractions of ion exchange resins 

responsible for the main accumulation of C-14. It is also a follow-up to an earlier study sponsored by SKB and 

performed by Åsa Magnusson (now Henning) in her doctoral thesis and related reports.  

 

 

Executive Summary 

Introduction 
This document reports the accumulation factors of C-14 in certain fractions of ion exchange 

resins in the Swedish Nuclear Power Plants; see Summary Figure 1. It includes data from 

samplings from 2008 up to and including 2015 (for one unit). The study reported here is a 

follow-up to an earlier study sponsored by SKB and performed by Åsa Magnusson (now 

Henning) in her doctoral thesis and related reports.  
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Summary Figure 1. Accumulation factors for total C-14 expressed as Bq/MWhth for the Swe-

dish NPPs. The inset is a zoom-in for dried resins from the Forsmark units. The vertical bars 

indicate ±1 standard deviation. O1+O2 have a standard deviation of 2.4 Bq/MWhth.  

(A-2, sheet D Sum acc tot). 

Background 
The purpose of the original study by Magnusson et. al. was to establish data to calculate the 

inventory of C-14 in spent ion exchange resins in SFR1, the Final Repository for Short-lived 

Radioactive Waste. According to earlier safety analyses for SFR1, organic C-14 would be the 

dominating source for doses to the public in the remote future.  

 

Following Magnusson’s reports, The Swedish Radiation Safety Authority ordered a continua-

tion in sampling and analyses of the resin fractions accumulating the largest amounts of C-14. 

These fractions are Reactor Water Clean-up systems (334) in the PWR units and condensate 

Clean-up systems (332) in the BWR units.  

 

Summary of Results  
The accumulation factors are shown in Summary Table 1 and Summary Figures 1 and 2, 

together with relative standard deviations. The accumulation is shown as Bq/MWhth for total, 

inorganic and organic C-14. The inorganic C-14 consists of species in the carbonate system, 

mainly hydrogen carbonate, based on the chemical conditions in the systems. The organic 

species are most likely simple organic acids, since they have been identified in at least PWR 

systems during operation.  
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Summary Figure 2. Accumulation factors for organic C-14 expressed as Bq/MWhth for the 

Swedish NPPs. The inset is a zoom-in for the units with low accumulations. The vertical bars 

indicate ±1 Standard Deviation. (A-2, sheet D Sum acc org). 

 

The organic fraction of the total accumulation is also given in the table. The standard devia-

tions include the standard deviations in the sample analysis
1
 and a 10 % standard deviation in 

the resin amounts used in the calculations
2
. 

 

 
Summary Table 1. Accumulation factors for C-14 in Condensate Clean-up (BWR) and Reac-

tor Water Clean-up (PWR) as Bq/MWhth, with relative standard deviations. The yellow-

marked values for F1+F2 and F3 are for dried resins, prior to solidification. All other values 

are for wet resins. (A-2, sheet SUMTAB). 

 

                                                 
1
 The standard deviation used is the maximum of the values obtained in the activity analysis (dominated by the 

standard deviation in counting) and the scatter between the replicates analyzed for each sample. 
2
 The PWR sampling has been assigned an additional standard deviation of 30 % due to the sampling procedure. 
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Unit Accumulation, Bq/MWhth Organic  Relative  standard deviation, %

Total Inorganic Organic fraction Total Inorganic Organic

F1 + F2 2.30E+02 2.26E+02 3.97E+00 1.7% 13% 13% 14%

F3 6.12E+02 6.01E+02 1.06E+01 1.7% 4.9% 4.9% 7.2%

F1 + F2 1.67E+00 1.53E-01 1.52E+00 91% 22% 110% 24%

F3 7.45E+00 5.25E-01 6.92E+00 93% 15% 43% 17%

O1 + O2 1.03E+02 9.74E+01 5.29E+00 5.2% 2.3% 2.3% 9.5%

O3 4.15E+02 4.09E+02 5.95E+00 1.4% 2.9% 2.9% 8.1%

(B1 +) B2 8.54E+02 8.36E+02 1.76E+01 2.1% 13% 16% 23%

R1 8.64E+02 8.40E+02 2.43E+01 2.8% 6.5% 5.2% 27%

PWR 4.95E+02 3.50E+02 1.46E+02 30% 8.4% 8.9% 7.7%
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Since there are some uncertainties in the calculated production rates of C-14, the accumula-

tion has been expressed as Bq/MWhth, where all input data have been measured. To allow a 

comparison with earlier results, Summary Table 2 shows the accumulation expressed as a per-

centage of the calculated production. 

 

 
Summary Table 2. Accumulation factors for C-14 in Condensate Clean-up (BWR) and Reac-

tor Water Clean-up (PWR) as % of production with relative standard deviations. The yellow-

marked values for F1+F2 and F3 are for dried resins, prior to solidification. All other values 

are for wet resins. (A-2, sheet SUMTAB). 

Results for Units 
Forsmark 1 and 2 wet resins have accumulations around 1 % of the calculated production. 

The Best Estimate has been chosen as 0.93 % total accumulation with 1.7 % organic fraction. 

Several calculation models were applied and the Mass Balance Model was chosen as the Best 

Estimate. The complete results are displayed in Table 6 in the main body of the report.  

 

Forsmark 1 and 2 dried resins contain only 0.0068 % with an organic fraction of 91 %. 

These values should be representative for the resins being sent to SFR1. However, the values 

for dried resins are based on only two dried samples, which are reflected by the high standard 

deviations
3
.  

 

Forsmark 3 wet resins have an accumulation of 2.6 % with an organic fraction of 1.7 %. The 

complete results are displayed in Table 7 in the main body of the report.  

 

Forsmark 3 dried resins contain only 0.031 % with an organic fraction of 93 %. These 

values should be representative for the resins being sent to SFR1. However, the values for 

dried resins are based on only four dried samples, which is reflected by the high standard 

deviations. 

 

Oskarshamn 1 and 2 show an average accumulation of 0.49 % with an organic fraction of 

5.2 %. The results are displayed in Table 8 in the main body of the report.  

 

                                                 
3
 The release of C-14 in the drying process has been measured in the exhaust air from the dryer. The release 

seems to be nearly 100 % for inorganic C-14, which the analyses of dried samples show. The sampling 

equipment was not designed to measure release of organic C-14. 

Unit Accumulation, % of production Organic  Relative  standard deviation, %

Total Inorganic Organic fraction Total Inorganic Organic

F1 + F2 0.93% 0.92% 0.016% 1.7% 13% 13% 14%

F3 2.6% 2.5% 0.044% 1.7% 4.9% 4.9% 7.2%

F1 + F2 0.0068% 0.00062% 0.0062% 91% 22% 110% 24%

F3 0.031% 0.0022% 0.029% 93% 15% 43% 17%

O1 + O2 0.49% 0.47% 0.026% 5.2% 2.3% 2.3% 9.5%

O3 2.3% 2.2% 0.032% 1.4% 2.9% 2.9% 8.1%

(B1 +) B2 4.3% 4.2% 0.088% 2.1% 13% 16% 23%

R1 3.8% 3.7% 0.11% 2.8% 6.5% 5.2% 27%

PWR 3.3% 2.3% 1.0% 30% 8.4% 8.9% 7.7%
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Oskarshamn 3 shows an average accumulation of 2.3 % with an organic fraction of 1.4 %. 

The result is somewhat lower than the values for its twin plant Forsmark 3. The results are 

displayed in Table 9 in the main body of the report. 

 

Barsebäck 1 and 2 have not been analyzed in this sampling campaign, since the plant was 

permanently shut-down in 2005. The results from Magnusson et. al. have been recalculated 

using a different method for calculating average values of the subsamples. The accumulation 

has also been corrected for body-feed. The recalculated values are 0.87 % with an organic 

fraction of 8.7 %. The resulting standard deviation for the organic fraction is 51 %, due to the 

large scatter in the values. These values were judged too low, so a correlation model using 

input data from other units has been used, yielding an accumulation factor of 4.3 % with an 

organic fraction of 2.1 %. However, the accumulation factor for the organic C-14 is almost 

identical for both calculation methods. The results are displayed in Table 10 in the main body 

of the report. 

 

Ringhals 1: The present results for five separate cycles yield an average accumulation of 

3.8 % with an organic fraction of 2.8 %. The first short cycle in 2009 had an accumulation of 

7.3 %. The variation can be explained by the ratio of ion exchange resins used in relation to 

the water volume cleaned. This phenomenon is described in the next paragraph. The results 

are displayed in Table 11 in the main body of the report. 

 

Ringhals 2, 3 and 4: A combination of the present results and the corrected previous results 

for the PWRs yields a total accumulation of 3.3 % of the C-14 produced. The organic fraction 

is 30 %. The results are displayed in Table 13 and Figure 3 in the main body of the report. 

 

Samples collected and analyzed: The results obtained in this study comprise many individ-

ual samples (5-173) per unit or group of units collected over some 5-7 years. The large num-

ber of samples and the long time periods covered are factors favoring the results of the present 

study; see Summary Table 3 for details. 

 

 
Summary Table 3. Overview of samples collected and batches analyzed, together with the 

energy production during the sampling time. (A-3,sheet Sampling Matrix 2014 rev 1). 

Correlation of the Total Accumulation in Condensate Clean-up Resins to the 
Parameter xa 
The results for the accumulation in BWR Condensate Clean-up resins show some results 

diverging within the units and between the units. Some of these variations can be explained 

Samples Sampling

Unit EFPY Collected* Analyzed*

F1+F2 8.4 27 21 Collection tank

F3 3.6 28 15 Collection tank

O1+O2 3.8 56 56 Collection tanks

O3 2.9 15 15 Concrete tanks or collection tank

R1 3.7 173 35 Collection tank

R2 5.2 6 6 R2-R4: RWCU beds. Each bed

R3 5.3 7 7 yields 10-20 subsamples

R4 4.1 5 5 from separate transport vessels

* Two or more samples may combined into a batch before analysis 

   Batching applies only to units with  Mass Balance Calculations; F1+F2, F3 and R1

* In BWR CCU: One sample represents many back-flushings of resin from filters

   Three replicates analyzed for each BWR batched sample. Five replicates for PWR samples
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by the ratio between the anion equivalents used and the mass of cleaned water. See Summary 

Figure 3, where the accumulation of total C-14 (expressed as Bq/MWhth) is plotted vs. the 

parameter xa= number of anion equivalents used/EFPH
4
. EFPH is proportional to the 

production of C-14 and the volume of condensate cleaned.  

 

The variations in accumulation factors can be explained by two main sets of regression 

parameters: 

 

 One set for resins without efficient air bubbling; O3, F3, R1 and B1+B2 

 One set for resins with efficient air bubbling; O1+O2 and F1+F2 

 

The upper regression line in Summary Figure 3 has been fitted to the data from O3, F3 and 

R1. The reason for choosing these units was that they all lack an efficient air bubbling of the 

spent CCU resins. The lower regression line has been fitted to data from O1+O2 and F1+F2 

with an efficient air bubbling of spent resins. All input data and the regressions lines are 

shown in Summary Figure 3. 
 

 
Summary Figure 3. BWR CCU: Summary of regression input data and the two main 

regression lines based on O3, F3 & R1 and O1+O2 & F1+F2, respectively.  

(X-1, sheet D 2 tot). 

 

The good fit of the regression lines may be interpreted as a saturation effect of C-14 in the 

CCU resins. This effect is discussed in Appendix 22 for BWR and in Appendix 5 for PWR. 

This regression model may be used as an alternative model to estimate historic and future 

accumulations of C-14, based on the value of the parameter xa. The correlation has been per-

formed for total, inorganic and organic C-14, respectively. The results are found in Table 14 

for BWR and Table 15 for PWR. 

 

The reason why the regression line for O1+O2 and F1+F2 fall below the regression line for 

the other units is probably due to the air bubbling used to homogenize spent resin slurry 

stored in tanks. The carbon dioxide in the air lowers the pH-value in the weakly buffered 

water. The pH-value is sufficiently low to allow carbonate on the resins to be converted to 

                                                 
4
 EFPH = Equivalent Full Power Hours. 
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carbon dioxide, which is released to the water and transported away with the air. However, 

tests at Ringhals 1 did not show any significant release of C-14 when the Condensate Clean-

up resins were air bubbled. The reason for this is unclear. The release of activity from resins 

in the storage tanks are supported by measurements of airborne releases of C-14 from O1 and 

R1
5
 when these units have had long shut-downs; see Appendix 18. 

 

It has also been observed in several cases that samples with low total concentration often have 

a higher organic fraction. This is probably due to the fact that simple organic acids, such as 

formic acid and acetic acid with pKa-values lower than “carbonic acid”, will remain in their 

anionic forms on the resin during air bubbling.  

 

 

Variations between Fuel Cycles 
Summary Table 4 shows the variation in accumulation for different fuel cycles together with 

the standard deviations for the calculated accumulation factors. The variation is expressed as 

(maximum value)/(mean value). The number of cycles included in the study is also given. For 

the units F1+F2 and F3 it is not possible to attribute the accumulation to separate cycles. The 

reason for this is the handling of resins (see Appendix 1, 2 and 14). As a substitute, the ratios 

between the maximum and the mean concentration have been calculated. For the PWRs, a 

grand mean including all the units has also been calculated. 

 
Summary Table 4. Variations between cycles:”Accumulation” refers to accumulation in a 

limited amount of resin, which can be related to a certain operational period. This calculation 

was not possible to perform for F1+F2 and F3, since the collection tanks never were emptied 

during the sampling period. As a substitute, the variations in concentrations have been used. 

The standard deviations in the accumulations are also shown. (A-2, sheet MEANMAXSUM). 

 

The ratios for the maximum accumulation to the mean accumulation are between 1.3 and 2.6 

for the total accumulation. The corresponding concentration ratios for F1+F2 and F3 are 3.0 

and 2.5. For the organic fractions the ratios are higher: 1.4-3.7. For F1+F2 and F3 they are 3.0 

and 1.8, respectively. 

 

For the PWRs, the ratios do not vary much for each unit; the exception is R2 for the very 

short cycle in 2012, which exhibits an unusually high organic accumulation. This is most 

                                                 
5
 RWCU resins from the PWR units R2, R3 and R4 are also stored in the Waste Handling Building of R1 and 

contributing to the measured releases. 

Accumulation Concentration Accumulation

Unit Period

Num-

ber 

of cy-

cles*

Total 

Max/ 

mean

 Organic 

Max/ 

mean

Conc. 

Total 

Max/ 

mean

Conc. 

Organic 

Max/ 

mean

Total 

Standard 

deviation

Organic 

Standard 

deviation Comment

F1 + F2 2009-2013 10 3.0 3.0 13% 14% Not possible to keep resins  from

F3 2009-2014 3.5 2.5 1.8 4.9% 7.2%  different cycles separated

O1 + O2 2008-2013 8 1.3 3.4 2.3% 9.5%

O3 2009-2014 5 2.3 3.6 2.9% 8.1%

R1 2009-2015 7 1.9 1.4 6.5% 27%

R2 See 7 1.9 3.1 19% 17% 2003 (2 cy); 2008; 2010; 2012-2014

R3 Comment 7 2.0 2.0 14% 13% 2003; 2008; 2009; 2011-2014

R4 See 5 1.9 1.7 17% 16% 2009; 2011-2014

PWR Comment 19 2.6 3.0 8.4% 7.7% One sample per cycle

* Cycles included in accumulation calculations; for F1 + F2 some resins were produced before the sampling campaign

  No data available to show the variations for B1+B2
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likely due to the (non)-saturation effect of the resins and is discussed in Appendix 5 and in 

Chapter 13.4, “PWR Units”.  

 

Operational Periods Covered by this Study 
Despite the variations between individual fuel cycles, the most important feature for the SFR1 

repository is the accumulated activity over time. For the units where the variations between 

the cycles are easy to follow (O1+O2, O3, R1, R2, R3 and R4), there is a tendency that the 

average stabilizes over the time period studied, according to “the law of large numbers”. 

 

Summary Table 5 shows the number of Equivalent Full Power Years (EFPY) studied for each 

unit or unit pair. All units (except O1) have been followed for more than 2 EFPY each. All the 

other units have between 2.6 for O2 up to 4.6 EFPY for F1. BWRs have been followed for 

22.4 EFPY and PWRs for 14.7 EFPY; altogether 37.1 EFPY. In the table the numbers of 

cycles and EFPY have been summed for the unit pairs which have a common handling of the 

resins. 

 

 
Summary Table 5. The number of fuels cycles sampled and the corresponding number of 

Equivalent Full Power Years (EFPY) together with the standard deviation in the accumula-

tions of C-14. For F1+F2 and O1+O2 the numbers of cycles and EFPH are summed for the 

unit pairs. (A-2, sheet STDDEV). 

 

Are there Safety Margins in the Results? 
The wet resin samples analyzed have been collected as late as possible in the waste handling 

process. However, for the Forsmark BWRs and the Ringhals PWRs there are important steps 

after the sampling, where C-14 may be driven off before solidification. 

 

For the Ringhals PWR units R2-R4 there is air bubbling after the sampling and before the 

resins solidification. Measurements of airborne release from the Waste Handling Building 

indicate that the solidified amount of C-14 from the Ringhals PWR resins most likely is some 

20-30 % lower than the values shown in Summary Tables 1 and 2. 

 

For the Forsmark BWRs, the values for the dried samples are significantly lower than for the 

wet resins. Measurements of C-14 in the exhaust air from the resin dryer supports the release 

Unit

Sampling 

period

Number 

of 

cycles* EFPY

Std.dev. 

Total

Std.dev. 

Inorg. Comment

F1 + F2 2009-2013 10 8.38 13% 13% Wet resin;   ***

F1 + F2 2009-2013 10 8.38 22% 110% Dried resin; ***

F3 2009-2014 3.5 3.63 4.9% 4.9% Wet resin;   ***

F3 2009-2014 3.5 3.63 15% 43% Dried resin; ***

O1 + O2 2008-2013 8 3.79 2.3% 2.3%

O3 2009-2014 5 2.90 2.9% 2.9%

B1+B2 ** ** ** 13% 15%

R1 2009-2015 7 3.68 6.5% 5.2%

BWR 33.5 22.4

R2 See 7 5.22 19% 22% 2003 (2 cy); 2008; 2010; 2012-2014

R3 Comment 7 5.33 14% 14% 2003; 2008; 2009; 2011-2014

R4 5 4.12 17% 17% 2009; 2011-2014

PWR 19 14.7 8.4% 8.9% One sample per cycle

BWR + PWR 52.5 37.1

* Cycles included in accumulation calculations; for F1 + F2 some resins were produced before the sampling campaign

** Not possible to relate the samples to a specific operating period, due to post-operational sampling 

*** Not possible to keep resins  from different cycles separated
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of C-14 from the resins, but cannot be used to quantify the residual in the resins. The values 

from the dried samples have already been included in the Summary Tables 1 and 2. 

 

Comparison with Previous Results by Magnusson et. al. 
Summary Table 6 shows a comparison between the results from this study and those from 

Magnusson et. al. The previous results have been corrected for dry substance contents and 

body-feed of inert materials, corrosion products (and for PWR) loading with lithium and boric 

acid. Some values from this study are higher than from Magnusson et. al., while others are 

lower. This pattern can be explained by  

 

1 All units were not sampled in the previous study. E.g. unit B2 was used as 

reference plant for O1, O2 and R1. F3 was used as reference plant for O3 

 

2 This study has analyzed substantially more samples covering longer 

operating periods covering start-up, operation and shut-down 

 

3 The accumulation in BWR condensate clean-up resins depends on the 

parameter xa described above 

 

4 The organic fractions found in this study are usually lower than previously 

found. A possible explanation for the scatter in the BWR values may be the 

low concentrations. The organic fractions for the PWR resins show less 

scatter than for the BWR resins. 

 

5 The samples from F1 were collected early in the handling chain, which 

overestimated the concentration, compared to this study, where the samples 

have been collected prior to drying and solidification. 

 

 
Summary Table 6. Comparison of the accumulation values in wet resins from Condensate 

Clean-up (BWR) and Reactor Water Clean-up (PWR) as % of production from this study and 

corrected values from Ref. 4. (A-2, sheet SUMTAB). 

 

 

Doses Obtained in Sampling 
The doses obtained in sampling and analyses are about 0.3 mmanSv for one PWR cycle, 

despite high dose rates on some samples. The doses for sampling and analyses of condensate 

clean-up resins are estimated to be less than 0.1 mmanSv for one BWR cycle. 

This study Ref. 4, corrected for dry substance and body-feed This study

Unit Accumulation, % of production Organic Accumulation, % of production Organic Sample 

Total Inorganic Organic fraction Total Inorganic Organic fraction from

F1 + F2 0.93% 0.92% 0.016% 1.7% 5.1% 4.3% 0.82% 16% F1*

F3 2.6% 2.5% 0.044% 1.7% 1.7% 1.3% 0.40% 24% F3

F1+F2 dried 0.0068% 0.00062% 0.0062% 91%

F3 dried 0.031% 0.0022% 0.029% 93%

O1 + O2 0.49% 0.47% 0.026% 5.2% 0.50% 0.42% 0.080% 16% B2

O3 2.3% 2.2% 0.032% 1.4% 1.7% 1.3% 0.40% 24% F3

(B1 +) B2 4.3% 4.2% 0.088% 2.1% 0.50% 0.42% 0.080% 16% B2

R1 3.8% 3.7% 0.11% 2.8% 0.50% 0.42% 0.081% 16% B2

PWR 3.3% 2.3% 1.0% 30% 5.4% 3.9% 1.5% 29% R2+R3

* The samples analyzed in Ref. 4 were collected early in the handling chain which overestimated

    the concentration, compared to this study
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SKB Svensk Kärnbränslehantering AB (Swedish Nuclear Fuel and Waste Management Co ) 

SRST Spent Resin Storage Tank (system 342 in PWR) 
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1. Introduction to and Scope of the Present Study 
This report summarizes the analyses of the C-14 accumulated in some fractions of ion 

exchange resins in Swedish NPPs in the years 2008-2014 (some samples were also taken in 

2015). The study has been performed according to a requirement from the SSM, The Swedish 

Radiation Safety Authority (Ref. 1). 

 

Earlier work on this topic has been performed by Åsa Henning (née Magnusson), and has 

been summarized in her dissertation and some further reports (Ref. 2, 3, 4). Henning’s study 

covered all fractions of ion exchange resins produced in Swedish NPPs. Based on those 

reports, the Swedish Radiation Protection Institute, SSI (now Swedish Radiation Safety 

Authority, SSM) decided that further analyses should be done on the fractions accumulating 

the largest amounts of C-14, viz. 

 

- Reactor Water Clean-Up   (RWCU) in PWRs 

- Condensate Clean-Up        (CCU)    in BWRs 

 

 

2. Reporting Format 
In Ref. 4 the resin accumulation of C-14 was expressed as a percentage of the production in 

the reactor system. This requires knowledge of the production rate for C-14 in the reactor 

coolant. The FSARs of the various reactors have values for the calculated production rates. 

The completely dominating production pathway is the reaction  

 

O-17(n,α)C-14 

 

in the reactor coolant. The calculated production rate can be used to prepare a material 

balance including the releases to air and water, which was done in Ref. 2. 

 

However, expressing the accumulation of C-14 as Bq/MWhth is a better way, since it only 

includes measured quantities and does not require the calculation of the production of C-14
6
. 

The evaluation of reliable accumulation rates will allow the estimation of the activity of C-14 

in the resins by correlation to the thermal energy produced.  

 

To allow comparison with earlier studies, this report will use both formats for reporting the 

accumulation. The percentage will also be used in the discussions. 

 

In the text and tables, decimal separator is point (.) Results are usually given with two signifi-

cant digits. Tables and diagrams show all results and important input data for the calculations. 

The appendices have a “Stand Alone” status, i.e. they may be read separately, since they 

contain comprehensive texts, diagrams and tables describing the input data and the results of 

the calculations. The complete calculations and all input data can be found in Attachment 

Files. All tables, diagrams and figures have a reference to the Attachment File and the 

particular sheet. Text, tables and figures from the appendices may be repeated in the main 

body of this report to give a full context.  

 

                                                 
6
 Table 2 and its footnote illustrate this. 
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3. Operational Strategy for RWCU in Swedish PWRs 
The operational strategies for the RWCU in the Ringhals PWR units are virtually the same in 

all three units. At the beginning of a fuel cycle, during start up, a fresh RWCU mixed-bed 

(cation in Li
+
-form; anion in borate-form) is loaded and used for the whole cycle

7
. The resin is 

taken out of operation before being exposed to acidic and oxidizing conditions during shut-

down. During shut-down, a mixed bed (cation in H
+
-form, anion in borate-form) is used

8
. 

 

According to Ref. 2, very little C-14 remains in the reactor system after the refueling shut-

down. The amount of resin added differs between the units, depending on the level of acti-

vated corrosion products in the unit. 

 

The spent resin is back-flushed to a storage tank (SRST), from which it is transported to the 

BWR Waste Handling Building (WHB) in a shielded transport vessel. For the sampling cam-

paigns covered by this report, the SRST has been emptied before the RWCU resin has been 

back-flushed
9
. 

 

4. Operational Strategy for CCU in Swedish BWRs 
The design and operational strategy of the CCU systems differ between the plants. Two-

turbine plants (R1, F1 and F2) have one set of filters for each turbine. The amount of resin 

loaded differs, as well as the operational time. In addition, some plants also add some inert 

material in connection with loading (F1, F2)
10

, or continuously during operation as body-feed 

(F3, O2). The cation part is in H
+
-form and the anion part is in OH

-
-form. The operating 

temperature also varies between the plants. As of 2015, most all BWR plants except F1 and 

O2
11

, operate with Forward Pumping (FP) of the hot drains from the turbine; these drains are 

not cleaned by the CCU. See Table 1 for details
12

. 

 

In addition, the CCU also accumulates metal oxides during operation. Inert masses and metal 

oxides are included in the determination of the dry weight of the resin samples. To obtain the 

net dry weight of the resin, a correction for the uptake of masses and metal oxides a correction 

is done; see Chapter 7. 

 

The storage tanks for spent resin also receive additional resins in some plants. In F3 it 

receives resins from the Condensation Pool Clean-up System (SFP, 324) and from the Waste 

Processing System (WP, 342). The contribution of C-14 from these systems are estimated to 

0.06 % (value from O3) and 0.04 % (value from F2) respectively, according to Ref. 4. These 

two sources will not contribute significantly, compared to the accumulation in CCU. 

 

                                                 
7
 Well defined volumes of wet cation and anion resins are loaded. From the analyses certificates, the cation and 

anion capacities can be calculated in equivalents.  
8
 Li is removed from the reactor coolant in the beginning of the shut-down procedure by connecting the shut-

down RWCU mixed bed and disconnecting the operational RWCU mixed bed. Boric acid is then added to the 

reactor coolant to establish subcritical conditions for reactor shut-down and refueling. 
9
 Except Ringhals 2 in 2003. 

10
 This practice stopped in the fall 2012. However, it will not affect the resins analyzed in this report. Annelie 

Jansson, FKA, personal communication, November 2015. 
11

 Status in October 2015: O2 will not operate any more. 
12

 After a power up-rate in 2013, F2 is forward pumping a part of the hot drains corresponding to approximately 

15 % of the total feed water flow. 
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In O1 and O2, the storage tanks 342T48, T49 receive resin from CCU and WP. Sometimes 

fresh resin is added into those tanks to get more cleaning capacity for floor drainage which 

also is treated directly in those tanks
13

. R1, F1, F2 and O3
14

 do not mix any other resins with 

the CCU resin before sampling and solidification. 

 

 
Table 1. Summary of operational strategy for CCU in Swedish BWRs. All weights are given 

as dry weight (dw)
15

. (A-2, sheet CCU new rev4). 

 

F1+F2 use carboxylate cation resin, while all other plants use sulfonate cation resins. The 

anion resin is of the strong quaternary type in all units. However, the fraction of anion 

capacity varies between some of the units; see Table 1. Since there are no cationic C-14 

species (Chapter 3, Appendix 20) all C-14 is expected to be adsorbed on the anion resin in the 

CCU. Thus, the anion fraction in the resin is the governing factor for the accumulation of 

C-14. 

 

5. Analytical Procedures 
The analytical procedures closely follow those described in Ref. 2, 3 and 4. See Appendix 9 

for Analytical Procedures and Appendix 10 for Calculation Formulas used to obtain the 

concentration values from liquid scintillation data. The analytical results, including 

calculations, are found in the Attachment files. Appendix 12 shows two tables with analytical 

results as an example.  

 

                                                 
13

 Karl-Erik Ingemansson, OKG, personal communication, Sept. 2011. 
14

 O3 only during the sampling campaign. Sofie Englund, OKG, personal communication, January 2016. 
15

 One important factor for the accumulation of C-14: The number of anion equivalents per kg condensate 

cleaned; see Chapter 12.1 and Appendix 22 and Appendix 34 in Part 2. 

Unit

Num-

ber of 

filters 

in CCU

Opera-

tion 

time, 

weeks

Ion 

exch. 

resin, 

kg dw/  

filter

Cation: 

Anion 

ratio ££

Inert 

mass, 

kg 

dw/  

filter

Body 

feed of  

inert 

mass, 

kg/d/ 

filter

Other 

resins 

in sto-

rage 

tank

Virgin  

resins 

to sto-

rage 

tank

Forward 

pump-

ing of 

heater 

drains

Earlier 

ope-

rating 

tempe-

rature, 

deg. C

Current 

ope-

rating 

tempe-

rature, 

deg. C

Refe-

rence

F1+F2 10 6-16 80 1.65:1 10¤¤ $, $$ 65-72 65-72 *

F3 7 6-16 70 3:1 0.43 324, 342 Yes - 51-57 *

O1 4 4-15 70 3:1 342 Yes Yes 100? 67¤ **

O2 6 4-15 60 3:1 0.35 342 Yes No - 56¤ ****

O3 7 5-20 90 3:1 0.40 # Yes - 46¤ **

R1 8£ 6+ 90 2:1 & 81-83 35-55 ***

* Jan-Ola Helmersson, FKA ** Karl-Erik Ingemansson, Paul Arvidsson OKG 

*** Rikard  Hellström, Ringhals **** Bo Arnberg, OKG

# Only in the period February 2011-May 2011

+ From June 2013 the operating time is determined by the pressure drop , 1.5 bar

$  F1 No forward pumping $$ F2 Forward pumping from June 2012

£   R1 In the cycle 2013-2014 only 6 filters were in operation simultaneously

&  R1 FP one turbine train from September 2012. Both turbine trains from June 2013

¤   Nominal temperatures; the actual temperatures depend on the cooling water temperature

¤¤ Practice  stopped in autumn 2012

?  The earlier operating  temperature was "high". No definite value available.

££ During the sampling period  O1, O2 , O3 & F3 used resins where the ratio was based on cation and anion

     capacities. All other units had resins with weight ratios.  Appendix 34 describes the problem and 

     calculates the actual anion capacities used to calculate the accumulations in Part 2 of this report
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When the detected values are less than half the detection limit, one quarter of the detection 

limit replaces the detected value in the calculations
16

. 

 

In Version 3, a further correction for the determination of the dry solids contents (ds) was 

introduced. This correction increased the dry weight concentrations and the accumulated 

amounts of C-14, compared to earlier data. The correction is 4 -16 %, depending on type of 

resin. 

 

6. Calculation Models for the Accumulated Activity of C-14 
in Sampled Resins 
Depending on the operating and sampling possibilities, there are several calculation models 

available
17

: 

 

Batch Model (BM). In this model, a well defined amount of spent resin is operated for a well 

defined time period. When the resin is discarded, it is sampled in a representative way. The 

concentration obtained is multiplied by the amount of resin. To obtain consistent results, all 

weights are converted to dry weight (dw). The BM is used for RWCU in the PWR units, for 

the collection tanks for CCU resin at O1+O2 and for the concrete tanks at O3, respectively. 

 

Mass Balance Model (MBM). This model is applied to collection tanks obtaining a 

continuous flow (although at discrete times) of spent resin (see Figure 1). The contents of the 

tank is mixed by air bubbling, pump circulation and/or stirring. Furthermore, resin is also 

removed from the collection tank to solidification. Over the time period studied, several 

samples are withdrawn; mostly in connection with solidifications of resin.  

 

 
Figure 1. Schematic mass balance over tank TD42 in F3. (A-5, pict. 12). 

 

Careful record keeping of the additions and removals of resin allows a calculation of how 

much activity has been removed to solidification. The tank needs not to be empty at the start 

of the period studied, but then an initial sample is required to correct for activity not generated 

during the period studied.  

 

The tank needs not to be empty at the end of the period; the residual content of activity may 

be determined from analysis of a sample and the residual resin amount. The MBM is used for 

R1, F1+F2 and F3. For F1+F2 the MBM is applicable only to a limited extent; see Appendix 1 

for details.  

  

                                                 
16

 See last paragraph in Appendix 10 and Ref. 9 for a more detailed explanation. 
17

 These calculation models are used only to evaluate the activity accumulated in the sampled resins. They have 

not been used to calculate historical or future accumulations. 

 

To Solidification

Storage tank in waste
building TD42

From F3 332
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Mean Concentration Model (MCM). If there is a less detailed record keeping of additions 

and removals, the Mass Balance Model may not be applicable. Instead, the total resin amount 

used during a long period (e.g. one year or longer) may be multiplied by the average 

concentration of activity in the resin, obtained from multiple samples during the period 

studied. The MCM is used as a supplementary method for F1+F2. The MCM might also be 

applied to calculations with the maximum and minimum concentration. 

 

7. Resin Weights Used in the Calculations 
Ion exchange resins contain varying amounts of water. To obtain consistent weights, the dry 

weight (dw) is used. All concentration values from the analyses are reported as Bq/kg dw. 

The procedure for determining the dw is briefly described in Appendix 6. 

 

All powder resins used in CCU, SFP and WP have the dw given on the packages. 

Accordingly, it is easy to keep records on resin loadings and transfers based on dw. 

Complicating factors are body-feed; a continuous addition of inert material and accumulation 

of corrosion products, mainly iron oxides. For each unit, these factors are considered by 

calculating the Body-Feed Factor (BFF). See Tables A1-1, A2-1, A3-4, A4-1, A13-3, A28-1.  

 

The bead resins used in RWCU in the PWR units are loaded on a volume basis. Each package 

has a well defined volume of wet resin. The manufacturer also states the dry substance (ds) 

fraction on a weight basis. To obtain the dw, the gross density of the wet resin has to be 

determined by weighing the plastic bags with a defined volume. The ds is typically 0.45 and 

the gross density 0.70 kg/liter. These resins are in H
+
 and OH

-
 form. Before operation, they 

are converted to lithium and borate form. The calculation of BFF is shown in Table A6-2. 

 

8. Calculation of C-14 Production 
 

  
Table 2. Thermal power and production rates of C-14 in the Swedish reactor units obtained 

from their respective FSAR. The values apply to the conditions in the sampling period
18

.  

(A-3, sheet Prodrates). 

                                                 
18

 The calculated production rate in O3 at 3900 MWth is lower than in F3 at 3300 MWth. This is due to the 

specification for the equilibrium cores used in the calculations. The most probable value for O3 is 2.6E4 Bq/s. It 

Unit

Thermal 

power, 

MWth

Produc-

tion rate   

C-14, 

Bq/s C-14, Bq/MWhth

F1 2928 2.00E+04 2.46E+04

F2 2928 2.00E+04 2.46E+04

F2 new * 3253 2.20E+04 2.43E+04

F3 3300 2.20E+04 2.40E+04

O1 1375 9.00E+03 2.36E+04

O2 1800 1.00E+04 2.00E+04

O3 3900 2.00E+04 1.85E+04

R1 2540 1.70E+04 2.41E+04

R2 2652 1.10E+04 1.49E+04

R3 3135 1.40E+04 1.61E+04

R4 2775 1.10E+04 1.43E+04

R4 new ** 3300 1.47E+04 1.61E+04

* Test operation  starting in early 2013

** Test operation starting in early 2015
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In the FSAR of each unit there is a value for the production rate of C-14 at full power. By 

means of the thermal power, the production rate is converted to Bq/MWhth. The thermal 

power production during the period is then used to calculate the total production of C-14. 

Table 2 summarizes the production rates used in the calculations.  

 

9. Chemical Species of C-14 in the Reactor Systems and in 
the Resins 
In Appendix 20 there is a literature review and a discussion of C-14 species stable at the 

different conditions in the reactor systems and ion exchange resins during operation and shut-

down. Table 3 summarizes the stable species as given in the Ref. 11-15 at 300 ⁰C and 25 ⁰C. 

These temperatures approximate the temperatures in the reactor system during operation and 

in the RWCU and CCU, respectively. See Appendix 20 for actual temperatures in the various 

systems. 

 

 
Table 3. Summary of thermodynamically stable species in reactor systems at various 

operating conditions (x) and species detected in analyses (*, **, ***). (A-2, sheet Species). 

 

From a stability point of view, only the carbonate system should be stable in the RWCU and 

CCU resins at or near room temperature
19

. However, in the Ringhals PWRs, formic acid, 

acetic acid and oxalic acid have been identified in samples from the reactor coolant (See 

Appendix 20 and Attachment file R234-3). The samples were analyzed after cooling to room 

temperature in the sampling line. Furthermore, organic compounds in the resins may not be 

stable over time; radiation induced reactions may convert the acids into other compounds by 

decarboxylation or oxidation by the radicals formed by irradiation of water (Ref. 11). 

                                                                                                                                                         
is obtained by scaling the F3 production rate by the thermal power ratio for O3/F3. However, the value from the 

FSAR has been used in the calculations. Klas Lundgren, ALARA Engineering, personal communication,  

2013-08-14.  
19

 Elementary carbon is also stable in PWR RWCU during operation. 

Reactor type BWR PWR

Operational 

state Power operation

Shut-

down All Power operation

Shut-

down All

Thermody-

namically 

stable 

species

300 ⁰C 

RC

25 ⁰C 

RWCU, 

CCU

25 ⁰C 

RC, SFP, 

RWCU

Airbor-

ne re-

leases

300 ⁰C  

RC

25 ⁰C  

RWCU

25 ⁰C 

RC, SFP, 

RWCU

Airbor-

ne re-

leases

C x

H2CO3, CO2 x x * x *

HCO3
- x x x x

HCOO-
(x) x **

CH3OH x

CH4 *** x ***

*  Measured as "oxidized species" in stack monitoring

** Analytically identified in Ringhals PWRs together with acetate and oxalate

*** Measured as "reduced species" in stack monitoring

( ): With  HWC in parts of the system where the redox-potential is below - 0.5 V
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Appendix 15 summarizes some experiments where formic acid has been determined. Three 

samples from BWR CCU and one sample from PWR BTRS were analyzed. The CCU 

samples showed that 50-90 % of the organic fraction consisted of formic acid, while it was 

only 1.5 % of the organic in the PWR sample
20

. Even if the analytical method is not fully 

qualified, the results give an indication that formic acid very likely is a major constituent in 

BWR CCU resins.  

 

From Table 3 and the previous chapter, it seems reasonable that only anionic species are 

collected in CCU and RWCU resins. Therefore, the anion part of the resins is of special 

interest. See Chapter 12 and Appendix 22 for further discussion. 

 

 

10. Sampling 

10.1. Samples collected 
An overview of the handling and sampling of the spent resins is given in Appendix 11. Table 

4 gives an overview of the sampling campaigns included in this study. F1+F2 and O1+O2 are 

sampled in pairs, named F12 and O12, respectively. In the appendices dealing with the details 

in the calculations, the separate samples and batches are indicated. 

 

Table 4. Overview of sampling for C-14 analyses. (A-3, sheet Sampling matrix 2014 rev 1).  

 

For the PWR units R2, R3 and R4, one resin bed/fuel cycle is sampled; however, the sample 

from each bed is composed of several subsamples from the transport vessel.  

 

For O1+O2 each collection tank is sampled prior to transfer to concrete tanks.  

At O3, the sampling is done in connection with transfer to the concrete tanks.  

At R1, the storage tank T41, receiving spent resin batches and delivering resin to waste 

solidification, is sampled.  

At F3, the corresponding tank TD42 can be sampled only when resin is brought to drying 

before solidification.  

For F1+F2, the corresponding tank, TC56, may be sampled when the tank contents is 

recirculated and when resin is brought to drying before solidification. In 2012 the tank TC58 

was used for temporary storage of resins. It was also sampled. 

 

                                                 
20

 According to Ref. 16, iron oxides are necessary to decompose formic acid to carbon monoxide; the BTRS 

resins are expected to contain virtually no iron oxides, due to their position in the RWCU. See also Appendix 22. 

Year 2008 2009 2010 2011 2012 2013 2014 -15 Sum Sampling

Unit Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1

F1+F2*+ 1 4 2 1 3 2 4 4 2 1 3 27 Collection tank

F3**++ 1 1 6 1 3 3 1 1 2 5 2 1 1 28 Collection tank

O1+O2 2 4 3 5 7 2 1 5 6 5 4 2 3 6 1 56 Collection tanks

O3 1 2 1 1 1 2 1 1 2 1 13 Concrete tanks or collection tank

R1 11 6 18 16 1 19 21 8 12 6 8 8 8 2 3 5 10 1 4 2 4 173 Collection tank

R2 *** 1 1 1 1 1 6 R2-R4: RWCU beds. Each bed

R3 *** 1 1 1 1 1 1 7 yields 10-20 subsamples

R4 1 1 1 1 1 5 from separate transport vessels

*   2010Q2:  Sample too small to analyze Sum 315

** 2012Q3: Sample too small to analyze

*** One additional sample from 2003 for each unit

+ incl. 1 wet reference sample 2013 Q3; 2 additional dried samples  

++ incl. 1 wet reference sample 2013 Q4; 4 additional dried samples  
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The sampling is deemed adequate for R2, R3, R4, R1, F1+F2, O1+O2 and O3 based on the 

number of samples collected. For F3, the sampling should have been more frequent
21

.  

10.2. Doses from Sampling and Analyses 
The doses from sampling are very low for BWR CCU samples. For PWR RWCU samples the 

sampling of one resin bed yields 0.2-0.3 mmanSv
22

. Further handling and analyses of the 

resin samples yield only low doses; the chemists who analyzed the samples obtained 

0.5 mmanSv.  

 

These doses have been extracted from the electronic work dosimetry system. Since the TLD 

dosimetry system has a reporting threshold of 0.1 mSv, it will underestimate the doses. 

Table 5 summarizes the doses obtained in the period January 2010-September 2011.  

 

The collective dose for a 21 month period amounts to about 2.2 mmanSv as an average with 

an upper and lower bound of 2.6 and 1.8 mmanSv, respectively. The main dose source is the 

sampling of six PWR resin beds. One PWR cycle yields about 0.3 mmanSv and one BWR 

cycle is estimated to yield about 0.1 mmanSv. 

 

Table 5. Summary of collective doses obtained in sampling and analyses in January 2010-

September 2011. (A-3, sheet Person doses). 

11. Results 
The accumulation of C-14 in the resins is calculated in the Appendix 1-5 and 13. In Appendix 

19, the accumulations for Barsebäck (Ref. 3 and 4) have been recalculated. In addition, a 

recalculation of the results reported in Ref. 4 for the PWR units has been done, since a wrong 

density for the ion exchange resin had been used; see Appendix 6-7. 

11.1. Uncertainty in Reported Values 
Standard deviations given in the concentrations are the maximum value of the scatter between 

the subsamples analyzed in each batch, and the uncertainty in activity counting and analytical 

steps. With few exceptions, the scatter between the subsamples is larger than the combined 

uncertainties from counting, background subtraction, pipetting, weighing etc in the analytical 

procedures. The standard deviation in the values for the organic fraction is usually larger than 

for the inorganic and the total fraction; mainly due to concentrations close to the background 

level. 

 

In addition, standard deviations in the accumulated activities and accumulation factors (% of 

production and Bq/MWhth ) include a 10 % standard deviation for the amounts of resin. The 

PWR samples were assigned an additional 30 % uncertainty due to the sampling procedure. 

 

                                                 
21

 The waste handling at F3 had given priority to solidification of other resins than CCU, due to storage space 

problems. Since the F3 CCU storage tank can be sampled only in connection with drying and solidification, few 

samples were taken. 
22

 Anders Höglund, Ringhals R1M, personal communication, Sept. 2011. 

Collective dose, mmanSv

Type of work Min Max Mean Note

Analysis 0.5 0.5 0.5 Electronic  work dose

Sampling PWR, 6 resin beds 1.2 1.8 1.5 Estimate from Electronic  work dose

Sampling BWR, 3 sites 0.2 0.3 0.2 Estimate from Ringhals conditions

Sum 1.8 2.6 2.2
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11.2. BWR F1 and F2 (Appendix 1 and Appendix 21) 
The results from F1 and F2 comprise two different types of resins:  

1 Wet resins from the storage tanks prior to drying and solidification  

(Appendix 1) 

2 Dried resins, ready for solidification (Appendix 21) 

 

 

 

11.2.1. Wet Resins (Appendix 1)  
The record keeping for the resins handled during the period has not been comprehensive with 

respect to additions from the WHB in F1 and removals for solidification. There are not many 

details on the additions of resin to TC56, which may be the major uncertainty factor in the 

calculations. To establish the foundation for Mass Balance calculations, records for the resin 

handling in the tanks T42 and T43 in the F1 WHB have been used as supplementary 

information (Appendix 14) to recalculate the inventory of the storage tank TC56. Personal 

interviews by phone and e-mail and the records for the activity analysis of waste containers 

produced have been used as supplementary sources of information (Attachment File F12-1, 

sheet TC56). 

 

 
Table 6. Comparison of accumulation of C-14 in CCU resins at F1 and F2 from this study and 

Ref. 4. The column with Calculation model 0 is based on dried resins. All other columns are based 

on wet resins. (F12-1, sheet Summary dried). 

 

From the discussion in Appendix 1, it is obvious that it is not possible to perform a correct 

Mass Balance calculation. The Mass Balance Model requires that the whole inventory of resin 

is completely mixed. In this case, this requirement is not fulfilled, since three separate tanks 

are involved, and only the last one in the handling chain is sampled.  

Calculation Model 0 1 3 4 5 6 7 8

Classification

Recalc. to 

dried resins

Best 

estimate High

Inter-

mediate

Too 

Low*** Too high

Ref. 4 + 

BFF + ds-

corr.

Compari-

son

Dried Mass 

balance  

TC56+   

T43+T42    

****

Mass 

balance  

TC56+   

T43+T42

Maximum 

conc. + 

annual 

resin use*

Mean 

conc. + 

annual 

resin use

Minimum 

conc. + 

annual 

resin 

use**

 Ref. 4   

BFF=1 no 

TS-corr.

Ref. 4 + 

BFF + ds-

corr.

Back-

flushing 

tank (one 

filter)

Equivalent Full Power Hours, F1 40057 40057 218

Equivalent Full Power Hours, F2 33356 33356

Equivalent Full Power Years, F1 4.57 4.57 0.025

Equivalent Full Power Years, F2 3.81 3.81

Body-Feed Factor, Average (BFF) 1.00 1.00 1.33 1.33 1.33 1.00 1.33 1

Dry Solids Correction Factor in Sample 1.04

Organic fraction 91% 1.7% 1.7% 1.7% 58% 16% 16% 0.70%

Total accumulation in CCU 0.0068% 0.93% 3.6% 1.2% 0.0057% 3.7% 5.1% 7.7%

Organic  accumulation in CCU 0.0062% 0.016% 0.063% 0.021% 0.0033% 0.59% 0.82% 0.054%

Total accumulation, Bq/MWhth 1.67E+00 2.30E+02 8.80E+02 2.95E+02 1.40E+00 9.10E+02 1.26E+03 1.90E+03

Inorganic accumulation, Bq/MWhth 1.53E-01 2.26E+02 8.73E+02 2.90E+02 4.39E-01 7.64E+02 1.06E+03 1.89E+03

Organic accumulation, Bq/MWhth 1.52E+00 3.97E+00 1.54E+01 5.15E+00 8.05E-01 1.46E+02 2.02E+02 1.34E+01

Total Std. Dev. 22% 13% 10% 104% 26% 11%

Inorganic Std. Dev. 110% 13% 10% 105% 51% 11%

Organic Std. Dev. 24% 14% 10% 78% 27% 26%

*Max. value is maximum for each : tot, inorg, org

**Min. value is minimum for each : tot, inorg, org

*** Close to dried resins

**** Based on two samples
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To compensate for this problem, five calculation models are possible: The models use:   

1. Mass Balance over T42, T43 and TC56, using all samples from TC56 (in 2012 also TC58) 

2. Mass Balance over T42, T43 and TC56, using samples with the highest concentrations
23

 

3. Annual use of CCU resins for the years 2008-2012, using Maximum Concentration  

4. Annual use of CCU resins for the years 2008-2012, using Mean Concentration  

5. Annual use of CCU resins for the years 2008-2012, using Minimum Concentration  

 

Table 6 gives a summary of the accumulation of C-14 in the CCU resins based on the 

different calculation models used.  

 

The Following additional calculation models are also included in Table 6: 

 

0. Recalculates the mass balance from Model 1 to the concentration of dried resin samples, 

using the mean concentration from the mass balance. 

7. Calculations from Ref. 4 corrected for BFF and ds 

8. One single sample collected from a back-flushing tank, representing one filter; see 

Appendix 16. 

 

Model 1 is the best estimate for the accumulation in wet resins; 0.93 % of the production with 

an organic fraction of 1.7 %. Model 4, using the average concentration of the samples and the 

annual resin consumption, yields a value of 1.2 % with an organic fraction of 1.7 %. 

However, the standard deviation is much higher for the Mean Concentration model, due to the 

large variations in the concentration values. 

 

The value previously reported by Magnusson et. al. Model 7 (corrected), are considered too 

high, since the sample had been collected in the beginning of the handling chain. This 

conclusion is supported by the comparison sample from the Back-flushing tank, Model 8, 

which has an accumulation of 7.7 % and an organic fraction of 0.70 %. For the full discussion 

of the results from the various Calculation Models, see Appendix 1, Discussion.  

 

The organic fraction found in wet resins in this study is lower than previously reported in 

Ref. 4. There is no obvious explanation for the discrepancy in the organic fraction. However, 

the present value is in the range 1-5 %, where most of the BWR samples in this study are 

found. 

 

There are some peculiarities in the concentration values from this study; see figures and tables 

in Appendix 1. There is a decrease in the total concentration of C-14 from the samples 

collected in 2009 to those collected in 2010. Unfortunately, there is a period in between these 

two sampling periods, where no samples were taken. The reason for this was necessary 

campaigns for solidification of other resins. 

 

A comparison with the inventory curve (Figure A1-2B) of tank TC56 implies that the lower 

concentration was present in the resins when they arrived in TC56; i.e. the losses have 

occurred already in F1 342T42+T43 or in the transfer of the resins. Another possible 

explanation for the variations may be that the sampling bottles have been left in the sampling 

position for varying times; since there is a slight underpressure, C-14 compounds may have 

been released
24

. The concentration of the organic fraction does not decrease as much as the 

                                                 
23

 Used for preliminary calculations only. 
24

 Annelie Jansson, FKA, personal communication August 2013 and Ref. 8. 
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total (or actually, the inorganic fraction). This phenomenon is discussed in Chapter “Release 

of C-14 from Ion Exchange Resins in Storage Tanks” later on. 

 

11.2.2. Dried Resins (Appendix 21)  
Calculation Model 0 is a recalculation of the Mass Balance according to Model 1, assuming 

that the concentrations from two dried samples are representative for all resins
25

. The 

remaining accumulation is only 0.0051 % of the calculated production of C-14. The organic 

fraction in the dried resins is 91 %, but it corresponds to an absolute accumulation of 0.0047 

%. The standard deviation is 22 % resp. 24 % for the total and. the organic fraction. 

 

11.3. BWR F3 (Appendix 2 and Appendix 21) 
The results from F3 comprise two different types of resins:  

1 Wet resins from the storage tanks prior to drying and solidification 

(Appendix 2) 

2 Dried resins, ready for solidification (Appendix 21) 

11.3.1. Wet Resins (Appendix 2) 
 

 
Table 7. Comparison of accumulation of C-14 in CCU resins at F3 from this study, Ref. 4 and 

from O3. The leftmost column with results is based on dried resins.  

(F3-1, sheet Summary dried). 

 

The iron oxides in the resins will be around 10 % of the total dw. For details, see Appendix 2, 

Table A2-1. The Body-Feed Factor, (BFF), also including inert material, is probably 

somewhat low, since some inventory values in the storage tank TD42 are slightly negative in 

September 2010 and April 2011.  

 

The record keeping for the resins handled during the period seems to be fairly good with 

respect to additions and removals for solidification. Personal interviews by phone and e-mail 
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 The reference concentration is the average concentration calculated from the Mass Balance model. 

Dried resins* 

Mass 

balance  

TD42

Sept 2009-

Dec 2012

Mass 

balance  

TD42  

Sept 2009-

Dec 2012

Ref. 4 + 

BFF + ds-

corr.

O3 Sum 

090913-

140829

Equivalent Full Power Hours (EFPH) 31800 31800 25380

Equivalent Full Power Years (EFPY) 3.63 3.63 2.90

Body-Feed Factor, Average (BFF) 2.08 2.08 2.08 1.12

Dry Solids Correction Factor in Sample 1.16

Residual after drying:

Organic fraction 93% 1.7% 24% 1.4%

Total accumulation in CCU 0.031% 2.6% 1.7% 2.3%

Organic  accumulation in CCU 0.029% 0.044% 0.40% 0.032%

Resin, kg dw 22555

Total  accumulation, Bq/MWhth 7.45E+00 6.12E+02 4.05E+02 4.15E+02

Inorganic accumulation, Bq/MWhth 5.25E-01 6.01E+02 3.08E+02 4.09E+02

Organic accumulation, Bq/MWhth 6.92E+00 1.06E+01 9.72E+01 5.95E+00

Total Std. Dev. 15% 4.9% 2.9%

Inorganic Std. Dev. 43% 4.9% 2.9%

Organic Std. Dev. 17% 7.2% 8.1%

* Based on four samples
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and the records for the activity analysis of waste containers produced have been used as 

supplementary sources of information (Attachment File F3-1, sheet TD42). The major 

uncertainty factor seems to be the Body-Feed of inert material. With a nominal addition rate 

of inert material, it will be almost as much inert material as resin.  

 

The fraction accumulated, 2.6 %, is higher than 1.7 % obtained when correcting the results 

from Ref. 4 for BFF and ds. On the other hand, the organic fraction found in this study, 1.7 %, 

is lower than 24 % in the previous one. There is no obvious explanation for the discrepancy in 

the organic fraction. The present value is in the range 1-5 %, which is obtained for most BWR 

samples.  

 

The results from O3 have also been included as a comparison, since the units are considered 

as twin plants
26

. The best way to compare the units is to use the accumulation expressed as 

Bq/MWhth. The F3 accumulation is higher for the inorganic C-14, as well as for the organic. 

 

There are some peculiarities in the concentration values from this study; Appendix 2, 

Figure A2-4 and Table A2-2 show that there is a decrease in the total concentration of C-14 in 

the samples collected in the latter part of 2010 and in early 2011, compared with the earlier 

samples. The concentration of the organic fraction does not decrease as much as the total (or 

actually, the inorganic fraction). The sampling procedure, discussed under F1+F2 above, may 

be one possible explanation for this. 

 

11.3.2. Dried Resins (Appendix 21)  
A recalculation of the Mass Balance for wet resins to dried resins has been done, assuming 

that the results from four dried samples are representative for all resins. The remaining 

accumulation is only 0.019 % of the calculated production of C-14. The organic fraction in 

the dried resins is 93 %, but it corresponds to an absolute accumulation of 0.018 %. The 

standard deviation is 15 % resp. 17 % for the total and the organic fraction. 

 

 

11.4. BWR O1 and O2 (Appendix 3) 
The record keeping for O1 and O2 is adequate. From Tables A3-3, -22, -32 and -42 in 

Appendix 3 it can be seen that the accumulation of C-14 in individual tank fillings ranges 

between 0.01 % and 2.7 % of the calculated production. Table 8 summarizes the results from 

O1 and O2. The mean value is 0.49 %, including a Body-Feed Factor, BFF=1.09. The organic 

fraction is 5.2 %.  

  

The organic concentration varies strongly between the batches; usually samples with low total 

concentrations have the lowest organic concentration but the highest organic fraction. The 

largest amounts of organic C-14 come from the tanks with the highest concentrations, so the 

average value of 5.2 % for the organic fraction is not influenced by the use of ¼ of detection 

limit values in samples with low concentrations. In Part 4, two tanks had unusually high 

organic fractions and contributed almost 80 % of the organic accumulation. The largest 

contribution came from a tank with resins collected in connection with shut-down of O2 in 

June 2013; cf. Tables A3-3, A3-22, -32 and -42. There is a ratio of about 100 between the 

                                                 
26

 However, O3 is operating at higher power, but has a lower calculated production rate of C-14; see Table 2 and 

its footnote. 
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highest and the lowest organic concentrations. The results from Part 3 and Part 4 are almost 

exclusively from O2, since O1 was shut down for most of the sampling time
27

. 

 

 
Table 8. Summary of accumulation of C-14 in CCU resins for O1 and O2.  

(O12-5, sheet Summary). 

 

11.5. BWR O3 (Appendix 13) 
 

The record keeping for O3 is adequate. Table 9 summarizes the results from O3. It also 

includes a comparison with results from F3 in Appendix 2 and the corrected results from 

Ref. 4. The mean value is 2.3 %, including a Body-Feed Factor, BFF=1.12. The results from 

O3 are lower than those for F3, on a percentage basis, as well as Bq/MWhth. See the 

discussion for BWR F3. The organic fraction of 1.4 % is within the “normal” BWR range 1-5 

%.  
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 Some tanks contents with resins solely from WPCU had low concentrations of C-14. It can be assumed that 

WPCU does not contribute any significant amounts of C-14. 

O1+O2

Part 1 

Sep2008-

Mar 2009

Part 2* 

Sep 2010-

May 2011 

Part 3*    

Jul 2011- 

Dec 2012

Part 4* 

Jan2013-

Jun 2013

Part 1-4 

Sep 2008-

Jun 2013 B2, Ref. 4

B2, Ref. 4

+ BFF 

+ ds-corr.

Equivalent Full Power Hours (EFPH), O1 5338 2399 2691 66 10493

Equivalent Full Power Hours (EFPH), O2 6333 3673 9454 3259 22719

Equivalent Full Power Years (EFPY), O1 0.61 0.27 0.31 0.01 1.20

Equivalent Full Power Years (EFPY), O2 0.72 0.42 1.08 0.37 2.59

Equivalent Full Power Years (EFPY), O1 + O2 1.33 0.69 1.39 0.38 3.79

Body-Feed Factor, Average (BFF) 1.06 1.17 1.10 1.11 1.11 1.00 1.07

Dry Solids Correction Factor in Sample 1.16

Organic fraction 3.0% 4.2% 4.3% 14% 5.2% 16% 16%

Total accumulation in CCU 0.30% 0.63% 0.57% 0.63% 0.49% 0.40% 0.50%

Organic  accumulation in CCU 0.0090% 0.026% 0.024% 0.087% 0.026% 0.064% 0.080%

Total Bq/MWhth 6.51E+01 1.33E+02 1.17E+02 1.26E+02 1.03E+02 8.53E+01 1.06E+02

Inorganic Bq/MWhth 6.32E+01 1.27E+02 1.12E+02 1.09E+02 9.74E+01 7.16E+01 8.93E+01

Organic Bq/MWhth 1.93E+00 5.58E+00 5.06E+00 1.75E+01 5.29E+00 1.36E+01 1.70E+01

Total Std. Dev. 5.8% 4.1% 4.8% 4.0% 2.3%

Inorganic Std. Dev. 5.9% 4.1% 4.9% 4.3% 2.3%

Organic Std. Dev. 7.5% 7.6% 17% 15% 9.5%

* Inert masses for O2 calculated from operational time and dosage rate
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Table 9. Summary of accumulation of C-14 in CCU resins at O3. F3 was used as model plant 

for O3 in Ref. 4. (O3-2 sheet Summary). 

 

11.6. BWR B1 and B2 (Appendix 19) 
 

The data from B1and B2 analyses (Ref. 3 and 4) have been recalculated in this report. The 

reasons for recalculating the accumulation of C-14 in CCU are the following:  

 Calculating a grand mean from all samples available 

 Including standard deviations from the samples and the resin amount 

 Including Body-Feed Factor (1.07)
28

 and dry substance correction factor  

(ds, 1.16, Appendix 6) in the calculations. 

 Including a calculation based on the xa-correlation 

 

 
Table 10. Summary of the accumulation of C-14 in B1 and B2.  

(B-2 sheet Summary). 

 

The samples were taken from the top layers of dewatered resin in concrete tanks. However, it 

was not possible to correlate the sampled resin to a certain operating period, so the 
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 Same as originally calculated for O1+O2, part 1. 

O3 Sum 

090913-

140829

F3, Mass 

Balance 

Ref. 4 + 

BFF + ds-

corr.*

Equivalent Full Power Hours (EFPH) 25380 31800

Equivalent Full Power Years (EFPY) 2.90 3.63

Body-Feed Factor (BFF) 1.12 2.08 2.08

Dry Solids Correction Factor in Sample 1.16

Organic Fraction 1.4% 1.7% 24%

Total accumulation in CCU 2.3% 2.6% 1.7%

Organic accumulation in CCU 0.032% 0.044% 0.40%

Resin kg dw 9820

Total Bq/MWhth 4.15E+02 6.12E+02 3.11E+02

Inorganic Bq/MWhth 4.09E+02 6.01E+02 2.37E+02

Organic Bq/MWhth 5.95E+00 1.06E+01 7.43E+01

Tot. std. dev. 2.9% 4.9%

Inorg. std. dev. 2.9% 4.9%

Org. std. dev. 8.1% 7.2%

B1+B2 

analyses

B1+B2       

xa-corre-

lation

B2, Ref. 4

+ BFF 

+ ds-corr. O1+O2 B2, Ref. 4

xa-value (average B1+B2 1992-2005) 0.20

Organic fraction 8.7% 2.1% 16% 5.2% 16%

Total accumulation in CCU 0.87% 4.3% 0.50% 0.49% 0.40%

Inorganic  accumulation in CCU 0.79% 4.2% 0.42% 0.47% 0.34%

Organic  accumulation in CCU 0.075% 0.088% 0.080% 0.026% 0.064%

Total Bq/MWhth 1.73E+02 8.54E+02 1.06E+02 1.03E+02 8.53E+01

Inorganic Bq/MWhth 1.58E+02 8.36E+02 8.93E+01 9.74E+01 7.16E+01

Organic Bq/MWhth 1.50E+01 1.76E+01 1.70E+01 5.29E+00 1.36E+01

Total Std. Dev. 20% 13% 2.3%

Inorganic Std. Dev. 22% 16% 2.3%

Organic Std. Dev. 51% 23% 9.5%
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calculations were done according to the Batch Model, using the annual consumption of resin. 

The annual accumulation was then calculated, using the average annual production of energy. 

The details are shown in Appendix 19.  

 

The calculated accumulation is 0.87 % of the calculated production, some 50 % higher than 

for O1+O2. However, there is a possibility that part of the C-14 in the sampled resin has been 

volatilized. To estimate a maximum value for the accumulation, the xa-correlation described 

in chapter 12, Eq. (12-1) has been used. This estimate yields an accumulation of 4.3 % with 

an organic fraction of 2.1 %. However, the organic accumulation factor is almost identical for 

both calculation models; 0.088 % for the xa-correlation and 0.0075 % from the analyses. This 

indicates that the organic C-14 is less volatile than the inorganic. 

 

Table 10 shows the calculated accumulation, compared with the values for O1+O2 and the 

corrected values from Ref. 4. The values for B1+B2 are higher than for O1+O2, which is 

reasonable, since B1+B2 did not use air bubbling in the collection tanks. The uncertainties for 

the values based on the analyses are rather high, which is a consequence of the scatter in the 

analysis values and the few samples (four) analyzed. The value obtained from the xa-

correlation, 4.0 %, has a lower standard deviation and may be used as an upper limit. 

 

11.7. BWR R1 (Appendix 4) 
The record keeping for the resins handled during the period is adequate in almost all aspects. 

The only uncertainty is the Body-Feed Factor, BFF, which accounts for accumulation of iron 

oxides. It has been calculated in Appendix 4 and has the value 1.09, which has been included 

in the calculations.  

 

Table 11 gives a summary of the accumulation of C-14 in the CCU resins for the seven 

periods covered. The first short cycle in 2009 had an accumulation of 7.3 %, while the years 

2010-2013 were in the range 4.0-4.6 %. The cycle 2013-2014 had only 1.7 % accumulation. 

In the latest cycle, 2014-2015, the accumulation is 3.5 %. The organic fraction was highest in 

the cycle 2013-2014; 7.8 %. The lower accumulation in 2013-2014 is discussed in Appendix 

22 and in Chapter 12,” Factors Governing the Accumulation of C-14 on Resins”. The 

variation is mainly in the inorganic part. The average accumulation over the seven periods is 

3.8 % with an organic fraction of 2.8 %. 

 

The organic fraction is in the range 1-5 %, where most of the BWR samples are found. 
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Table 11. Summary of accumulation of C-14 in CCU resins at R1. (R1-4, sheet Summary). 

 

 

11.8. PWR R2, R3 and R4 (Appendix 5) 
The results for the PWR units are reported in Appendix 5. In addition, a recalculation of the 

results reported in Ref. 4 for the PWR units has been done in Appendix 7, since a wrong 

density for the ion exchange bead resins had been used. The correction is based on a 

determination of the resin gross density and a recalculation of the resin dry weight in 

Appendix 6. This correction also includes the ds-correction in analyses. One additional 

correction factor, BFF=1.15, has also been introduced to compensate for the resin loading by 

lithium and borate. See Appendix 6 for details. Table 12 shows the results of the recalculation; 

it reduces the accumulation of C-14 in the resins to some 80 % of the previously reported 

values (Ref. 4).  

 

 
Table 12. Summary of corrected accumulation of C-14 in PWR RWCU resins

29
. ”Corrected” 

means that the accumulation has been corrected for the wrong resin density and ds-

determination used in Ref. 4. In addition, a BFF-value of 1.15 has been introduced to account 

for the lithium and borate loading of the resin. Note that the values for accumulations are in 

“Absolute %”, i.e. percent of the production. The “Organic fraction” is given in the 

rightmost column. (R234-1, sheet Old).  
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 The corrected accumulations differ from the values given in Table 13. The reason for this is that the values in 

Table 12 have been recalculated from the original concentration values in Ref.4, but with a lower amount of 

resin.  

2009 2010 2011

2011- Aug 

2012

Aug 2012-

Apr 2013

Apr 2013-

Mar-2014

Jul 2014-

Apr 2015

Mean 

2009-Apr 

2015

Equivalent Full Power Hours 1497 4125 4510 4267 5235 6366 6281 32280

Equivalent Full Power Years 0.17 0.47 0.51 0.49 0.60 0.73 0.72 3.68

Body-Feed Factor, Average (BFF) 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09

Dry Solids Correction Factor in Sample

Organic fraction 1.3% 2.1% 1.2% 3.7% 1.7% 7.8% 3.9% 2.8%

Total accumulation in CCU 7.3% 3.9% 4.6% 4.0% 4.6% 1.7% 3.5% 3.8%

Organic  accumulation in CCU 0.095% 0.080% 0.056% 0.15% 0.077% 0.13% 0.14% 0.11%

kg resin used 1530 4680 4230 5447 4746 3573 4485 28691

Total Bq/MWhth 1.72E+03 9.13E+02 1.08E+03 9.48E+02 1.09E+03 4.01E+02 8.35E+02 8.64E+02

Inorganic Bq/MWhth 1.70E+03 8.94E+02 1.06E+03 9.13E+02 1.08E+03 3.70E+02 8.03E+02 8.40E+02

Organic Bq/MWhth 2.23E+01 1.89E+01 1.31E+01 3.53E+01 1.82E+01 3.14E+01 3.22E+01 2.43E+01

Total Std. Dev. 7.4% 4.9% 9.0% 13% 22% 23% 17% 6.5%

Inorganic Std. Dev. 7.4% 3.8% 8.9% 14% 12% 24% 16% 5.2%

Organic Std. Dev. 21% 23% 50% 40% 67% 13% 94% 27%

Unit Resin use Old Corrected Operation Org. fraction

R3 RWCU operation 7.3% 5.9% 2002-2003 29%

R2

RWCU 2 y operation 

(incl. some other resins) 6.0% 4.9% 2001-2003 28%

R4 RWCU shut down, SFP, WP 1.6% 1.3% 2002-2003 35%

R3 RWCU shut down, SFP, WP 2.5% 2.0% 2002-2003 30%

Mean RWCU operation 6.7% 5.4% 29%

Mean RWCU shut down, SFP, WP 2.1% 1.7% 33%

Mean All 8.7% 7.1% 31%



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

36 

Table 13. Summary of accumulation of C-14 in PWR RWCU resins, including corrected results 

from Ref. 4 (years 2001-2003). The sampling in 2003 for R2 was for resins used for two cycles. 

(R234-1, sheet New Summary). 

 

Table 13 shows a summary of the results obtained in this study for RWCU, including the 

corrected results from Ref. 4 (years 2001-2003). The average accumulation for RWCU is 

3.3 %, with an organic fraction of 30 %. The maximum accumulation, 8.5 %, was found in R4 

in 2011 and the lowest, 1.4 %, in R3 in 2011. 

 

The organic fraction is fairly stable, with two exceptions: R2 in 2008 and 2012. The 

exceptionally high value in 2012 is discussed in Appendix 5 and Appendix 20. Most likely, it 

is an effect of a non-saturation of the RWCU ion exchange resin early in the fuel cycle.  

The correction of the old results brings them down to a level in the upper range of those found 

in this study. However, among the units, R4 has a higher average value than R2 and R3. 

There are also variations between R2 and R3. The reason for this variation is not clear, but 

there are several chemical and operational factors that may contribute. The factors are listed in 

the chapter” Discussion” and are discussed more thoroughly in Appendix 5. 

 

 

12. Factors Governing the Accumulation of C-14 on Resins 

12.1. BWR CCU Resins (Appendix 22) 
 

For several of the BWR units there seems to be a fairly stable total concentration of C-14 on 

the CCU resins. This concentration is in the range 1-4E6 Bq/kg dw for O3, F3 and R1; see 

Figures A13-2, A2-4 and A4-52. This may be a hint that there is a saturation effect for the 

Samp-

ling 

year Unit Cycle EFPY

Accum. 

total

Accum. 

Inorg.

Accum. 

Org.

Org. 

frac-

tion

Total Bq/ 

MWhth

Inorganic 

Bq/ 

MWhth

Organic 

Bq/ 

MWhth

Std. 

Dev. 

Total 

Std. 

Dev. 

Inorg.

Std. 

Dev. 

Org.

2003 R2 2001-2003 1.75 4.1% 3.0% 1.2% 27% 6.12E+02 4.47E+02 1.75E+02 39% 42% 35%

2008 R2 2007-2008 0.64 5.8% 4.9% 0.91% 16% 8.72E+02 7.37E+02 1.35E+02 32% 32% 32%

2011 R2 2010-2011 0.99 1.7% 1.1% 0.62% 36% 2.57E+02 1.64E+02 9.33E+01 32% 32% 32%

2012 R2 2012-2012 0.27 4.1% 1.1% 2.9% 72% 6.06E+02 1.69E+02 4.37E+02 33% 33% 33%

2013 R2 2012-2013 0.79 1.7% 1.1% 0.54% 32% 2.49E+02 1.68E+02 8.02E+01 32% 32% 32%

2014 R2 2013-2014 0.79 1.7% 1.1% 0.53% 32% 2.47E+02 1.68E+02 7.98E+01 32% 32% 32%

2003 R3 2002-2003 0.68 5.4% 3.9% 1.6% 28% 8.58E+02 6.18E+02 2.47E+02 35% 36% 34%

2008 R3 2007-2008 0.81 2.9% 1.9% 0.92% 32% 4.53E+02 3.07E+02 1.46E+02 32% 32% 32%

2009 R3 2008-2009 0.93 2.2% 1.6% 0.56% 26% 3.43E+02 2.55E+02 8.83E+01 32% 32% 32%

2011 R3 2010-2011 0.90 1.4% 1.1% 0.30% 22% 2.19E+02 1.71E+02 4.82E+01 32% 33% 32%

2012 R3 2011-2012 0.43 3.8% 2.7% 1.1% 28% 6.07E+02 4.37E+02 1.81E+02 32% 32% 32%

2013 R3 2012-2013 1.04 2.1% 1.4% 0.67% 32% 3.33E+02 2.26E+02 1.07E+02 32% 32% 32%

2014 R3 2013-2014 0.53 2.2% 1.4% 0.83% 37% 3.56E+02 2.24E+02 1.32E+02 32% 32% 32%

2009 R4 2008-2009 0.82 6.9% 4.7% 2.1% 31% 9.78E+02 6.72E+02 3.05E+02 32% 32% 32%

2011 R4 2010-2011 0.85 8.5% 6.3% 2.2% 26% 1.22E+03 9.01E+02 3.16E+02 32% 32% 32%

2012 R4 2011-2012 0.70 2.9% 2.0% 0.85% 29% 4.13E+02 2.91E+02 1.22E+02 32% 32% 32%

2013 R4 2012-2013 0.62 2.7% 1.8% 0.89% 32% 3.89E+02 2.63E+02 1.26E+02 32% 32% 32%

2014 R4 2013-2014 1.13 1.5% 1.0% 0.49% 33% 2.13E+02 1.44E+02 6.92E+01 32% 32% 32%

R2-R4 Mean 14.68 3.3% 2.3% 1.0% 30% 4.95E+02 3.50E+02 1.46E+02 8.4% 8.9% 7.7%

R2 Mean 5.22 3.1% 2.2% 0.9% 30% 4.66E+02 3.30E+02 1.39E+02 19% 22% 17%

R3 Mean 5.33 2.7% 1.9% 0.79% 30% 4.25E+02 3.01E+02 1.26E+02 14% 14% 13%

R4 Mean 4.12 4.4% 3.1% 1.3% 29% 6.33E+02 4.48E+02 1.85E+02 17% 17% 16%

Number of cycles 19
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accumulation of C-14. In 2013-2014 R1 decreased the accumulation factor of C-14 by more 

than a factor of 2 in connection with the introduction of Forward Pumping (FP) on both 

turbine trains.  

 

According to the literature, no cationic species of C-14 are present; see chapter 9 and 

Appendix 20, where the speciation of C-14 is discussed. Therefore, it is reasonable to assume 

that it is only the anion part of the resin that absorbs C-14. Accordingly, only the anion part of 

the resin is considered
30

. 

 

 
Figure 2. Summary of regression input data and the regression line based on R1data.  

(X-1, sheet D R1 tot).  

 

The introduction of FP lowered the amount of condensate to be cleaned to some 70 %. In 

connection with this, the use of CCU resin also decreased. Therefore, an effort was made to 

correlate the accumulation against the amount of CCU anion equivalents used in the cycles. 

Since many cycles had very different lengths, the consumption was normalized to the 

production of power and C-14, expressed as EFPH.  

 

Figure 2 shows the total accumulation rate vs. this normalized consumption of anion 

equivalents for R1. Despite the visible scatter of the points, the regression has a good fit 

(r
2
=0.91). A similar good fit was obtained combining data from O3, F3 and R1; see Figures 

3
31

 and 6. 

 

The correlation for the accumulation factor is
32

 (see Appendix 22) 

 

        Eq. (A12-1) 

 

The accumulation of C-14 from the energy production may be written as  

 

                                                 
30

 For the anion capacities of CCU resins, see Appendix 34 in Part 2 of this report. 
31

 The regression in Figure 3 is vs. the parameter anion equivalents/condensate amount cleaned. 
32

 The justification for choosing Eq. (A12-1) is the following: If you use no CCU resin at all (xa=0) there will be 

no accumulation of C-14. 

0

200

400

600

800

1 000

1 200

1 400

1 600

1 800

2 000

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00

A
cc

u
m

u
la

ti
o

n
 fa

ct
o

r,
 B

q
/M

W
h

th

xa, anion  equiv/EFPH

R1: Accumulation Factor for Total C-14

R1
Regression:  r2= 0.91 ; slope= 7.89E+02 ; σ= 13%



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

38 

         Eq. (A12-2) 

which may be simplified to 

         Eq. (A12-3) 

where 

 f accumulation factor of C-14, Bq/MWhth  

Q accumulation of C-14, Bq 

 E energy production, MWhth 

na number of anion equivalents used 

 P thermal power of the unit, MWth  

 N E/P, number of EFPY  

 xa=na/N anion equivalents/h 

a coefficient (slope) for xa in the regression,  

(Bq/anion equivalents)/ MWth 

Index  a anion 

 

Eq. (A12-3) can be interpreted in the following way: The accumulation is proportional to the 

product of the anion equivalents used and the thermal power (= the production rate of C-14) 

of the reactor. The factor a may be interpreted as a modification factor accounting for 

conditions in the process system and in the resin handling. 

Following this, a systematic test of regressions for all data sets available was performed in 

Appendix 22. Table 14 shows a summary for all regression analyses made on accumulation 

factor data.  

 

The regression is good for O3 (1)
33

, R1 (2), O3, F3 and R1 (3), O1+O2 (4)
34

 and O1+O2 

together with F1+F2 (8). For the last one, the organic fraction was too high for resins from 

F1+F2. In the application, a reduced organic fraction of 1.7 %, obtained in sample analyses, 

will be used for F1+F2. These results are used to estimate the historical accumulations of 

C-14. The procedure is outlined in Appendix 23. 

 

Table 14. Summary of regression of accumulation factors vs. xa-parameter for BWR CCU. 

Regressions 5-7 are not used. See Appendix 22 for details. (X-1, sheet Table). 

The normalization to EFPH can be interpreted in two ways: Either a normalization to the 

production of C-14 or to the amount of condensate cleaned
35

. 

Figure 3 shows the plot of the accumulation factor vs. the amount of anion equivalents
36

 

normalized to the condensate amount cleaned, parameter xc. The regression function and the 

                                                 
33

 Numbers in parenthesis refer to the regressions in Table 14. 
34

 Batch means; for individual samples the regression is poor (7). 
35

 For a given plant configuration, with respect to FP or no FP, the amount of condensate cleaned is proportional 

to EFPH. 

Regression from Coefficient a , (Bq/anion equiv.)/MWth Org. Standard deviation Used for

Nr Unit Total Inorganic Organic  fract. Total Inorganic Organic

1 O3 8.84E+02 8.71E+02 1.30E+01 1.5% 8.8% 8.8% 18% O3, F3

2 R1 7.89E+02 7.71E+02 1.83E+01 2.3% 13% 13% 18% R1

3 O3 F3 R1 8.23E+02 8.06E+02 1.69E+01 2.1% 7.2% 7.4% 11% B1+B2; O1+O2 before 2001

4 O1+O2 2.94E+02 2.72E+02 2.23E+01 7.6% 16% 17% 33% O1+O2 from 2001 onwards

8 O1+O2 F1+F2 3.17E+02 2.72E+02 5.47E+00 1.7% 10% 11% 41% F1+F2 with adj. org. fract. 
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regression coefficient are the same as for the xa-regression. The calculation details can be 

found in Appendix 22. 

 

 
Figure 3. Regression of the accumulation of C-14 in BWR CCU resins as a function of the 

parameter xc, anion equivalents/kg condensate cleaned. (A-2, sheet D3 f). 

 

These two regression models may be used to estimate the historic and future accumulation of 

C-14 in CCU resins when the use of CCU resins is known, as an alternative to the average 

factors expressed as Bq/MWhth. Se Appendix 23 for calculation details. In Part 2 of this 

report, the normalization to EFPH will be used, since this information is easily available for 

the estimation of historical accumulations. 

 

The regression also implies that the less CCU anion equivalents are used, the less C-14 will 

be accumulated. However, the use of CCU resin is governed by the chemistry specifications 

for the reactor to keep feed water and reactor water sufficiently clean and not to minimize the 

accumulation of C-14. Hopefully, a compromise between these two purposes may be 

possible. 

12.2. PWR RWCU Resins (Appendix 5) 
 

The regression analysis described for BWR CCU resins has also been applied to PWR RWCU 

resins; see Appendix 5, Chapter A5.4.10 for full details. The regression coefficients are lower 

than for BWR CCU, but still good; see Table 15. Figure 4 shows the regression for the 

organic fraction from all samples from all PWR units. 

 
Table 15. Summary of regression of accumulation factors vs. the parameter xa for PWR 

RWCU. (R234-1, sheet Accrat). 

                                                                                                                                                         
36

 All C-14 species are assumed to be bound to the anion resin. 
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R1 1 FP
R1 2 FP
F3
Regression; r2= 0.89 ; slope= 3.47E+09 ; σ= 7.6%

Reactor RWCU Unit Total

In-

organic Organic

Organic 

fraction

Std. 

Dev. 

Total 

Std. 

Dev. 

Inorg.

Std. 

Dev. 

Org.

R2-R4 Regression (Bq/anion equivalents)/MWhth 5.79E+03 3.82E+03 2.00E+03 34% 14% 18% 10%

1-param r2 0.74 0.64 0.85
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Figure 4. Regression of accumulation of organic C-14 vs. the parameter xa: anion equivalents 

normalized to the energy production in EFPH. (R234-1, sheet D regr x org). 

 

This fit indicates that there is a saturation effect with respect to organic C-14. A saturation 

effect is also supported by the concentration data in RCS discussed in Appendix 5. 

 

The amount of inorganic C-14 shows the largest variations; probably due to the chemical 

conditions in the end of the fuel cycle and during the shut-down procedure. The main purpose 

of the correlation is to corroborate that there seems to be a saturation effect with respect to 

organic C-14 in the RWCU resins. 

 

13. Discussion 

13.1 General 
The results obtained in this study comprise many individual samples (5-173) per unit or pair 

of units) collected over some 5-7 years; cf. Table 4 and Summary Table 3. The larger number 

of samples and the longer time period covered are factors favoring the results of the present 

study, compared to Ref. 4. However, there are still differences between samples collected at 

different times, both for PWRs and BWRs.  

 

13.2. Comparison with Previous Results by Magnusson et. al. (Ref. 4) 
Table 16 shows a comparison between the results from this study and those from Magnusson 

et. al. The previous results have been corrected for dry substance contents and body-feed of 

inert materials, corrosion products (and for PWR) loading with lithium and boric acid.  
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Table 16. Comparison of the accumulation values in wet resins from Condensate Clean-up 

(BWR) and Reactor Water Clean-up (PWR) as % of production from this study and corrected 

values from Ref. 4. (A-2, sheet SUMTAB).  

 

Some values from this study are higher than from Magnusson et. al., while others are lower. 

This pattern can be explained by  

 

1 All units were not sampled in the previous study. E.g. unit B2 was used as 

reference plant for O1, O2 and R1. F3 was used as reference plant for O3 

 

2 This study has analyzed substantially more samples covering longer 

operating periods covering start-up, operation and shut-down 

 

3 The accumulation in BWR condensate clean-up resins depends on the 

parameter xa, as described above 

 

4 The organic fractions found in this study are usually lower than previously 

found; however, the PWR units show almost the same values. A possible 

explanation for the scatter in the BWR values may be the low concentrations 

in the resins. The organic fractions for the PWR resins show less scatter than 

for the BWR resins. 

 

5 The samples from F1 were collected early in the handling chain, which 

overestimated the concentration, compared to this study, where the samples 

have been collected prior to drying and solidification 

 

 

13.3. CCU Resins from BWR units 
Figure 5 summarizes the results for CCU resins from the BWR-units.  

 

F1 and F2: The values obtained for wet resins are appreciably lower than those reported in 

Ref. 4. The concentrations of C-14 (mainly the inorganic fraction) in the resin samples vary 

over the period sampled. The organic concentration shows less variation. There is no obvious 

explanation for this, but it might be an indication on variations in air bubbling or sampling. 

The best estimate accumulation is 0.93 %. Table 6 gives a numerical overview of the various 

calculation models used, together with standard deviations. The variations in concentration 

may be found in Figure A1-4. The dried resins have appreciably lower concentrations, and 

This study Ref. 4, corrected for dry substance and body-feed This study

Unit Accumulation, % of production Organic Accumulation, % of production Organic Sample 

Total Inorganic Organic fraction Total Inorganic Organic fraction from

F1 + F2 0.93% 0.92% 0.016% 1.7% 5.1% 4.3% 0.82% 16% F1*

F3 2.6% 2.5% 0.044% 1.7% 1.7% 1.3% 0.40% 24% F3

F1+F2 dried 0.0068% 0.00062% 0.0062% 91%

F3 dried 0.031% 0.0022% 0.029% 93%

O1 + O2 0.49% 0.47% 0.026% 5.2% 0.50% 0.42% 0.080% 16% B2

O3 2.3% 2.2% 0.032% 1.4% 1.7% 1.3% 0.40% 24% F3

(B1 +) B2 4.3% 4.2% 0.088% 2.1% 0.50% 0.42% 0.080% 16% B2

R1 3.8% 3.7% 0.11% 2.8% 0.50% 0.42% 0.081% 16% B2

PWR 3.3% 2.3% 1.0% 30% 5.4% 3.9% 1.5% 29% R2+R3

* The samples analyzed in Ref. 4 were collected early in the handling chain which overestimated

    the concentration, compared to this study
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contain some 90 % organic C-14. The values for dried resins are most likely representative for 

the resins going to SFR1. 

 

 

 
Figure 5. Summary of accumulation of C-14 in wet CCU resins (blue bars, left axis) and dried 

resins (black bars, right axis) from the present report. (A-2, sheet D BWR tot% all). 

 

F3: The wet resins from F3 show less scatter in the concentration values than those from F1 

and F2; Figure A2-4. Table 7 gives a numerical overview of results, together with standard 

deviations. The accumulation of C-14 amounts to 2.6 %, and is somewhat higher than the 

value obtained for its sister plant O3. The dried resins have appreciably lower concentrations, 

but contain some 90 % organic C-14. The values for dried resins are most likely 

representative for the resins going to SFR1. 

 

O1 and O2: The accumulation values obtained for O1 and O2 are at the low end of the range. 

The values for individual tanks scatter between almost 0 and 2.7 % with an average around 

0.49 %. Table 8 gives a numerical overview of the four sampling campaigns together with 

standard deviations. 

 

O3: The results from O3 are based on resins used in 2009 to 2014. The accumulation is 

2.3 %; somewhat lower than the value for its sister plant F3. Table 9 gives a numerical 

overview of the values for the tanks sampled, together with standard deviations. 

 

B1 and B2: The accumulation values obtained for B1 and B2 are recalculated from Ref. 3 and 

4. The accumulation is 0.87 %, about 50 % higher than for O1+O2. The value may be too 

low, since the samples were collected close to the surface of a concrete tank, where some of 

the C-14 may have been volatilized. An upper bound of 4.3 % is obtained, using the xa-

correlation. The organic accumulation factor is almost identical for the two calculation 

models. 

 

R1: The sampling for R1 also includes sampling of initial and final amounts of resin in the 

storage tank, enabling the calculation of mass balances for separate fuel cycles. The results for 
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R1 are in the high end of the BWR range. The results for 2009 and 2013-2014 differ almost a 

factor of five from the 2009 results, peaking at 7.3 %. The average value is 3.8 %. Table 11 

gives a numerical overview of the values for the individual cycles, together with standard 

deviations. Figure A4-32 shows that the total and inorganic concentrations are fairly stable 

over time. However, the organic concentrations show more variation. 

 

Actually, the points used for the regression in Figure 2 indicate that the xa-value is the most 

important factor governing the accumulation. 

 

Remaining organic C-14 on the resins after extraction: For the BWR, the organic fraction 

is in the range 1-5 %, which is lower than most of the results reported in Ref. 4. The reason 

for this difference is unclear. Several resin samples, representing all units and resin types have 

been combusted to release any C-14 remaining in the resin after the wet extraction. All 

samples combusted have had <5 % of the organic fraction left. See Appendix 17 for details. 

 

Explanation to (some of) the variations in C-14 accumulation 

The variations in accumulation may be explained by the use of different amounts of CCU 

anion resin to clean the condensate, and the parameter xa, as described in the previous chapter. 

Actually, the variations in accumulation factors can be explained by two main sets of 

regression parameters: 

 

 One set for resins without efficient air bubbling; O3, F3 and R1 (also to be used 

for B1+B2) 

 One set for resins with efficient air bubbling; O1+O2 and F1+F2 

 

 
Figure 6. Summary of regression input data and the two main regression lines based on O3, 

F3 & R1 and O1+O2 and F1+F2, respectively. (X-1, sheet D 2 tot). 

 

Figure 6 shows all input data points and the two main regression lines. The sample from the 

back-flushing tank in F1, prior to air bubbling, with an appreciably higher accumulation 

factor than the resins in the F3 WHB, indicates the efficiency of a vigorous air bubbling. 
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These regression models may be used as an alternative model to estimate historic and future 

accumulations of C-14, based on the value of the parameter xa. The correlation has been 

performed for total, inorganic and organic C-14, respectively.  

 

The reason why O1+O2 and F1+F2 fall below the regression line is probably due to the air 

bubbling used to homogenize spent resin slurry stored in tanks. The carbon dioxide in the air 

lowers the pH-value in the weakly buffered water. The pH-value is sufficiently low to allow 

carbonate on the resins to be converted to carbon dioxide, which is released to the water and 

blown away with the air.  

 

However, tests at Ringhals 1 did not show any significant release of C-14 when the 

Condensate Clean-up resins were air bubbled. The reason for this is most likely that the ratio 

of air to resin mass is lower than for F1+F2 and O1+O2 or a higher pH-value. O3 used air 

bubbling only intermittently. F3 has no provisions for air bubbling in its storage tank. 

 

The large variations between samples for O1+O2 make it likely that air bubbling and the pH-

value in the storage tank water are factors contributing to a low accumulation of C-14.  

 

The releases of C-14 to air during shut-down strongly indicates that there is a substantial 

release from the resins in the WHB. See Appendix 18 for the full text. Table 17 in the 

following chapter shows data supporting this explanation. 

 

13.4. PWR units 
One important result is the recalculation of the results from Ref. 4, based on a too high resin 

density. This recalculation, also including a correction for dry weight determination in the 

samples, reduces the accumulation to some 80 % of the previously reported values.  

 

The values obtained in this study show a scatter between the units; R4 has the highest values 

and R2 and R3 the lowest. This may be explained as an effect of differences in operational 

and chemical parameters, mainly pH, in the reactor coolant and the RWCU. After the SG 

replacement in 2011, R4 has operated at the same pH-value as R2 and R3. Appendix 20 

discusses the stability of various C-14 compounds by means of Pourbaix diagrams. In 

Appendix 5 the following possible sources for the variations between units and cycles are 

discussed: 

 

1) The sampling procedure. The sampling procedure may be one factor; the “fishing” with a 

liquid scintillation vial in a transport vessel without stirring may yield varying proportions 

between cation and anion resins. The anion resin has a slightly lower density than the cation 

resin. There is a possibility that the anion resin has been enriched in the top part of the 

transport vessel prior to the sampling, leading to an overrepresentation of anion resin, which 

will overestimate the accumulation of C-14
37

. 

 

On the other hand: If the majority of the anion resin is in one or a few transport vessels, it 

may lead to an underrepresentation of the anion resin, leading to un underestimation of the 

accumulation. To account for these possibilities, the PWR samples have been assigned a 

sampling uncertainty of 30 %, which dominates the uncertainty in the accumulation for single 

years. However, summing all the accumulations reduces the uncertainty to some 10 %. 

 

                                                 
37

 C-14 is assumed to be bound to anion resin. 
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2) Differences in primary chemistry between the units. Starting in 2012, all resins were 

from units operating under the same pH-regime at 300 ⁰C. Earlier, R4 operated at 7.25, while 

R2 and R3 operated at 7.40. 

 

3) Low concentration of inorganic C-14 (carbonate system) in the RWCU in the first few 

months of a fuel cycle. It may apply to R2 in 2012 with only four months of operation. See 

Appendix 20 for a more thorough discussion. 

 

4 (Non)-saturation of the resin with organic (acids)
38

 C-14. It may also apply to R2 in 2012 

with only four months of operation. This concept is supported by the correlation for the 

organic accumulation shown in Figure 5. 

 

5) Cold shut-downs followed by extensive boron dilution during restart. It may apply to 

R3 in 2011. 

 

6) The amount of resin in the RWCU. This behavior seems to be of minor importance. 

However, cf. point 10) below.  

 

7) High pH in the RWCU system at the end of a fuel cycle. It depends on the extent of 

coast-down operation and the final boron concentration in the RC. 

 

8) Exposure of the RWCU resin to acidic and oxidizing conditions at shut-down. It 

depends on when the operational RWCU resin is taken out of operation and replaced by the 

shut-down RWCU resin. It may differ between the units and from cycle to cycle. 

 

9) Possible formation of inorganic C-14 from organic acids accumulated on the ion 

exchanger by decarboxylation or oxidation by the radicals formed by irradiation of 

water. This is a speculative explanation, but possible, since there is a strong radiation field 

within the spent ion exchange resin during operation. Yim and Caron (Ref. 11), hold this as a 

possible alternative. 

 

                                                 
38

 In R3 and R4 formate, acetate and oxalate have been detected in the concentration range 1-10 ppb during 

operation and > 100 ppb during shut-down and start-up transients. See Appendix 20 and Attachment File R234-3 

with data from the Ringhals Chemistry Data Base. 
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Figure 7. Summary of the accumulation of C-14 in PWR RWCU resins from the present study 

and corrected values from Ref. 4 (2001-2003). (R234-1, sheet D New Summary). 

 

10) The amount of anion equivalents normalized to EFPH (energy production); 

parameter xa. Chapter 12.2 shows a fairly good correlation for the organic accumulation to 

the parameter xa. Effects of the high pH-value in the RWCU at the end of a cycle with coast-

down or the exposure to acidic conditions during shut-down may be the factors reducing the 

accumulation. 

 

Figure 7 shows a summary of the results for the PWR units, where the variations also may be 

seen. Table 6 gives the numerical values including the standard deviations. The accumulation 

for all three units is 3.3 % with an organic fraction of 30 %, which is in good agreement with 

the previous results. Taking credit for the release of C-14 at shutdown from the R1 WHB (see 

next chapter), the accumulation may be some 20 % lower, or some 3.0 % of the production. 

 

13.5 Release of C-14 from Ion Exchange Resins in Storage Tanks 
General. For some units there are large variations in the concentrations of inorganic C-14 

(carbonate system); see Appendix 1 for F1+F2 and Appendix 3 for O1+O2. The reason for this 

is not quite clear, but air bubbling of the contents in the storage tanks is a plausible 

explanation. The addition of powder resin from the WPCU system may also effect a dilution, 

which may explain part of the variations. 

 

Appendix 8 discusses this topic in detail; it also shows that the simple organic acids will 

remain on the resins during air bubbling, which also has been found in most samples, even 

those with a low carbonate concentration. 

 

13.5.1. O1+O2. 
Figure 8 shows pH-values measured in the storage tanks at O1+O2

39
. The first pKa-value

40
 

(6.37) for the carbonate system is also indicated. As many as 18 values out of 23 are below 

                                                 
39

 Measurement of pH-values in the range 5 to 8 is very difficult in the weakly buffered waters in the storage 

tanks. 
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the pKa-value, which supports the explanation given above. Of these values, eleven are within 

0.2 pH-units from the theoretical value for water in equilibrium with carbon dioxide in air, 

5.5. 

 

On the other hand, two values are above 7.1, where non-volatile hydrogen carbonate is the 

dominating species. Such variations in the pH-value may explain the scatter in measured 

concentrations of C-14. These higher pH-values may be caused by floor drain water, 

containing detergents. See first footnote in Appendix 3 for details. 

 

The “bubbling effect” is supported by the release rate of C-14 to the air when the reactor is 

shut down. Appendix 18 analyzes the C-14 releases from O1 and R1 during long shut-downs, 

where the only source for releases of C-14 comes from ion exchange resins in storage tanks
41

. 

Table 17 shows a summary of releases from O1 in 2011-2013. For O1 the release rate is about 

nine times higher than the measured accumulation rate in CCU resins. The only reasonable 

source for this release of C-14 must be the tanks holding the CCU resins from O2 in the WHB 

of O1. There is probably a fairly large uncertainty in the factor nine, since there are 

uncertainties in the measured releases as well as in the calculated production rate. However, 

Table 17 gives a strong indication that there is a release from spent resins stored in the WHB 

collection tanks. 

 

 
Figure 8. pH-value in storage tanks for powder resin at O1+O2, August-September 2011  

(A-7, sheet D pH O12). 

 

The accumulation results given in Table 8 are not affected by these releases, since the 

sampling is done when the resins are transferred to the concrete tanks for SFR1. 

 

                                                                                                                                                         
40

 For “carbonic acid”: when the pH-value is below the pKa-value, it will almost completely decompose into 

gaseous carbon dioxide and water; see Appendix 8 for details. 
41

 The WHB in O1 handles all resins from O1 and O2. The ventilation air from the storage tanks is released via 

the O1 main stack. P. Arvidsson, OKG, Pers. Comm. November 2013. 
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Table 17. Summary of C-14 releases from O1 during shut-down November 2011-April 2013. 

(O12-6, sheet Summary). 

 

The information in Figure 8 and Table 17 supports that the variations in the C-14 

concentrations in the CCU resins in O1+O2 is due to the air bubbling and the pH value in the 

water. Furthermore, the CCU resins are also mixed with resins from the WPCU and, in some 

cases, fresh powder resins to reduce the activity of fission and/or corrosion products in the 

water. 

13.5.2. R1-R4. 
The samples of PWR resins are taken when they arrive in the WHB of R1. In the WHB the 

resins are stored in a tank which is regularly air bubbled. A study of the release rates from 

R1during shut-down (Table 18), similar to that for O1 above, has yielded the results in Table 

18. It includes all years from 2002 to 2013.The long shut-down in 2009-2010 is of special 

interest, since there were no spent CCU resins from R1 in storage during that period (see 

Appendix 18 for details). Since R1 has a simple delay system for the off-gases without 

charcoal columns
42

, there are no other sources for releases of C-14 than the resins in storage. 

The release rate in 2009-2010 has been compared with the average production rate in the 

PWR units in the period 2002-2012. It amounts to 0.83 %. It means that there most likely is a 

reduction in the accumulation values for the PWR units in Table 13 from 3.3 % to some 

2.5 %-3.0 %, i.e. some 25 % lower. 

 

The accumulation in the solidified CCU resins from R1 is not expected to have any 

appreciable reduction from the values in Table 11, based on the two last rows in Table 18. 

 

  
Table 18. Summary of C-14 releases from R1 during shut-down periods. 

(R1-5, sheet Rel rate). 

 

                                                 
42

 Ref. 10 describes situations in F1 and F2 where carbon dioxide is significantly accumulated in the off-gas 

delay system with charcoal columns. 

C-14 Release C-14 calc. Prod No-op. release,

Start End

Inorganic 

Bq

Organic 

Bq

Total     

Bq O1, Bq O2, Bq

 Fraction of O2 

production

2011-11-01 2013-04-15 9.93E+09 1.23E+10 2.23E+10 Incl. O1 reactor op.

2011-11-01 2013-04-02 8.77E+09 1.20E+10 2.08E+10 O1 no operation

2011-11-01 2013-04-15 1.17E+09 3.40E+08 1.51E+09 2.53E+09 4.41E+11 From reactor operat.

2011-11-01 2013-04-15 1.98E+10 4.5% Release -calc. O1 prod.

Accumulation in CCU after release to air, from Table 6 0.49%

Fraction released of originally accumulated C-14 90%

Unit

Release rate 

during shut-

down

Inorg.      

C-14, 

Bq/s

Organic    

C-14, 

Bq/s

Total       

C-14, 

Bq/s

Orga-

nic 

fraction

Mean 2002-2013 3.81E+02 6.69E+01 4.48E+02 15%

2009-2010 2.03E+02 3.28E+01 2.36E+02 14%

Fraction of production rate

Inorg. Org. Total

R1-R4 Mean 2002-2010 0.95% 0.17% 1.1% 15%

R2-R4 2009-2010** 0.72% 0.12% 0.83% 14%

** No CCU resins in tanks
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14. Variations between Fuel Cycles and Uncertainty in 
Calculated Values 
 

 
Table 19. Summary of Mean, maximum and minimum values for total and organic 

accumulation, together with the ratios Max/Mean in BWR-CCU and PWR-RWCU. 

“Accumulation” refers to accumulation in a limited amount of resin, which can be related to 

a certain operational period. This calculation was not possible to perform for F1+F2 and F3, 

since the collection tanks never were emptied during the sampling period. As a substitute, the 

variations in concentrations have been used. For further information, please see the text.  

(A-2, sheet MEANMAX). 

 

The variations between the fuel cycles have already been discussed in the previous paragraph. 

Table 19 shows the mean, maximum and minimum values for the accumulation over the fuel 

cycles studied. The number of cycles in the study is also included. For the units F1+F2 and F3 

it is not possible to attribute the accumulation to separate cycles. The reason for this is the 

handling of resin; the storage tanks for the resin have not been emptied between the cycles 

(see Appendix 1, 2 and 14). As a substitute, the ratios between the maximum and the mean 

concentration have been calculated. For the PWRs, a grand mean including all the units has 

also been calculated.  

 

In general, the ratios Max/Mean for the accumulations are between 1 and 2. The concentration 

ratios are larger for F1+F2 and F3 than the accumulation ratios for the other units. It is more 

difficult to explain, but a possible influence from the sampling has been discussed previously. 

 

 

For the PWRs, the largest variation is in the organic accumulation, where R2 has the highest 

value in 2012. The reason for this is discussed in Appendix 5 and in the chapter “Discussion”. 

 

Table 20 also shows the standard deviations for the accumulation factors given in Table 19. 

The organic factors usually have higher standard deviations than the inorganic. This is mainly 

due to the lower activity in the organic samples and the resulting larger standard deviation in 

the activity counting. In some cases, the scatter between the subsamples determines the 

standard deviation, rather than the compounded standard deviation in the counting of the 

Total accumulation

 % of production

Organic accumulation

 % of production Concentration

Unit Period

Num-

ber 

of cy-

cles* Mean Max Min

Accu-

mula-

tion 

Total 

Max/ 

Mean Mean Max Min

Accu-

mula-

tion 

Orga-

nic 

Max/

Mean

Conc. 

Total 

Max/ 

Mean

Conc. 

Orga-

nic 

Max/ 

Mean Comment

F1 + F2 2009-2013 10 3.0 3.0 Not possible to keep resins  from

F3 2009-2014 3.5 2.5 1.8  different cycles separated

O1 + O2 2008-2013 8 0.49% 0.63% 0.30% 1.3 0.026% 0.087% 0.0090% 3.4

O3 2009-2014 5 2.3% 5.3% 0.72% 2.3 0.032% 0.12% 0.011% 3.6

R1 2009-2015 7 3.8% 7.3% 1.7% 1.9 0.11% 0.15% 0.056% 1.4

R2 See 7 3.1% 5.8% 1.7% 1.9 0.93% 2.9% 0.53% 3.1 2003 (2 cy); 2008; 2010; 2012-2014

R3 Comment 7 2.7% 5.4% 1.4% 2.0 0.79% 1.6% 0.30% 2.0 2003; 2008; 2009; 2011-2014

R4 See 5 4.4% 8.5% 1.5% 1.9 1.3% 2.2% 0.49% 1.7 2009; 2011-2014

PWR Comment 19 3.3% 8.5% 1.4% 2.6 1.0% 2.9% 0.30% 3.0 One sample per cycle

* Cycles included in accumulation calculations; for F1 + F2 some resins were produced before the sampling campaign
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subsamples. The standard deviations also include a 10 % standard deviation in the amount of 

resins. 

 

The standard deviations are in the range 3-13 % for the inorganic factors and 3-20 % for the 

organic factors, except for B1+B2 and dried resins from FKA. 

Table 20 also shows that the BWR units have been sampled for altogether 33.5 fuel cycles, 

corresponding to 22.4 Equivalent full Power Years (EFPY). The PWR units have been 

sampled for 19 cycles corresponding to 14.7 EFPY. 

 

Despite the variations between individual fuel cycles, the most important feature for the SFR1 

repository is the accumulated activity over time. For the units where the variations between 

the cycles are easy to follow (O1, O2, O3, R1, R2, R3 and R4), there is a tendency that the 

average stabilizes over the time period studied, according to “the law of large numbers”.  

 

In general, the ratios Max/Mean for the accumulations are between 1 and 2. The concentration 

ratios are larger for F1+F2 and F3 than the accumulation ratios for the other units. It is more 

difficult to explain, but a possible influence from the sampling has been discussed previously. 

 

For the PWRs, the largest variation is in the organic accumulation, where R2 has the highest 

value in 2012. The reason for this is discussed in Appendix 5 and in the chapter “Discussion”. 

 

 

 
Table 20. Summary of Equivalent Full Power Years (EFPY) and standard deviations in the 

calculated accumulation factors. (A-2, sheet STDEV). 

 

Table 20 also shows the standard deviations for the accumulation factors given in Table 19. 

The organic factors usually have higher standard deviations than the inorganic. This is mainly 

due to the lower activity in the organic samples and the resulting larger standard deviation in 

the activity counting. In some cases, the scatter between the subsamples determines the 

standard deviation, rather than the compounded standard deviation in the counting of the 

subsamples. The standard deviations also include a 10 % standard deviation in the amount of 

resins. 

Unit

Sampling 

period

Number 

of 

cycles* EFPY

Std.dev. 

Total

Std.dev. 

Inorg.

Std.dev. 

Org Comment

F1 + F2 2009-2013 10 8.38 13% 13% 14% Wet resin;   ***

F1 + F2 2009-2013 10 8.38 22% 110% 24% Dried resin; ***

F3 2009-2014 3.5 3.63 4.9% 4.9% 7.2% Wet resin;   ***

F3 2009-2014 3.5 3.63 15% 43% 17% Dried resin; ***

O1 + O2 2008-2013 8 3.79 2.3% 2.3% 9.5%

O3 2009-2014 5 2.90 2.9% 2.9% 8.1%

B1+B2 ** ** ** 13% 16% 23%

R1 2009-2015 7 3.68 6.5% 5.2% 27%

BWR 33.5 22.4

R2 See 7 5.22 19% 22% 17% 2003 (2 cy); 2008; 2010; 2012-2014

R3 Comment 7 5.33 14% 14% 13% 2003; 2008; 2009; 2011-2014

R4 5 4.12 17% 17% 16% 2009; 2011-2014

PWR 19 14.7 8.4% 8.9% 7.7% One sample per cycle

BWR + PWR 52.5 37.1

* Cycles included in accumulation calculations; for F1 + F2 some resins were produced before the sampling campaign

** Not possible to relate the samples to a specific operating period, due to post-operational sampling 

*** Not possible to keep resins  from different cycles separated
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The standard deviations are in the range 3-13 % for the inorganic factors and 3-20 % for the 

organic factors, except for B1+B2 and dried resins from FKA. 

 

Table 20 also shows that the BWR units have been sampled for altogether 33.5 fuel cycles, 

corresponding to 22.4 Equivalent full Power Years (EFPY). The PWR units have been 

sampled for 19 cycles corresponding to 14.7 EFPY. 

 

Despite the variations between individual fuel cycles, the most important feature for the SFR1 

repository is the accumulated activity over time. For the units where the variations between 

the cycles are easy to follow (O1, O2, O3, R1, R2, R3 and R4), there is a tendency that the 

average stabilizes over the time period studied, according to “the law of large numbers”.  

 

 

15. Accumulation Factors 
Table 21 summarizes the accumulation factors obtained in this study. For PWR, the corrected 

results from Ref. 4 are included in the mean values in Table 21. The factors are expressed as a 

percentage of the production and as Bq/MWhth. The latter approach is the best one, since 

there are some uncertainties associated with the calculated production rates (see footnote to 

Table 2). The standard deviations in the values are shown in Table 20. The factors are also 

separated for total, inorganic and organic C-14.  

 

 
Table 21. Summary of accumulation factors for C-14 in CCU resins for BWR and in RWCU 

and all resins for PWR. The yellow-marked values are for dried resins in F1+F2 and F3.  

(A-2, sheet FactorsSFR). 

 

In Appendix 33, a summary is given of the accumulation of C-14 in the resins analyzed. 

 

 

19. Acknowledgements43  
Many persons have contributed to this report. First to be mentioned are all those persons 

involved in waste handling, record keeping and sampling, who have made it possible to 

perform the analyses. 

 

                                                 
43

 Chapters 16, 17 and 18 are in Part 2. 

Accumulation, % of production Accumulation, Bq/MWhth

Unit(s) System Total Inorganic Organic Total Inorganic Organic

F1+F2 332 0.93% 0.92% 0.016% 2.30E+02 2.26E+02 3.97E+00

F3 332 2.6% 2.5% 0.044% 6.12E+02 6.01E+02 1.06E+01

F1+F2 332 0.0068% 0.00062% 0.0062% 1.67E+00 1.53E-01 1.52E+00

F3 332 0.031% 0.0022% 0.029% 7.45E+00 5.25E-01 6.92E+00

O1+O2 332 0.49% 0.47% 0.026% 1.03E+02 9.74E+01 5.29E+00

O3 332 2.3% 2.2% 0.032% 4.15E+02 4.09E+02 5.95E+00

B1+B2 332 4.3% 4.2% 0.088% 8.54E+02 8.36E+02 1.76E+01

R1 332 3.8% 3.7% 0.11% 8.64E+02 8.40E+02 2.43E+01

R2+R3+R4 334 3.3% 2.3% 1.0% 4.95E+02 3.50E+02 1.46E+02

R2+R3+R4 All 4.9% 3.4% 1.5% 7.47E+02 5.19E+02 2.28E+02
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21. Attachment Files 
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A-1 Sammanställning C14-Projekt TSkorr Excel 97-2003 
A-2 Summary C-14 rev 3 Excel 2007 
A-3 Provhistorik maj 2013 Excel 97-2003 
A-4 Energiproduktion Excel 97-2003 
A-5 Sampling rev 15 Power Point 2007 
A-6 Composition of standard deviation rev 1 Excel 2007 
A-7 pH-studie Excel 97-2003 
A-8 carbonate system pH-concdiagram Excel 97-2003 
A-9 TS jämförelse omg3 Excel 97-2003 
A-10 Combustion Excel 2007 
A-11 Myrsyra test Excel 2007 
B-1 NOT USED  
B-2 BKAB rev 2 Excel 2007 
F12-1 F12 C-14 ack Excel 97-2003 
F12-2 Logg FKA backspolning Excel 97-2003 
F12-3 F12332massor rev 2 Excel 97-2003 
F12-4 Studiebesök på Forsmark 2011 Word 2007 
F12-5 Forsmark filters väg till prov Power Point 2007 
F12-6 Tavelbild från Forsmark 20111130 jpg 
F12-7 RAV2012.xlsm Excel 97-2003 
F12-8 Kopia av Loggböcker F3 TD42 TC56 TC58 2012 Excel 97-2003 
F12-9 FKA drying rev2. Excel 2007 
F3-1 F3 C-14 ack Excel 97-2003 
F3-2 C-14 i avfallsskorsten Excel 2007 
F3-3 KOKILLER med c-14mätning i frånluft Excel 2007 
FKA-1 Fortsatt Provtagningsprogram för Forsmark Word 97-2003 
FKA-2 Nya loggböcker för Forsmark Word 97-2003 
FKA-3 Loggbok T42-T43 Excel 97-2003 
FKA-4 Loggbok F3 TC56 Excel 97-2003 
FKA-5 Loggbok F3 TD42 Excel 97-2003 
O12-1 Provtagning O1_O2 Excel 97-2003 
O12-2 O12 C-14 ack 1 Excel 97-2003 
O12-3 O12 del 2 Excel 97-2003 
O12-4 O12 C-14 ack 2 Excel 97-2003 
O12-5 O12 C-14 ack3 Excel 2007 
O12-6 C-14 utsläpp från O1 och O2 arbex3 Excel 2007 
O12-7 O12 C-14 ack 4 Excel 2007 
O3-1 O3 original Excel 2007 
O3-2 O3 C-14 ack Excel 97-2003 
O3-3 O3-332original Excel 2007 
O3-4 O3 KRA PO Aronsson Excel 2007 
R1-1 R1 T41-Provtagningslogg C14 Excel 97-2003 
R1-2 R1 C-14 ack 1 Excel 97-2003 
R1-3 R1 C-14 ack 2 Excel 2007 
R1-4 R1 C-14 ack 3 Excel 2007 
R1-5 R1 C-14 luft arbetsex Excel 2007 
R1-6 RAB thermal energy Excel 2007 
R234-1 PWR C-14 rev 7 Excel 97-2003 
R234-2 pH Summary may 2004 PWR Excel 97-2003 
R234-3 ORGANISKA SYROR RC PWR Excel 97-2003 
X-1 Regr BWR Excel 2007 
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X-2 Appendix 33 Excel 2007 
X-3 Concentrations Excel 2007 
X-4 Accplot Excel 2007 
H-1 PWR historik rev 9 Excel 2007 
H-2 R1 historik rev 5 Excel 2007 
H-3 O3 historik rev 5 Excel 2007 
H-4 O1 historik rev 5 Excel 2007 
H-5 O2 historik rev 3 Excel 2007 
H-6 F1 historik rev 2 Excel 2007 
H-7 F2 historik rev 1 Excel 2007 
H-8 F3 historik rev 2 Excel 2007 
Y-1 JBmassor kapacitet Excel 2007 
Y-2 Rapportformulär rev 6  Excel 2007 
Y-3 S KB databas rev 1 Excel 2007 
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APPENDIX 1 
Results from F1 and F2: Accumulation in Wet CCU 

Resins 

A1.1. Resin Handling 
All calculations for F1 and F2 are included in an excel-book. It can be found as Attachment 

File F12-1 to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A1-1. Overview of handling of spent powder resin at F1 and F2. 

44
 (A-5, pict. 8). 

 

In the Condensate Clean-up system (CCU) of F1 and F2 (10 filters per unit), 80 kg powder 

resin (carboxylic resin in cation part) + 10 kg of inert material is loaded and operated for 

periods usually ranging from 6 to 16 weeks. 

 

When the resin is exhausted, it is flushed via a temporary storage tank in the unit (back-

flushing tank) to either of two tanks in the unit F1 WHB, 342T42 and T43. These tanks are 

mixed by air bubbling. From these tanks, the resin is transferred in a shielded transport vessel 

(T80 with a stirrer) via tank 343T2 (with a stirrer) to tank TC56
45

 (with a stirrer) in the WHB 

at F3. A schematic overview is given in Figure A1-1. The resins are stored in 342T42 and –

T43 for 1-2 years before transport to the F3 WHB. 
  

From the storage tank TC56 (continuously stirred) resin is brought to a dryer/evaporator, 

where the concentration of dry solids is increased to a proper value before solidification in 

bitumen. The dryer/evaporator also receives concentrate from the evaporation of waste 

waters, i. a. floor drains. This concentrate may also contain some C-14; however, this activity 

is not covered by this study. In connection with the transfer from TC56 to the dryer, a sample 

is withdrawn. It is also possible to take a sample without a transfer for solidification. (This 

text is also found in Appendix 14). 

                                                 
44

 Christina Lillfors-Pintér: Report from visit to FKA 2011-11-30. See Attachment file F12-4, -5 and -6. 
45

 Tank TC56 is not the normal storage tank for resins from F1+F2. Normally these resins are mixed with the 

corresponding resins from F3. However, TC56 was used during the sampling campaign to keep the F1+F2 resins 

separated from the F3 resins. Annelie Jansson, FKA, personal communication, November 2015. 

 

 
 

Sampling of Condensate Clean-up Ion 
Exchangers in Forsmark 1 and 2 BWR

Ion exch. in 
condensate
system; F2

Storage tank 
in F3 waste

building TC56

Heat drying
/evaporation

Temporary
storage tank in 

unit (back-
flushing tank)

There are totally 10 filters  in parallell per unit. The ion exchange resin is dis-
carded with an interval of some 6-16 weeks. 
The resin is flushed to a temporary storage tank (back-flushing tank) in the unit. 
From this tank, the resin is pumped to either of the storage tanks in unit F1 WHB 
(342T42 and T43; with air bubbling). In campaigns, the resin is pumped via 
343T2 to a shielded transport vessel T80 with a stirrer and brought to the Waste 
Building at F3, where it is dumped into a storage tank TC56.  After mixing by 
stirring, resin is withdrawn to a dryer/ evaporator and mixed with evaporator
concentrate to obtain a proper concentration of dry solids before
bitumenisation.  The dry solids contents is determined from a sample , which
also is used for analysis . A mass balance may be established from the inflow
and outflow from tank TC56.

Solidifiction in 
bitumen

Transport in 
”lead ball” 

(”kula”)

Evaporator
concentrate

A small sample is 
taken before a batch

is sent to drying

Storage tank in 
F1 WHB  
342T43

Storage tank in 
F1 WHB 
342T42 

Ion exch. in 
condensate
system; F1

Temporary
storage tank in 

unit (back-
flushing tank)

Filter

Backflush Tank
T42/T43

T2 Lead shielded 

transport vessel
Sampling point

DryerAir 

mixing

Stirring
Constant 

stirring

Sample point of

Ref 4.

The weight estimation is 105 kg/filter 

including inert mass and particles.

F12: The Resins’ Way to Sampling

TC56

Recirculation

of tank before

sampling

.
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A1.2. Mass Balance for Spent Resins 
The record describing the additions and removals of resin in TC56 was delivered as pdf-

copies of a handwritten log book until mid-2011. The data in the log have been transferred to 

an excel-sheet TC56 in Attachment File F12-1. From mid-2011 data have been delivered in 

excel-sheets. The record for resin handling in T42 and T43 are described in Appendix 14.  

 

All resin masses added to T42, T43 and TC56 are given as dry weight (dw), including inert 

filter material and accumulated corrosion products. On the other hand, calculations based on 

annual consumptions of CCU resins have to be corrected for added inert filter material and 

accumulated corrosion products. Table A1-1 shows a summary of such an accumulation, 

which yields a single correction factor, here called the Body-Feed Factor (BFF), which is used 

to multiply the mass of powder resin to obtain the total dry weight, including inert filter 

material and corrosion products. (Sheet BodyfeedF12). 

 

The additions to the storage tanks T42 and T43 in unit F1 are based on an estimate of the total 

dry substance in the back flushed resins, while the removals to F3 WHB are based on 

measured total dry substance, i.e. including corrosion products
46

. This procedure may 

sometimes lead to inconsistencies in the mass balances. 

 
Table A1-1. Calculation of the correction for iron oxide accumulation (BFF). 

 (F12-1, sheet BodyfeedF12). 

 

Figure A1-2A shows the additions, removals and inventories in the CCU resin storage tanks 

T42 and T43 at F1+F2. A more comprehensive description of the data underlying 

Figure A1-2A is given in Appendix 14. The data may be found in Attachment file F12-4. 

From these data it can be seen that both tanks T42 and T43 were simultaneously empty on 

2007-05-07. Further, T43 also was empty on 2009-04-02. Accordingly, the “power history” 

will start on 2007-05-05, since all the resins in T42, T43 and TC56 have been added after 

2007-05-07. It means that the production of C-14 has to be calculated from this date. Since 

                                                 
46

 Pers. Comm., Lena Eriksson, FKA§ May 2013. 

Fresh resins

Resin + 

inert+ 

corr. 

Prod.

Fe3O4 Fe2O3

Fe atomic mass 56 56

O atomic mass 16 16

Iron oxide mole mass 232 160

Iron oxide/Fe 1.381 1.429

Fe in condensate ppb 10 10

ionic fraction 0.1 0.1

Volume filtered m3 1.20E+06 1.20E+06

Iron oxide kg 14.9 15.4

Ionic Fe kg 1.2 1.2

Iron oxide kg 1.49E+01 1.54E+01

Ionic Fe kg 1.20E+00 1.20E+00

Powder resin kg dw/ filter 80 80

Inert material kg dw/ filter 10 10

Powder res.+Inert. Mater. kg dw/ filter 90 90

Total kg dw/ filter 1.06E+02 1.07E+02

Fraction (iron oxide+ionic Fe) 1.52E-01 1.56E-01

Fraction powder resin 7.54E-01 7.50E-01

Total Body-Feed Factor (BFF) 1.33 1.33 1.00
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the filter operational time is at least one month, the production of C-14 in the resins analyzed, 

is assumed to start on 2007-04-01. 

 

 
Figure A1-2A. Additions, removals and inventory in the CCU resin storage tanks at F1+F2. 

(F12-3, sheet D A14-5). 

 

 
Figure A1-2B. The log data for resin storage tank TC56 in graphics. The calculated inventory 

in early September 2009 is slightly negative, due to uncertainties in the added amounts. The 

strong negative values from April 2010 are due to missing additions in the logs. The peaks in 

the curve “Corrected inventory” in April 2009 and September 2010 are corrections 

introduced to bring the additions to TC56 in agreement with the removals from T42+T43. The 

automatically recorded level in TC56 is in good qualitative agreement with the “Corrected 

inventory”. (F12-1, sheet D TC56; data are in Sheet TC56). 

 

Figure A1-2B shows the additions, removals and the inventory in TC56 for the period 2009-

2012. In addition, the samples withdrawn for analyses are also indicated. 13 samples were 
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collected; however, one was too small to analyze. The inventory is given as total dw, which is 

used throughout in the calculations below. Due to insufficient record keeping, this diagram 

has not been updated after November 2011. 

 

The inventory of TC56 based on the logs from the WHB turns slightly negative in April 2010. 

The negative inventory increases through 2010. Since solidifications continue, the inventory 

must be under-estimated. The most likely reason is that additions have not been logged. A full 

discussion of this is done in Appendix 14, where appropriate corrections also are introduced.  

 

The corrected inventory shown in Figure A1-2B, is based on the record for T42+T43 at 

F1+F2. Additional information, supporting this correction, is found in the automatically 

recorded level in TC56, which shows a good qualitative agreement with the corrected 

inventory. The record keeping is further discussed in section “Discussion” below.  

 

 

A1.3. Calculation Models 
From Figure A1-3 below, it is obvious that it is not possible to perform a correct Mass 

Balance calculation since it requires that the whole inventory of resin is completely mixed. 

This requirement is not fulfilled, since three separate tanks (T42, T42 TC56) are involved, 

and it is only the last one in the handling chain, TC56, which is sampled.  

 

To compensate for this, five calculation models may be used:  

 

1) Mass Balance over T42, T43 and TC56, using all samples from TC56  

2) Mass Balance over T42, T43 using TC56, using the initial samples from TC56 with 

the highest concentration (batches F12-09B1, -09B2 and -09B3) (NOT USED)
47

. 

3) Annual use of CCU resins for the years 2008-April 2012, using Maximum 

Concentration  

4) Annual use of CCU resins for the years 2008- April 2012, using Mean Concentration  

5) Annual use of CCU resins for the years 2008- April 2012, using Minimum 

Concentration  

 

 
Figure A1-3. Transport pathways and storage tanks for CCU resins from F1 and F2. All 

transports are intermittent. The storage tank TC56 has continuous mixing by stirring. In 2012 

TC58 was used as a temporary storage volume in order to maintain storage capacity in T42 

and T43 (A-5, pict. 13). 

In early January 2009 the tank TC56 was assumed to be empty. Then resin was added from 

the units F1 and F2 and subsequently removed for solidification. In connection with the 

solidifications (but not all of them) samples were withdrawn for analysis. Since the tank 

                                                 
47

 This calculation model was used only for preliminary calculations. 

To Solidification

Storage tank in F3 
waste building

TC56

F1-342T42

F1-342T43

F1 CCU

F2 CCU

Storage tank in 
F3 waste

building TC58
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content is mixed by stirring (but not air bubbling), it is assumed that the content is fairly 

homogeneous.  

 

Table A1-2 and Figure A1-4 show the concentrations obtained in the analyses of the batched 

samples. These concentrations are used to calculate the quantities of C-14 brought to 

solidification. 

 

 

 
Figure A1-4. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins. Some of the samples are from tank TC58; see Table A1-2 below.  

(F12-1, sheet D F12conc). 

 

 

A1.3.1. Model 1: Calculation using all the samples from TC56 
There is a large variation in the concentrations of C-14 in the resin samples. It is not clear 

whether the variations take place in T42 and T43 or just in TC56. Since the samples were 

taken only from TC56, these concentrations are not necessarily those prevailing in T42 and 

T43. 

Nevertheless, a mass balance calculation is attempted for the period starting 2007-04-01 to 

2012-04-30. Even if this estimate is wrong by a few months, it will give only a marginal 

effect on the calculated accumulation of C-14, expressed as a percentage of the production or 

as Bq/MWhth. 
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Table A1-2. Concentration data used in the calculations. (F12-1, sheet F12acc model 1)

48
. 

 

 

The production of C-14 in F1 and F2 has been calculated from the production rate given in 

the FSAR and the production of thermal energy obtained from the operational reports. The 

energy production is summarized in sheets F1energy and F2energy and in the lower sections 

of Table A1-3, which also summarizes the results for this calculation model. The model 

accounts for the resins being solidified from TC56 and remaining in T43+T42, respectively. 

The resin amount solidified corresponds to the average production in some 3 years. The 

remaining inventory in T42+T43 corresponds to the average production for some 2 years. 

 

 

                                                 
48

 Samples withdrawn for other purposes indicate that the concentration of the resins being back-flushed is 

around 1E7 Bq/kg dw with an organic fraction of about 1 %. (A-1, sheet FKAX+SKB). 

 

Analysis data

Batch End date

Total, 

Bq/kg dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg 

dw Org, %

SD 

tot, %

SD 

inorg, 

%

SD 

org, %

F12-09B1 2009-03-28 1.08E+06 1.07E+06 1.11E+04 1.1% 17% 17% 25%

F12-09B2 2009-05-15 9.45E+05 9.33E+05 1.26E+04 1.3% 1.6% 1.6% 25%

F12-09B3 2009-08-05 1.78E+06 1.76E+06 1.86E+04 1.0% 3.2% 3.1% 28%

F12-10B2 2010-07-10 3.26E+04 3.29E+03 2.93E+04 90% 5.2% 27% 5.7%

F12-10B3 2010-08-31 7.12E+03 3.10E+03 4.02E+03 58% 20% 37% 25%

F12-10B4 2010-10-18 6.98E+03 2.19E+03 4.79E+03 71% 24% 50% 19%

F12-2 2012-05-05 2.58E+06 2.55E+06 3.02E+04 1.2% 1.1% 1.1% 3.7%

F12-6 TC58 2012-05-23 4.40E+06 4.36E+06 3.93E+04 0.89% 1.1% 1.1% 23%

F12-3 2012-06-13 3.01E+06 2.96E+06 4.82E+04 1.7% 1.1% 1.2% 2.6%

F12-5 2012-06-24 3.12E+06 3.04E+06 7.68E+04 2.5% 1.1% 1.1% 2.2%

F12-4 2012-07-12 1.76E+05 1.62E+05 1.39E+04 7.9% 1.4% 1.4% 6.1%

F12-11 2012-08-02 2.08E+04 7.95E+03 1.28E+04 62% 13% 20% 9.9%

F12-7 TC58 2012-08-27 3.73E+04 2.62E+04 1.12E+04 31% 22% 29% 9.4%

F12-1 2012-08-29 6.15E+05 6.00E+05 1.44E+04 2.3% 1.2% 1.2% 7.1%

F12-8 2012-10-29 5.91E+04 4.43E+04 1.47E+04 25% 2.8% 2.9% 7.1%

F12-9 2012-12-10 3.30E+06 3.26E+06 3.42E+04 1.0% 1.1% 1.1% 3.6%

F12-10 2013-01-20 3.90E+06 3.84E+06 6.07E+04 1.6% 3.3% 3.5% 12%

Mean 1.47E+06 1.45E+06 2.57E+04 1.7% 103% 104% 78%

Geom. mean 3.52E+05 2.46E+05 1.90E+04 5.4%

Max. conc 4.40E+06 4.36E+06 7.68E+04 1.7% 1.1% 1.1% 2.2%

Min conc. 6.98E+03 2.19E+03 4.02E+03 58% 24% 50% 25%

Median conc. 9.45E+05 9.33E+05 1.47E+04 1.6%

Number of points 17 17 17 17

Mean conc from kokiller/tank 1.44E+06 1.42E+06 2.49E+04 1.7% 13% 13% 14%
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Table A1-3. Summary of C-14 in powder resins at F12 produced in the period April 2007-

April 2012. Calculation according to Mass Balance Model. (F12-1, sheet F12acc model 1). 

 

 

A1.3.2. Model 3, 4 and 5: Calculation using the Mean, Maximum and 
Minimum concentration in TC56 
With the discontinuous transfer of resins from T42+T43 to TC56, a third calculation model 

has been used. This model simply uses the mean, maximum and minimum values of the 

concentrations in the samples analyzed. These concentrations are multiplied with the total 

Calculated amounts of C-14 Resin uncertainty 10%

Kokill/tank Batch Date kg dw % of total Total Bq Inorg Bq Org Bq

F3091702 F12-09B1 2009-03-11 842 3.6% 9.12E+08 9.02E+08 9.32E+06

F3091703 F12-09B1 2009-03-18 890 3.8% 9.63E+08 9.54E+08 9.86E+06

F3091704 F12-09B1 2009-03-28 883 3.8% 9.56E+08 9.46E+08 9.78E+06

F3091705 F12-09B1 2009-04-13 592 2.5% 6.41E+08 6.34E+08 6.56E+06

F3091706 F12-09B1 2009-04-20 444 1.9% 4.81E+08 4.76E+08 4.92E+06

F3091707 F12-09B2 2009-05-03 592 2.2% 5.60E+08 5.52E+08 7.44E+06

F3091708 F12-09B2 2009-05-15 473 1.8% 4.47E+08 4.41E+08 5.95E+06

F3091709 F12-09B3 2009-08-05 566 4.0% 1.01E+09 9.96E+08 1.05E+07

F3091710 F12-09B3 2009-09-02 566 4.0% 1.01E+09 9.96E+08 1.05E+07

F3101708 F12-10B2 2010-05-23 610 0.079% 1.99E+07 2.01E+06 1.78E+07

F3101709 F12-10B2 2010-07-10 627 0.081% 2.04E+07 2.07E+06 1.83E+07

F3101710 F12-10B2 2010-07-13 620 0.080% 2.02E+07 2.04E+06 1.81E+07

F3101713 F12-10B3 2010-08-31 631 0.018% 4.49E+06 1.95E+06 2.54E+06

F3101715 F12-10B4 2010-09-22 686 0.019% 4.79E+06 1.50E+06 3.28E+06

F3101716 F12-10B4 2010-10-18 640 0.018% 4.47E+06 1.40E+06 3.06E+06

F3101717 F12-10B4 2010-11-16 735 0.020% 5.13E+06 1.61E+06 3.52E+06

F3121702 F12-4 2012-07-18 571 0.399% 1.01E+08 9.26E+07 7.95E+06

F3121703 F12-1 2012-08-06 690 1.7% 4.24E+08 4.14E+08 9.91E+06

F3121704 F12-1 2012-08-30 651 1.6% 4.00E+08 3.91E+08 9.35E+06

F3121706 F12-8 2012-11-01 647 0.15% 3.82E+07 2.87E+07 9.54E+06

F3121708 F12-9 2012-12-10 616 8.1% 2.03E+09 2.01E+09 2.11E+07

TC56 remainder F12-9 2012-12-10 3887 60% 1.52E+10 1.49E+10 2.36E+08

Sum 17459 100.0% 2.52E+10 2.48E+10 4.36E+08

Inventory in F1-342T42+T43 at end of period 16710 11%

Correction factor for inventory in F1-342T42+T43 1.96 4.94E+10 4.85E+10 8.53E+08

% of production 2007-04-01 2012-04-30 0.93% 0.92% 0.016%

Bq/MWhth 2.30E+02 2.26E+02 3.97E+00

% organic 1.7% Inventory, kg dw

% standard deviation 13% 13% 14%

Body Feed Factor 1.00 Includes uncertainty in inventory of T42+T43

Production Start End MWhth

C-14 

Bq/MWh 

thermal

Body-

feed 

factor

C-14, Bq 

total

Equivalent 

Full Power 

Hours, 

(EFPH)

Equivalent 

Full Power 

Years, 

(EFPY)

F1+F2 2007-04-01 2008-12-31 79657363 1.96E+12 27205 3.11

2009-01-01 2009-06-30 22912785 5.63E+11 7825 0.89

2009-06-30 2010-06-30 33569293 8.25E+11 11465 1.31

2010-07-01 2012-04-30 78813153 1.94E+12 26917 3.07

F1+F2 Sum 2007-04-01 2012-04-30 214952594 5.29E+12 73413 8.38

F1 2007-04-01 2008-12-31 41856702 2.46E+04 1.03E+12 14295 1.63

2009-01-01 2009-06-30 11501105 2.46E+04 2.83E+11 3928 0.45

2009-07-01 2010-06-30 23867156 2.46E+04 5.87E+11 8151 0.93

2010-07-01 2012-04-30 40062529 2.46E+04 9.85E+11 13683 1.56

F1 Sum 2007-04-01 2012-04-30 117287492 2.46E+04 2.88E+12 40057 4.57

F2 2007-04-01 2008-12-31 37800661 2.46E+04 9.30E+11 12910 1.47

2009-01-01 2009-06-30 11411680 2.46E+04 2.81E+11 3897 0.44

2009-07-01 2010-06-30 9702137 2.46E+04 2.39E+11 3314 0.38

2010-07-01 2012-04-30 38750624 2.46E+04 9.53E+11 13235 1.51

F2 Sum 2007-04-01 2012-04-30 97665102 2.46E+04 2.40E+12 33356 3.81
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consumption of powder resins for the years 2008-april 2012. A BFF = 1.33 has been applied 

here to account for inert material and corrosion products; see Table A1-1 for a calculation of 

the BFF. 

 

 

The calculations are summarized in Table A1-4A, B and C, respectively, where the calculated 

annual accumulations for the years 2008-2010 are presented. 

 

 
Table A1-4A. Summary of C-14 in powder resins at F12 produced in the period 2008-2012, based 

on the consumption of powder resins and Mean Concentration. Mean Concentration Model.  

(F12-1, sheet F12accmodel345). 

 

 
Table A1-4B. Summary of C-14 in powder resins at F12 produced in the period 2008-2012, based 

on the consumption of powder resins and Maximum Concentration. Mean Concentration Model. 

(F12-1, sheet F12accmodel345). 

 

 
Table A1-4C. Summary of C-14 in powder resins at F12 produced in the period 2008-2012, based 

on the consumption of powder resins and Minimum Concentration. Mean Concentration Model. 

(F12-1, sheet F12accmodel345). 

 

Body-feed factor 1.33 Resin uncertainty 10% Mean Mean Mean Mean Mean Mean Mean

Produc-

tion Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg Total Bq Inorg, Bq Org Bq

% of 

produc-

tion

Total 

Bq/MWhth

Inorg 

Bq/MWhth

Org 

Bq/MWhth

F1+F2 2008-01-01 2008-12-31 4.14E+07 1.02E+12 5940 1.17E+10 1.15E+10 2.03E+08 1.1% 2.82E+02 2.77E+02 4.92E+00

2009-01-01 2009-12-31 3.92E+07 9.64E+11 5371 1.06E+10 1.04E+10 1.84E+08 1.1% 2.69E+02 2.64E+02 4.69E+00

2010-01-01 2010-12-31 3.47E+07 8.54E+11 5985 1.18E+10 1.16E+10 2.05E+08 1.4% 3.39E+02 3.33E+02 5.90E+00

2011-01-01 2012-04-30 6.14E+07 1.51E+12 9248 1.82E+10 1.79E+10 3.17E+08 1.2% 2.96E+02 2.91E+02 5.16E+00

Mean/ 

Sum 2008-01-01 2012-04-30 1.77E+08 4.34E+12 26544 5.22E+10 5.12E+10 9.09E+08 1.2% 2.95E+02 2.90E+02 5.15E+00

% organic 1.7%

% standard deviation 104% 105% 78%

Body-feed factor 1.33 Resin uncertainty 10% Max Max Max Max Max Max Max

Produc-

tion Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg Total Bq Inorg, Bq Org Bq

% of 

produc-

tion

Total 

Bq/MWhth

Inorg 

Bq/MWhth

Org 

Bq/MWhth

F1+F2 2008-01-01 2008-12-31 4.14E+07 1.02E+12 5940 3.48E+10 3.45E+10 6.08E+08 3.4% 8.41E+02 8.34E+02 1.47E+01

2009-01-01 2009-12-31 3.92E+07 9.64E+11 5371 3.15E+10 3.12E+10 5.50E+08 3.3% 8.03E+02 7.95E+02 1.40E+01

2010-01-01 2010-12-31 3.47E+07 8.54E+11 5985 3.51E+10 3.48E+10 6.13E+08 4.1% 1.01E+03 1.00E+03 1.76E+01

2011-01-01 2012-04-30 6.14E+07 1.51E+12 9248 5.42E+10 5.37E+10 9.47E+08 3.6% 8.83E+02 8.75E+02 1.54E+01

Mean/ 

Sum 2008-01-01 2012-04-30 1.77E+08 4.34E+12 26544 1.56E+11 1.54E+11 2.72E+09 3.6% 8.80E+02 8.73E+02 1.54E+01

% organic 1.7% Max. value is max. for each : tot, inorg, org
% standard deviation 10% 10% 10%

Body-feed factor 1.33 Resin uncertainty 10% Min Min Min Min Min Min Min

Produc-

tion Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg Total Bq Inorg, Bq Org Bq

% of 

produc-

tion

Total 

Bq/MWhth

Inorg 

Bq/MWhth

Org 

Bq/MWhth

F1+F2 2008-01-01 2008-12-31 4.14E+07 1.02E+12 5940 5.53E+07 1.74E+07 3.18E+07 0.0054% 1.34E+00 4.20E-01 7.69E-01

2009-01-01 2009-12-31 3.92E+07 9.64E+11 5371 5.00E+07 1.57E+07 2.88E+07 0.0052% 1.27E+00 4.00E-01 7.34E-01

2010-01-01 2010-12-31 3.47E+07 8.54E+11 5985 5.57E+07 1.75E+07 3.21E+07 0.0065% 1.60E+00 5.04E-01 9.23E-01

2011-01-01 2012-04-30 6.14E+07 1.51E+12 9248 8.61E+07 2.70E+07 4.95E+07 0.0057% 1.40E+00 4.41E-01 8.07E-01

Mean/ 

Sum 2008-01-01 2012-04-30 1.77E+08 4.34E+12 26544 2.47E+08 7.76E+07 1.42E+08 0.0057% 1.40E+00 4.39E-01 8.05E-01

% organic 58% Min. value is min. for each : tot, inorg, org
% standard deviation 26% 51% 27%



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

65 

 
Table A1-4D. Annual energy production and resin use for the years 2008-2010.  

(F12-1, sheet F12acc model 345). 

A1.4. Discussion 
The record keeping for the resins handled during the period has been incomplete. Using other 

ways of information (personal interviews, record of activity measurements of waste 

containers; Attachment file F12-1, sheet TC56) has filled the gaps in an acceptable way. Since 

the tank inventory turns negative when the solidifications continue in 2010, several additions 

are obviously missing. Therefore, data from T42 and T43 have been used as supplement to 

obtain a reasonable mass balance. 

 

For the calculations based on annual resin consumption, delivery data from the plant 

warehouse to the units F1 and F2 have been used
49

. 

 

Table A1-5 and Figure A1-5 give a summary of the accumulation of C-14 in the CCU resins 

based on the different calculation models used. With the structure of the resin handling, it is 

not possible to give a general mass balance for F1+F2, as for the other BWR units. 

Table A1-5 has columns for “Calculation Model” 7 and 8, where  

 

7) Calculations from Ref. 4 corrected for BFF and ds 

8) One sample collected from a back-flushing tank, representing one filter  

 

                                                 
49

 Supplied by E. Karlsson FKA, April 2013. (F12-1, sheet pulvermassor). The values used in version 4 onwards 

differs from those used in version 3. 

Produc-

tion Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg

332-resin, 

kg

324-resin, 

kg

342-

resin, kg

F1 2008-01-01 2008-12-31 20754453 5.10E+11 4305 4305 275 150

2009-01-01 2009-12-31 22681798 5.58E+11 4830 4830 175 135

2010-01-01 2010-12-31 23961956 5.89E+11 4410 4410 275 195

2011-01-01 2012-04-30 28787036 7.08E+11

Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg

332-resin, 

kg

324-resin, 

kg

342-

resin, kg

F2 2008-01-01 2008-12-31 20630832 5.07E+11 3780 3780 200 180

2009-01-01 2009-12-31 16539635 4.07E+11 4095 4095 325 195

2010-01-01 2010-12-31 10755992 2.64E+11 2835 2835 325 165

2011-01-01 2012-04-30 32568814 8.01E+11
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Table A1-5. Comparison of accumulation of C-14 in CCU resins, obtained by the different 

calculation models from this study, and Ref. 4. The Rightmost column shows data for freshly back-

flushed CCU resin as a comparison. (F12-1, sheet Summary). 

 

 

Model 1 using the Mass Balance over T42+T43+TC56 using all concentration values may 

be considered as the Best Estimate for the accumulation before drying and solidification. 

The reason for this is that it is based on the samples taken before solidification. However, 

there are some variations in the concentrations that are not well understood. The fraction 

accumulated, based on this calculation model is 0.93 % with a standard deviation of 13 %. 

 

Model 2 using the Mass Balance over T42+T43+TC56 using samples with the three 

highest concentrations was used for preliminary calculations. 
 

Model 3 summarizes the results using the Maximum Concentration in TC56 and the annual 

consumption of CCU resin in the years 2008- April 2012. The fraction accumulated, based on 

this calculation model is 3.6 % with a standard deviation of 10 %. This may be considered as 

the Upper Bound for the accumulation. 
 

Model 4 summarizes the results using the Mean Concentration in TC56 and the annual 

consumption of CCU resin in the years 2008- April 2012. The fraction accumulated, based on 

this calculation model is 1.2 %. This may be considered as an intermediate value for the 

accumulation. The standard deviation is high, 104 %, due to the large span between the 

maximum and minimum concentrations. 

 

Calculation Model 1 3 4 5 7 8

Classification

Best 

estimate High

Inter-

mediate

Too 

Low*** Too high

Compari-

son

F1+F2

Mass 

balance  

TC56+   

T43+T42

Maximum 

conc. + 

annual 

resin use*

Mean 

conc. + 

annual 

resin use

Minimum 

conc. + 

annual 

resin 

use**

Ref. 4 + 

BFF + ds-

corr.

Back-

flushing 

tank (one 

filter)

Equivalent Full Power Hours, F1 40057 218

Equivalent Full Power Hours, F2 33356

Equivalent Full Power Years, F1 4.57 0.025

Equivalent Full Power Years, F2 3.81

Body-Feed Factor, Average (BFF) 1.00 1.33 1.33 1.33 1.33 1

Dry Solids Correction Factor in Sample 1.04

Organic fraction 1.7% 1.7% 1.7% 58% 16% 0.70%

Total accumulation in CCU 0.93% 3.6% 1.2% 0.0057% 5.1% 7.7%

Organic  accumulation in CCU 0.016% 0.063% 0.021% 0.0033% 0.82% 0.054%

Total Bq/MWhth 2.30E+02 8.80E+02 2.95E+02 1.40E+00 1.26E+03 1.90E+03

Inorganic Bq/MWhth 2.26E+02 8.73E+02 2.90E+02 4.39E-01 1.06E+03 1.89E+03

Organic Bq/MWhth 3.97E+00 1.54E+01 5.15E+00 8.05E-01 2.02E+02 1.34E+01

Total Std. Dev. 13% 10% 104% 26% 11%

Inorganic Std. Dev. 13% 10% 105% 51% 11%

Organic Std. Dev. 14% 10% 78% 27% 26%

*Max. value is maximum for each : tot, inorg, org

**Min. value is minimum for each : tot, inorg, org

*** Close to dried resin (two samples only)
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Model 5 summarizes the results using the Minimum Concentration in TC56 and the annual 

consumption of CCU resin in the years 2008-April 2012. The fraction accumulated, based on 

this calculation model is 0.0057 %. This may be considered as a too low estimate for the 

accumulation. However, based on analysis of two samples from the resin dryer, it may be 

close to the value for the solidified resins. See Appendix 21 for details of dried samples. 

 

Model 6 summarizes the results from Ref. 4. (Not shown in Table A1-5). 

 

Model 7 summarizes the results from Ref. 4, corrected for BFF and ds in analysis. It has the 

second highest values, next to the comparison sample. 

 

Model 8 is a comparison sample, collected in the back-flushing tank. It has the highest values, 

which is expected, since the sample has been collected early in the handling chain, before air 

bubbling.  

 

It is noticeable that the accumulation rate for organic C-14 is fairly stable for calculation 

models 1, 3 and 4; it varies only between 4 and 15 Bq/MWhth, while the accumulation rates 

for inorganic C-14 varies between 226 and 873 Bq/MWhth. This variation is most likely due 

to stripping of carbon dioxide in air bubbling or tank stirring. 

 

The standard deviation for accumulated activity includes the standard deviations in the 

samples and a 10 % standard deviation in the mass quantity. 

 

The standard deviation in the Mass Balance calculations is based on the accumulated standard 

deviation for the samples. 

 

The previous results (Ref. 4) were based on a small number of samples taken over a limited 

period of time, while the present results are based on some 24 samples collected during some 

4 years. Furthermore, the previous samples were taken from the tank “Back-flushing tank” 

(Figure A1-1) where it had not been exposed to air bubbling and stirring
50

.  

 

Table A1-5 Model 8 shows data based on one sample withdrawn from the Back-flushing tank. 

This sample shows an accumulation even higher than what was found in Ref. 4, which 

supports that the previous value for the accumulation was too high. 

 

The samples analyzed in this study have been withdrawn just before solidification, which 

means that they are representative for the amount of activity going to the resin dryer, prior to 

drying.  

 

There are some peculiarities in the concentration values from this study; Figure A1-4 and 

Table A1-2 show that there is a decrease in the total concentration of C-14 from the samples 

collected in 2009 to those collected in 2010. In 2012 there are also such variations. 

Unfortunately, there is a period in between these two sampling periods, where no samples 

were taken. The reason for this was necessary campaigns for solidification of other resins. 

 

Some of the resin samples may not be representative for the bulk of the resin; e.g. the 

extracted samples have in some instances been left in the sampling bottle connected to a slight 

underpressure, which may extract volatile species of C-14 (see Appendix 21, footnote before 

Table A21-5). 

                                                 
50

 Christina Lillfors-Pintér. Report from visit to FKA 2011-11-30. See Attachment file F12-4, -5 and -6. 
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The concentration of the organic fraction does not decrease as much as the total (or actually, 

the inorganic fraction). The reason for this is unclear; one possibility might be air bubbling, 

which lowers the pH-value by introducing CO2 in the collection tanks T42 and T43 at F1.  

 

Appendix 21 presents analysis data form dried samples and release measurements of C-14 in 

the ventilation duct from the dryer. The two dried samples analyzed so far indicate a high 

release of C-14; see Appendix 21 for details. The remaining accumulation in dried resins is 

included in Figure A1-5 for comparison. 

 

 
Figure A1-5. The accumulation rate of C-14 in CCU resins at F1+F2 for the different 

calculation models, including dried resins. NOTE: Logarithmic scale!  

(F12-1, sheet D Summary dried). 
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annual resin 
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+ annual resin 
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no TS-corr.
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Back-flushing 
tank (one filter)
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APPENDIX 2 
Results from F3: Accumulation in Wet CCU Resins 

 

A2.1. Resin Handling 
All calculations for F3 are included in an excel-book. It can be found as Attachment File F3-1 

to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A2-1. Overview of handling of spent powder resin at F3 

51
. (A-5, pict. 4) 

 

In the Condensate Clean-up system (CCU) of F3, powder resin (sulfonate resin in cation part) 

is loaded and operated for periods usually ranging from 6 to 16 weeks. During operation, a 

body-feed of inert fibers is added to the filters to improve the filtering properties. When the 

resin is exhausted, it is flushed to a temporary tank in the unit (“back-flushing tank”). From 

this tank, it is transferred to tank TD42 in the Waste Building. 

 

The storage tank TD42 also receives spent powder resin from the Spent Fuel Pool clean-up 

system and the Waste Handling system. However, these additional amounts are much lower 

than the CCU resins. According to Ref. 4, these resins are not expected to contain substantial 

activities of C-14. A schematic overview is given in Figure A2-1. 

 

Resin is brought from the storage tank TD42 to a dryer/evaporator, where the concentration of 

dry solids is increased to a proper value before solidification in bitumen. The dryer/evaporator 

also receives concentrate from the evaporation of waste waters, i. a. floor drains. This 

concentrate may also contain some C-14; however, this activity is not covered by this study. 

 

 

                                                 
51

 Christina Lillfors-Pintér. Personal communication after visit to FKA 2011-11-30. 

Sampling of Condensate Clean-up Ion 
Exchangers in Forsmark 3 BWR

Ion exch. in 
condensate

system
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waste building
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Heat drying
/evaporation

A small sample is taken 
before a batch is sent to 

drying

Temporary storage
tank in unit( back-

flushing tank)

There are totally 7 filters  in parallell. The ion exchange resin is discarded
with an interval of some 6-16 weeks. During operation, inert powder resin
is added as body-feed.
The resin is flushed to a temporary storage tank in the unit (back-flushing
tank)  and then to a storage tank in the Waste Building.  After mixing with 
water injection,  resin is withdrawn to a dryer/evaporator and mixed with 
evaporator concentrate to obtain a proper concentration of dry solids 
before bitumenisation.  The dry solids content is determined from a 
sample , which also is used for analysis . A mass balance may be 
established from the inflow and outflow from tank TD42. TD42 also
receives resins from  Waste Processing and Spent Fuel Pool Clean-up.

Solidifiction in 
bitumen

Evaporator
concentrate

Powder resin from
Condensation
Pool  Clean-up

Powder resin
from Waste 
Processing

System
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A2.2. Mass Balance for Spent Resins 
The record describing the additions and removals of resin was delivered as pdf-copies of a 

handwritten log book until mid-2011. The data in the log have been transferred to an excel-

sheet TD42 in Attachment File F3-1. From mid-2011 data have been delivered in excel-sheets 

 

All resin masses added to TD42 are given as dry weight (dw) and do not include body-feed 

and accumulated iron oxides. Since the removals to solidification and samples are based on 

total dry weight, the additions of resin have to be corrected. The calculation is based on the 

addition of inert body-feed material and the accumulation of iron oxides. Table A2-1 shows a 

summary of such accumulation, which yields a single correction factor, here called the Body-

Feed Factor (BFF), which is used to multiply the additions of powder resin to obtain the total 

dry weight added (Sheet BodyfeedF3). 

 
Table A2-1. Calculation of the correction for body feed and iron oxide  

accumulation (BFF). (F3-1, sheet XBodyfeedF3). 

  

The BFF has been used to calculate the mass balance over TD42 based on the log data for 

additions and removals. 

Fe3O4 Fe2O3 Values from

Weeks/month 4.357 4.357  J-O Helmersson

Fe atomic mass 56 56

O atomic mass 16 16

Iron oxide mole mass 232 160

Iron oxide/Fe 1.381 1.429

Fe in condensate ppb 10 10 8-10

ionic fraction 0.1 0.1

Volume filtered m3 1.20E+06 1.20E+06 1.00E+06

Iron oxide kg 14.9 15.4

Ionic Fe kg 1.2 1.2

Body-feed

kg/period & 7 

filters 30 30 30

Number of filters 7 7 7

Body-feed period Weeks 1.429 1.429 10 d

Op. Time Months 4.5 4.5 4

Op. Time Weeks 19.607 19.607

Body-feed/filter kg 58.821 58.821

Iron oxide kg 1.49E+01 1.54E+01

Ionic Fe kg 1.20E+00 1.20E+00

Body-feed kg dw 58.821 58.821

Powder resin kg dw 70 70 70

Total kg dw 1.45E+02 1.45E+02

Fraction (iron oxide+ionic Fe) 1.11E-01 1.14E-01

Fraction body-feed 4.06E-01 4.04E-01

Fraction powder resin 4.83E-01 4.81E-01

Total Body-Feed Factor (BFF) 2.07E+00 2.08E+00
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Figure A2-2 shows the additions, removals and the inventory in TD42. The inventory is given 

as total dw and powder resin dw, since the logs use both ways for record keeping. In the 

calculations below, the total dw is used throughout. 

 

 
Figure A2-2. The log data for resin storage tank TD42 in graphics.  

(F3-1, sheet D TD42; data are in Sheet TD42). 

 

 

A2.3. Mass balance for C-14 (Calculation model MBM) 
 

 
Figure A2-3. Schematic mass balance over tank TD42. (A-5, pict. 12). 

 

The Mass Balance Model (MBM) is used to calculate the amounts of C-14 disposed in 

solidified waste from the tank TD42. In early September 2008 the tank was empty. Then resin 

was added from the unit and removed for solidification. In connection with the solidifications 

(but not all of them) samples were withdrawn for analysis. Since the tank content is mixed by 

water injection, it is assumed that the content is fairly homogeneous. Table A2-2 and 

Figure A2-4 show the concentrations obtained in the analyses of the batched samples. These 

concentrations are used to calculate the quantities of C-14 brought to solidification. The long 
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period without samples is due to modification works in the WHB. During this period, no 

solidification and sampling could be done. 

 
Figure A2-4. Concentrations of C-14 used for calculation of the quantities of C-14 

in the CCU resins. (F3-1, sheet D F3conc). 

 

 
Table A2-2. Concentration data used in the calculations. (F3-1, sheet F3acc).

52
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Samples withdrawn for other purposes indicate that the concentration of the resins being back-flushed is 

around 5E6 Bq/kg dw with an organic fraction of about 1 %. (A-1, sheet FKAX+SKB). 

1E+3

1E+4

1E+5

1E+6

1E+7

2009 2010 2011 2012 2013 2014 2015

C
o

n
c,

 B
q

/k
g 

d
w

F3  Sample Concentrations

Total, Bq/kg dw

Inorg, Bq/kg dw

Org, Bq/kg dw

Analysis data

Batch Start date End date

Total, 

Bq/kg dw

Inorg, 

Bq/kg 

dw

Org, 

Bq/kg 

dw Org, %

SD tot, 

%

SD 

inorg, 

%

SD 

org, 

%

F3-09B1 2009-09-22 2.41E+06 2.36E+06 5.17E+04 2.1% 2.1% 2.4% 12%

F3-10B1 2010-01-17 2.82E+06 2.75E+06 7.56E+04 2.7% 1.9% 2.0% 29%

F3-10B2 2010-05-01 4.74E+06 4.66E+06 8.17E+04 1.7% 4.5% 4.4% 16%

F3B3 2010-08-18 7.42E+05 7.08E+05 3.39E+04 4.6% 6.7% 7.0% 5.4%

F3B4 2010-09-04 2.91E+05 2.60E+05 3.03E+04 10% 4.3% 4.2% 6.9%

F3B5 2011-01-16 1.02E+06 9.81E+05 3.50E+04 3.4% 4.9% 5.2% 5.7%

F3-2 2011-03-05 1.40E+06 1.36E+06 3.95E+04 2.8% 9.3% 9.5% 2.7%

F3-1 2011-03-14 1.96E+06 1.93E+06 3.98E+04 2.0% 2.2% 2.1% 5.0%

F3-3 2011-05-11 1.20E+06 1.16E+06 3.84E+04 3.2% 3.4% 3.3% 5.3%

F3-4 2012-07-03

F3-5 2012-10-11 4.59E+04 8.76E+03 3.72E+04 81% 3.2% 9.9% 3.2%

F12-6 2012-12-21 4.40E+06 4.36E+06 3.93E+04 0.89% 1.1% 1.1% 23%

Mean 1.91E+06 1.87E+06 4.57E+04 2.4% 78% 79% 36%

Geom. mean 1.15E+06 9.59E+05 4.33E+04 3.8%

Max. conc 4.74E+06 4.66E+06 8.17E+04 1.7% 4.5% 4.4% 16%

Min conc. 4.59E+04 8.76E+03 3.03E+04 66% 3.2% 10% 6.9%

Median conc. 1.40E+06 1.36E+06 3.93E+04 2.8%

Number of points 12 11 11 11

Sample F3-4 too small for analysis

Mean conc. from kokiller/tank 2.85E+06 2.80E+06 4.94E+04 1.7% 4.9% 4.9% 7.2%
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Table A2-3. Summary of C-14 in powder resins at F3 produced in the period August 2008-

December 2012. (F3-1, sheet F3acc). 

 

Table A2-3 shows the calculated accumulated activity of C-14 in the solidified resins and the 

residual amount of resin in TD42. 

 

The production of C-14 in F3 has been calculated from the production rate given in the FSAR 

and the production of thermal energy obtained from the operational reports. The energy 

production is summarized in sheet F3 Energy. Table A2-4 summarizes the results. The 

accumulation in the resins amounts to 2.6 % of the calculated production. The organic 

fraction is 1.7 %. The production period starts in August 2008 and ends by the end of 

November 2012. 

 

 

Resin uncertainty 10.0%

Calculated amounts of C-14

Kokill/tank Batch Date kg dw % of total Total Bq Inorg Bq Org Bq

F3091701 F3-09B1 2009-02-28 643 2.4% 1.55E+09 1.52E+09 3.32E+07

F3091711 F3-09B1 2009-09-22 726 2.7% 1.75E+09 1.71E+09 3.75E+07

F3091712 F3-09B1 2009-10-03 611 2.3% 1.47E+09 1.44E+09 3.16E+07

F3091713 F3-10B1 2009-12-12 560 2.5% 1.58E+09 1.54E+09 4.24E+07

F3091715 F3-10B1 2010-01-01 678 3.0% 1.91E+09 1.86E+09 5.13E+07

F3101701 F3-10B1 2010-01-13 653 2.9% 1.84E+09 1.79E+09 4.94E+07

F3101702 F3-10B1 2010-01-17 728 3.2% 2.06E+09 2.00E+09 5.51E+07

F3101703 F3-10B1 2010-02-27 656 2.9% 1.85E+09 1.80E+09 4.96E+07

F3101704 F3-10B1 2010-03-13 689 3.0% 1.95E+09 1.89E+09 5.21E+07

F3101705 F3-10B1 2010-03-27 682 3.0% 1.93E+09 1.87E+09 5.16E+07

F3101706 F3-10B2 2010-05-01 661 4.9% 3.14E+09 3.08E+09 5.40E+07

F3101707 F3-10B2 2010-05-08 592 4.4% 2.81E+09 2.76E+09 4.84E+07

F3101711 F3B3 2010-07-28 561 0.6% 4.16E+08 3.97E+08 1.90E+07

F3101712 F3B3 2010-08-18 627 0.7% 4.65E+08 4.44E+08 2.12E+07

F3101714 F3B4 2010-09-04 580 0.3% 1.69E+08 1.51E+08 1.76E+07

F3101718 F3B5 2011-01-16 715 1.1% 7.26E+08 7.02E+08 2.50E+07

F3111701 F3B5 2011-01-30 657 1.0% 6.68E+08 6.45E+08 2.30E+07

F3111703 F3-2 2011-03-06 627 1.4% 8.77E+08 8.52E+08 2.48E+07

F3111702 F3-1 2011-04-06 522 1.6% 1.03E+09 1.00E+09 2.08E+07

F3111704 F3-1 2011-04-06 632 1.9% 1.24E+09 1.22E+09 2.52E+07

F3111705 F3-3 2011-04-17 644 1.2% 7.72E+08 7.47E+08 2.48E+07

F3111706 F3-3 2011-05-21 628 1.2% 7.53E+08 7.28E+08 2.41E+07

F3121701 F3-3 2012-07-02 621 1.2% 7.44E+08 7.20E+08 2.39E+07

F3121705 F3-5 2012-09-30 469 0.0% 2.15E+07 4.11E+06 1.74E+07

F131709 F12-6 2012-12-21 596 4.1% 2.62E+09 2.60E+09 2.34E+07

TD42 remainder F12-6 2012-12-21 6797 46.5% 2.99E+10 2.96E+10 2.67E+08

Sum 22555 100.0% 6.42E+10 6.31E+10 1.11E+09

% of production 2.6% 2.5% 0.044%

Bq/MWhth 6.12E+02 6.01E+02 1.06E+01

% organic 1.7%

% Standard deviation 4.9% 4.9% 7.2%

Start End MWhth

C-14 

Bq/MWh 

thermal Bq total

Equivalent 

Full 

Power 

Hours, 

(EFPH)

Equivalent 

Full 

Power 

Years, 

(EFPY)

Production 2008-08-01 2010-04-14 39289935 2.40E+04 9.43E+11 11906 1.36

Production 2010-04-14 2011-01-31 18905427 2.40E+04 4.54E+11 5729 0.65

2011-02-01 2012-11-30 46745861 2.40E+04 1.12E+12 14165 1.62

Sum 2008-08-01 2012-11-30 1.05E+08 2.52E+12 31800 3.63
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A2.4. Discussion 
The record keeping for the resins handled during the period seems to be sufficiently good 

with respect to additions and removals for solidification. The major uncertainty factor seems 

to be the Body-Feed of inert material. With a nominal addition rate of inert material, it will be 

almost as much inert material as resin. The iron oxides will be around 10 % of the total dw. 

For details, see Table A2-1 and Figure A2-5. The remaining accumulation in dried resins is 

included in Figure A2-5 for comparison. 

 

The Body-Feed Factor, (BFF) is probably somewhat low, since some inventory values in 

TD42 are slightly negative in September 2010 and April-July 2011. This negative balance 

may lead to a slight underestimation of the residual resin mass and activity at the end of the 

sampling period. 

 

The fraction accumulated, 2.6%, is higher than 0.7 % previously reported by Magnusson et. 

al. (Ref. 4). However, the results from Ref. 4 do not include the BFF and the ds-correction. 

Correction of the old value by BFF=2.08 and the ds-correction, yields an uptake of 1.7 %. On 

the other hand, the organic fraction found in this study, 1.7 %, is lower than 24 % in the 

previous one.  

 

 
Table A2-4. Comparison of accumulation of C-14 in CCU resins from  

this study, Ref. 4 and O3. (F3-1, sheet Summary). 

 

The standard deviation in the concentration values is the maximum of the scatter between the 

three subsamples in each batch and the standard deviation in the activity measurement. The 

uncertainty in the activity counting is mostly lower than this scatter. The resulting standard 

deviation for the whole period is composed by the uncertainty in the concentration values and 

a 10 % uncertainty in the resin mass. The uncertainty is 4.9 % for the total activity and 7.2 % 

for the organic fraction. It is the compounded standard deviation for the activity contents in all 

the moulds. 

F3

Mass 

balance  

TD42  

Sept 2009-

Dec 2012

Ref. 4 + 

BFF + ds-

corr.

O3 Sum 

090913-

140829

Equivalent Full Power Hours (EFPH) 31800 25380

Equivalent Full Power Years (EFPY) 3.63 2.90

Body-Feed Factor, Average (BFF) 2.08 2.08 1.12

Dry Solids Correction Factor in Sample 1.16

Organic fraction 1.7% 24% 1.4%

Total accumulation in CCU 2.6% 1.7% 2.3%

Organic  accumulation in CCU 0.044% 0.40% 0.032%

Total Bq/MWhth 6.12E+02 4.05E+02 4.15E+02

Inorganic Bq/MWhth 6.01E+02 3.08E+02 4.09E+02

Organic Bq/MWhth 1.06E+01 9.72E+01 5.95E+00

Total Std. Dev. 4.9% 2.9%

Inorganic Std. Dev. 4.9% 2.9%

Organic Std. Dev. 7.2% 8.1%
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The previous results were based on a small number of samples taken over a limited period of 

time, while the present results are based on some 14 samples collected over 51 months. 

Furthermore, the mass of the resin in this study is based on actual “production” (although 

corrected for calculated body-feed). The previous results were based on an estimated annual 

consumption of resin and did not account for the BFF and the ds-correction. Furthermore, the 

resins analyzed in this study cover an operation period with 3.63 EFPY (Equivalent Full 

Power Years). The total and organic accumulation in F3 resins is higher than the values 

obtained for its sister plan O3 (Appendix 13). This may be due to no air bubbling in TD42. O3 

uses air bubbling, at least intermittently. 

 

 
Figure A2-5. Comparison of accumulation of C-14 in CCU resins from this  

study, including dried resins, Ref. 4 and O3. (F3-1, sheet D Summary dried). 

 

There is no obvious explanation for the discrepancy in the organic fraction between Ref. 4 and 

the present results. The present value is in the range 1-5 %, which is obtained for most BWR 

samples in this study. 

 

There are some peculiarities in the concentration values from this study; Figure A2-4 and 

Table A2-2 show that there is a decrease in the concentration of inorganic C-14 in the samples 

collected in the latter part of 2010, in early 2011 and in October 2012, compared with the 

earlier and later samples. The concentration of the organic fraction does not decrease as much 

as the inorganic fraction. The reason for this is unclear, since there is no air bubbling in the 

storage tank. A possible explanation for the variations may be that the sampling bottles have 

been left in the sampling position for varying times; since there is a low underpressure, C-14 

compounds may have been released
53

. 

 

 

 

  

                                                 
53

 Annelie Jansson, FKA, personal communication August 2013 and Ref. 9. 

0.001%

0.010%

0.100%

1.000%

10.000%

Dried resins Mass balance  
TD42

Sept 2009-Dec 2012

Mass balance  TD42  
Sept 2009-Dec 2012

Ref. 4   BFF=1 no TS-corr. Ref. 4 + BFF + ds-corr. O3 Sum 090913-140829

F3: C-14 Accumulation in CCU Resins ; % of Production

Total accumulation in CCU

Inorganic accumulation in CCU

Organic  accumulation in CCU
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APPENDIX 3 
Results from O1 and O2 

 

A3.1. Resin Handling 
All calculations for O1 and O2 are included in excel-books. They can be found as Attachment 

Files to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A3-1. Overview of handling of spent powder resin at O1 and O2. (A-5, pict. 5). 

 

The storage tanks T48 and T48 are irregularly filled with spent powder resin (sulfonate resin 

in cation part) and inert material from the CCU at O1 and O2 (Figure A3-1). In addition, 

powder resin and inert material from the system 342 (waste water treatment) are also added. 

Sometimes, fresh powder resin is added to the tanks T48 and T49 to get more capacity for 

cleaning of floor drainage which also is treated directly in those tanks
54

.  

  

A3.2. Part 1 

A3.2.1. Input Data and Calculations 
The first sampling campaign was performed between 2008-09-08 and 2009-03-12. The 

sampling record was delivered as Excel-books, Attachment file O12-1. Table A3-1 shows an 

example of such a record. The operational time for each CCU filter is obtained from the table. 

Accordingly, it is possible to calculate the thermal energy produced during the operational 

time for each filter. It has been assumed that C-14 distributes uniformly between the filters. 

The production of C-14 is calculated from the thermal energy produced (Attachment File 

O12-2, Sheet O1energy and O2Energy) and the production rate obtained from the FSAR. The 

calculated amount is divided by 4 for O1 and by 6 for O2, to account for the number of filters 

                                                 
54

 K-E Ingemansson, OKG: Pers. Comm. Feb. 2012: In 2011 the following volumes of waste water was received 

in T48 and T49: floor drain 11638 m
3
 in 420 batches. Conductivity: Average 115, max 540, min 1.2 µS/cm. 

Water from the decontamination facility was received in 49 batches amounting to totally 600 m
3
. Conductivity: 

Average 304, max 980, min 19 µS/cm. 

Sampling of Condensate Clean-up Ion 
Exchangers in OKG 1 and 2 BWR

Ion exch. in 
condensate
system O2

Storage tank in 
waste building

T48

Dewatering and 
storage in 

concrete tanks

A small sample is 
taken before a 

tank is pumped to 
concrete tanks

Temporary storage
tank in unit (back-

flushing tank)
Unit O1 has four filters  in parallell and unit O2 six filters in parallell. The 
ion exchange resin is discarded with an interval of some 4-15 weeks. The 
resin is flushed to a temporary storage tank in the unit (back-flushing
tank) and then to either of the tanks T48  or T49 in the Waste Building. 
These tanks also receive floor drain water and powder resins from waste
water clean-up. T48 and T49 are emptied to concrete tanks after 
homogenisation by air bubbling. The mass balance in the tanks is 
recorded .  In connection with this, a sample for analysis is withdrawn. 
The resin is dewatered in the the concrete tanks.

Ion exch. in 
condensate
system O1

Temporary storage
tank in unit (back-

flushing tank)

Storage tank in 
waste building

T49

Floor drain water

Powder resin
(waste water 

clean-up)
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in the CCU. The timelines for the samples analyzed in Part 1 are shown in Figure A3-2. The 

calculations are found in Attachment file O12-2. 

 

The amount of C-14 accumulated is calculated according to the Batch Model (BM) from the 

concentration in the samples, Bq/kg dw, multiplied with the total contents in the tank, (kg 

dw). Figure A3-3 and Table A3-2 show the concentrations of C-14 in the resin samples. Each 

concentration value is the average of three individual samples of a batch. If a value is less 

than half the detection limit value, it is replaced by a quarter of the detection limit value (see 

Appendix 10). In most cases, this leads to an overestimation in low concentration samples. 

Usually, it also leads to an overestimation of the organic fraction in low concentration 

samples, since most detection limits values have been used in the organic fractions. However, 

in the total organic activity from several tank fillings, the contribution from these low activity 

samples is negligible. The analysis results are found in Sheet OKG 332. 

 

 
Figure A3-2. Timeline for the tank fillings analyzed in Part 1. The lines are separated in the 

vertical direction for clarity. Batch T48-2 was not sampled and analyzed.  

(O12-2, D Timeline). 

 

The standard deviation is the maximum value of scatter between the three samples analyzed 

in each batch and the compounded uncertainty in counting the samples. The scatter is usually 

larger than the uncertainty in activity counting. Despite large relative standard deviations in 

the separate samples, the variation in the sum of activity is just 2.5 %, since the batches with 

the highest activities have lower standard deviations. In the calculations, a 10 % uncertainty 

for the resin mass has been used in addition to the uncertainties in the concentrations.  

 

From these numbers, the accumulation expressed as a percentage of the production and as 

Bq/MWhth is calculated. Table A3-6 shows an example of such a calculation. Table A3-3 

shows a summary for all the samples from O1+O2 analyzed for Part 1. In the calculations, a 

10 % uncertainty for the resin mass has been used in addition to the uncertainties in the 

concentrations.  
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Figure A3-3. Concentration of C-14 in CCU resin samples from O1 and O2, Part 1. 

(O12-2, D conc). 

 

 

 
Table A3-2. Summary of concentrations in samples of CCU resins from O1 and O2, Part 1. 

(O12-2, sheet Summary conc). 

 

From Table A3-3 it can be seen that the accumulation of C-14 ranges between 0.01 % and 

0.92 % of the calculated production. The mean value is 0.30 %, including a Body-Feed Factor 

BFF=1.06. The calculation of the BFF is described under Discussion Part 1 below.  

 

The large variation between the batches is probably due to differences in the air bubbling of 

the tank contents. Three batches (tanks) account for some 85 % of the total activity; see also 

Figure A3-4. 

 

 

 

 

1E+3

1E+4

1E+5

1E+6

T48-1 T48-3 T48-4 T48-5 T48-6 T48-7 T49-1 T49-2 T49-3 Mean

C
o

n
c.

, B
q

/k
g 

d
w

C-14 concentrations in O1 and O2 CCU Samples Part 1

C-14 tot, Bq/kg dw

C-14 inorg, Bq/kg dw

C-14 org, Bq/kg dw

Sam-

ple Start End

C-14 tot, 

Bq/kg dw

C-14 

inorg, 

Bq/kg dw

C-14 org, 

Bq/kg dw

Org-

fraction

Tot. 

Standard 

dev.

Inorg. 

Standard 

dev.

Org. 

Standard 

dev.

Inorg

/Org*

T48-1 2008-09-08 2008-11-12 9.39E+04 9.06E+04 3.15E+03 3% 7% 5% 7% 0/2

T48-3 2008-11-28 2008-12-08 2.69E+03 1.68E+03 1.15E+03 43% 57% 62% 57% 2/3

T48-4 2008-12-12 2009-02-06 1.90E+04 1.79E+04 1.04E+03 5% 9% 6% 9% 0/2

T48-5 2009-04-08 2009-04-16 2.34E+05 2.23E+05 1.03E+04 4% 1% 2% 1% 0/0

T48-6 2009-04-20 2009-06-02 9.79E+03 4.26E+03 5.54E+03 57% 30% 31% 30% 0/0

T48-7 2009-06-05 2009-06-22 7.23E+05 7.12E+05 1.13E+04 2% 6% 6% 6% 0/0

T49-1 2008-10-20 2009-01-17 2.95E+05 2.91E+05 3.71E+03 1% 4% 4% 4% 0/0

T49-2 2009-01-27 2009-02-11 2.39E+03 1.15E+03 1.24E+03 52% 80% 102% 80% 1/3

T49-3 2009-02-13 2009-03-12 3.97E+04 3.87E+04 9.74E+02 2% 4% 4% 4% 0/3

Mean 2008-09-08 2009-06-22 1.58E+05 1.53E+05 4.27E+03 2.7% 142% 144% 89%

* Number of subsamples with (0,25*detection limit) instead of detected values
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Table A3-1. Example of record-keeping for CCU powder resins. In this sheet inert masses for O2 have been included.  

O12-1, sheet T48-7 090623). 

Avfallet O1/O2 - Provtagning C14 i jonbytarmassor (332)
Ifylles vid provtagning (DG)

Provdatum: 2009-06-23

Prov ID: T48:7

Från tank 342 T48 Inkopplingsintervall:

Värden för (Temp) och (MWth) anges som ett snitt sett över respektive 332 jonbytares inkoppligstid "Dygn".  

Datum
332 O1

Filter

332 O2

Filter

Mängd

jb-

massa

332

Mängd 

inert-

massa 

332

342

Filter

Mängd    

jb-

massa 

342

Mängd 

inert 

massa 

342

Extra 

dosering 

av Jb-

massa tilll 

T48

Typ av massor       

MB-400    

Finex 875PM   

UP2 W

Summa 

332 

massor i 

342 T48

Summa 

342 

massor i 

342 T48

Summa 

332+342 

massor i 

342T48

SIGN

ÅÅMMDD J1-J4 C1-C6 Dygn oC MWth Dygn oC MWth Kg Kg

(F1-F3,

F6-F7) Kg Kg Kg Kg Kg Kg

2009-06-05 50 Finex 0 50 50

2009-06-08 F7 10 2.5 Finex+UP2 0 12.5 12.5

2009-06-08 F1 10 2.5 Finex+UP2 0 12.5 12.5

2009-06-11 F7 10 2.5 Finex+UP2 0 12.5 12.5

2009-06-12 F7 10 2.5 Finex+UP2 0 12.5 12.5

2009-06-14 C1 74 60 29 Finex+UP2 89 0 89

2009-06-16 J3 47 70 MB-400 70 0 70

2009-06-16 C2 64 60 25 Finex+UP2 85 0 85

2009-06-18 C3 57 60 23 Finex+UP2 83 0 83

2009-06-18 50 Finex 0 50 50

2009-06-20 F7 10 2.5 Finex+UP2 0 12.5 12.5

2009-06-20 20 Finex 0 20 20

2009-06-22 C5 68 60 27 Finex+UP2 87 0 87

Summa 414 182.5 596.5

Provuttag:

Provmängd:

Fördelning (332/342):

Provtagn.information:

Övrigt:

Ny massa direkt till T48

Ny massa direkt till T48

332 O1

J1-J4

Gångtid/Medel 

Temp/Medel 

Term.effekt

332 O2

C1-C6

Gångtid/Medel 

Temp/Medel 

Term.effekt

Noteringar

2 l dunk med ca 1/20 JB

090623

130 g

69%

ex tillvägagångsätt (luftomblandning före?)

Ny massa direkt till T48

Sofie Englund (OKG): Varje prov som 
skickats oss motsvarar ett batchprov. 
Då tanken blivit full körs luftomblanmdning + 
rundpumpning i ca 15 min varefter provet tas 
ut. Detta ska då motsvara hela tankens 
innehåll.
Efter provtagning töms tanken mer eller 
mindre.
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Table A3-3. Summary of calculated accumulation of C-14 in CCU resin from O1 and O2, Part 1. 

The tank fillings with organic values based on ¼ of the detection limit are all below the average 

organic accumulation. (O12-2, sheet Summary act). 

 

 

 
Figure A3-4. Activity contents in the tanks sampled for O1 and O2, Part 1. 

(O12-2, sheet D Act). 

The organic fraction also varies strongly between the batches; usually samples with detection 

limit values have the highest organic fraction. However, Sample T48-5 has the highest 

organic activity, but the organic fraction is only 4.4 %. There is no obvious operational 

occurrence explaining this extreme value. The samples with low concentrations may have 

high organic fractions, but the total activity and the organic activity are low. The average 

organic fraction of 3.0 % is in the higher range obtained for BWR plants in this study; 

however Ref. 4 reports some values in the range 15-30 % for BWR resins. 

 

 

Resin uncertainty 10%

Sam-

ple Start End

O1 

Effective 

energy, 

MWhth

O2 

Effective 

energy, 

MWhth

Calc. 

Produc-

tion, Bq

Accum. 

C-14 tot, 

Bq

Accum.  

C-14 

inorg, Bq

Accum.  

C-14 org, 

Bq

Org. 

Frac-

tion

Tot. 

std. 

dev.

Inorg. 

std. 

dev.

Org. 

std. 

dev.

Fract. 

of pro-

duc-

tion

Total 

Bq/MWhth

Inorg. 

Bq/MWhth

Org. 

Bq/MWhth BFF

Inorg

/Org*

T48-1 2008-09-08 2008-11-12 1.76E+06 1.73E+06 7.59E+10 1.07E+08 1.04E+08 3.59E+06 3.4% 12% 11% 12% 0.13% 3.08E+01 2.98E+01 1.03E+00 1.07 0/2

T48-3 2008-11-28 2008-12-08 0.00E+00 4.24E+05 8.48E+09 7.90E+05 4.54E+05 3.36E+05 43% 58% 63% 58% 0.01% 1.86E+00 1.07E+00 7.93E-01 1.04 2/3

T48-4 2008-12-12 2009-02-06 9.73E+05 1.22E+06 4.73E+10 1.64E+07 1.55E+07 8.96E+05 5.5% 13% 12% 13% 0.03% 7.48E+00 7.07E+00 4.09E-01 1.06 0/2

T48-5 2009-04-08 2009-04-16 1.50E+06 1.77E+06 7.09E+10 2.83E+08 2.70E+08 1.25E+07 4.4% 10% 10% 10% 0.37% 8.64E+01 8.26E+01 3.82E+00 1.07 0/0

T48-6 2009-04-20 2009-06-02 1.90E+06 1.63E+06 7.74E+10 1.17E+07 5.10E+06 6.64E+06 57% 32% 32% 32% 0.01% 3.33E+00 1.44E+00 1.88E+00 1.07 0/0

T48-7 2009-06-05 2009-06-22 3.87E+05 1.88E+06 4.67E+10 4.70E+08 4.63E+08 7.34E+06 1.6% 12% 12% 12% 0.92% 2.07E+02 2.04E+02 3.24E+00 1.09 0/0

T49-1 2008-10-20 2009-01-17 8.15E+05 1.07E+06 4.06E+10 3.03E+08 2.99E+08 3.82E+06 1.3% 11% 11% 11% 0.72% 1.61E+02 1.59E+02 2.03E+00 1.04 0/0

T49-2 2009-01-27 2009-02-11 0.00E+00 8.31E+05 1.66E+10 5.39E+05 2.59E+05 2.79E+05 52% 81% 102% 81% 0.00% 6.48E-01 3.12E-01 3.36E-01 1.10 1/3

T49-3 2009-02-13 2009-03-12 0.00E+00 8.55E+05 1.71E+10 2.77E+07 2.70E+07 6.79E+05 2.5% 11% 11% 11% 0.16% 3.24E+01 3.16E+01 7.95E-01 1.03 0/3

Sum 2008-09-08 2009-06-22 7.34E+06 1.14E+07 4.01E+11 1.22E+09 1.18E+09 3.61E+07 3.0% 5.8% 5.9% 7.5% 0.30% 6.51E+01 6.32E+01 1.93E+00 1.06

Equivalent Full Power Hours 5338 6333

Equivalent Full Power Years 0.61 0.72

* Number of subsamples with (0,25*detection limit) instead of detected values
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A3.2.2. Discussion Part 1 
 

 
Table A3-4. Estimation of correlation factor to calculate Body-Feed Factor (BFF) 

 for O1 and O2. (O12-2, sheet BodyfeedO12). 

 

The Body-Feed Factor (BFF) accounts for the uptake of corrosion products on the CCU resin 

since the tank content has been reported only as resin and inert material added. In the 

calculation sheets (example in Table A3-6) the water mass passing the filter has been 

calculated from the operational time of each filter, assuming that the feed water flow rate has 

been equally distributed between the filters.  

 

The calculations have been performed with the assumptions of the chemical composition 

shown in Table A3-4; the BFF has been calculated for each tank filling. The values are 

displayed in Table A3-3. The concentration of corrosion products has been assumed to be 10 

ppb Fe, with 10 % in ionic form. The rest is assumed to be equally distributed between Fe3O4 

and Fe2O3. This yields BFF values in the range 1.02-1.07 for the samples. The calculation of 

the correlation factor is shown in Table A3-6. 

 

 
Table A3-5. Summary of accumulation of C-14 in CCU resins for O1 and O2, Part 1.  

(O12-2, sheet Summary). 

 

Oxide Fe3O4 Fe2O3 Mean

Fe atomic mass 56 56

O atomic mass 16 16

Fe  oxide mole mass 232 160

Fe oxide/Fe 1.381 1.429

Ionic fraction 0.1 0.1

(Fe+Fe oxide)/Fe on resin 1.34 1.39 1.36

Concentration  Fe in water, ppb O1 10

Concentration  Fe in water, ppb O2 10

O1+O2, Part 1 This study Ref. 4*

Ref. 4*

+ BFF 

+ ds-corr.

Mean 

conc.  

T48+T49 B2 B2

Equivalent Full Power Hours (EFPH), O1 5338

Equivalent Full Power Hours (EFPH), O2 6333

Equivalent Full Power Years (EFPY), O1 0.61

Equivalent Full Power Years (EFPY), O2 0.72

Body-Feed Factor, Average (BFF) 1.06 1.00 1.06

Dry Solids Correction Factor in Sample 1.16

Organic fraction 3.0% 16% 16%

Total accumulation in CCU 0.30% 0.40% 0.49%

Organic  accumulation in CCU 0.0090% 0.064% 0.079%

Total Bq/MWhth 6.51E+01 8.56E+01 1.06E+02

Inorganic Bq/MWhth 6.32E+01 7.19E+01 8.87E+01

Organic Bq/MWhth 1.93E+00 1.37E+01 1.69E+01

Total Std. Dev. 5.8%

Inorganic Std. Dev. 5.9%

Organic Std. Dev. 7.5%

* The value given by Ref. 4 is based on analyses for unit B2.
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Table A3-5 summarizes the resulting accumulation, expressed as percent of production and 

Bq/MWhth, respectively. The table also contains values for the energy production, expressed 

as Equivalent Full Power Hours (EFPH) and Equivalent Full Power Yours (EFPY), to give an 

idea of the operation time for the units. 
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Table A3-6. Example of complete calculation for one sample/tank contents. In this sheet inert masses for O2 have been included, but are hidden. 

O12-2, sheet T48-7 090623). 

Month end date Month

O1, 

GWhth/month

O2, 

GWhth/month

days/  

month

Avfallet O1/O2 - Provtagning C14 i jonbytarmassor (332) 2009-02-28 februari 388 1207 28

Ifylles vid provtagning (DG) 2009-03-31 mars 865 1328 31

Provdatum: 2009-06-23 2009-04-30 april 989 1292 30

Prov ID: T48:7 2009-05-31 maj 1022 1330 31

Från tank 342 T48 2009-06-30 juni 987 1284 30

Värden för (Temp) och (MWth) anges som ett snitt sett över respektive 332 jonbytares inkoppligstid "Dygn".  
Number of CCU-

filters 4 6

Datum
332 O1

Filter

332 O2

Filter

Extra 

dosering 

av Jb-

massa tilll 

T48

Typ av massor       

MB-400    

Finex 875PM   

UP2 W

Summa 

332 

massor i 

342 T48

Summa 

342 

massor i 

342 T48

Summa 

332+342 

massor i 

342T48

SIGN Startdag O1 Startdag O2

Energi-prod 

under period, 

O1 GWh

Energi-prod 

under period, 

O2 GWh

Energi, 

Summa 

O1+O2 O1 water 

mass, kg

O2 water 

mass, kg

ÅÅMMDD J1-J4 C1-C6 Dygn oC MWth Dygn oC Kg Kg Kg Kg

2009-06-05 50 Finex 0 50 50     

2009-06-08 Finex+UP2 0 12.5 12.5     

2009-06-08 Finex+UP2 0 12.5 12.5     

2009-06-11 Finex+UP2 0 12.5 12.5     

2009-06-12 Finex+UP2 0 12.5 12.5     

2009-06-14 C1 74 Finex+UP2 89 0 89  2009-04-01 3178  9.59E+08

2009-06-16 J3 47 MB-400 70 0 70 2009-04-30  1548 5.08E+08  

2009-06-16 C2 64 Finex+UP2 85 0 85  2009-04-13 2747  8.29E+08

2009-06-18 C3 57 Finex+UP2 83 0 83  2009-04-22 2445  7.39E+08

2009-06-18 50 Finex 0 50 50     

2009-06-20 Finex+UP2 0 12.5 12.5     

2009-06-20 20 Finex 0 20 20     

2009-06-22 C5 68 Finex+UP2 87 0 87  2009-04-15 2918  8.81E+08

Summa 414 182.5 596.5  GWhth/unit 1548.4 11287.6 12836 5.08E+08 3.41E+09

Analysis results Calc. Production C-14, Bq 3.65E+10 2.26E+11

Provuttag:090623 Accumulation, Bq 4.31E+08 Calc. Production C-14, Bq/filter 9.12E+09 3.76E+10 4.67E+10

Fraction accumulated 9.22E-03

Provmängd:130 g C-14, Bq/MWhth 3.36E+01 GWhth/filter 387 1881 2268.4

Linked O1: Fe conc in condensate, ppb 10

Fördelning (332/342):0.694 Linked O2: Fe conc in condensate, ppb 10

Corrosion products, kg 53

Provtagn.information:ex tillvägagångsätt (luftomblandning före?) BFF 1.09

332 O1

J1-J4

Gångtid/Medel 

Temp/Medel 

Term.effekt

332 O2

C1-C6

Gångtid/M

edel 

Temp/Med

el 
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A3.3. Part 2 

A3.2.1. Input Data and Calculations 
A second sampling campaign was performed between 2010-09-14 and 2011-05-13. The 

sampling records are found in Attachment file O12-3. All calculations are included in an 

excel-book, Attachment File O12-4 to this report. Reference to the various sheets will be 

made at tables, figures etc. The tables and figures for Part 2 are numbered from 21 and 

upwards. 

 
Figure A3-21. Timeline for the tank fillings analyzed in Part 2. The lines are separated in the 

vertical direction for clarity. (O12-4, sheet D Timeline). 

 
Figure A3-22. Concentration of C-14 in CCU resin samples from O1 and O2, Part 2. 

(O12-4, sheet D conc). 
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Sampling and analysis were performed in the same way as described in Part 1 above. The 

timeline for the tank fillings is shown in Figure A3-21. The C-14 concentrations in the resin 

samples are shown in Figure A3-22 and Table A3-21. In this sampling campaign, there were 

fewer samples where detection limit values were used in the calculations. 

 
Table A3-21. Summary of concentrations in samples of CCU resins from O1 and O2 Part 2. 

(O12-4, sheet Summary conc). 

 

The calculation of the activity contents was performed in the same way as described for Part 1 

above. However, the record keeping of masses did not include the inert material added as 

body-feed. To compensate for this, the amount of body-feed material was calculated from the 

injection rate and the operating time and included in the Body-Feed Factor (BFF). In the 

calculations, a 10 % uncertainty for the resin mass has been used in addition to the 

uncertainties in the concentrations. The results are found in Table A3-22 and Figure A3-23. 

 

 
Table A3-22. Summary of calculated accumulation of C-14 in CCU resin from O1 and O2, Part 2. 

The tank fillings with organic values based on ¼ of the detection limit are all below the average 

organic accumulation. (O12-4, sheet Summary act). 

 

Sample Start End

C-14 tot, 

Bq/kg dw

C-14 

inorg, 

Bq/kg dw

C-14 org, 

Bq/kg dw

Org-

fract.

Tot. 

Std. 

dev.

Inorg. 

Std. 

dev.

Org. 

Std. 

dev.

Inorg

/Org* Note

T49 101018 2010-09-14 2010-10-18 3.12E+04 2.12E+04 1.00E+04 32% 6% 6% 12% 0/0

T48 101108 2010-10-08 2010-11-06 1.92E+05 1.87E+05 5.07E+03 2.6% 3% 3% 27% 0/0

T49 101117 2010-10-20 2010-11-15 9.02E+04 8.30E+04 7.17E+03 8.0% 3% 2% 15% 0/0

T48 101208 2010-11-09 2010-12-03 5.68E+03 4.68E+03 1.05E+03 18% 26% 25% 103% 0/3

T49 101229 2010-11-24 2010-12-27 5.40E+04 4.86E+04 5.45E+03 10% 3% 4% 30% 0/0

T49 110128 2011-01-03 2011-01-21 2.35E+05 2.33E+05 2.22E+03 0.9% 5% 5% 47% 0/0

T48 110207 2010-12-14 2011-02-07 9.67E+04 8.89E+04 7.81E+03 8.1% 12% 12% 14% 0/0

T48 110214 2011-02-14 2011-02-14 6.61E+05 6.49E+05 1.21E+04 1.8% 4% 5% 26% 0/0

T48 110221 2011-02-18 2011-02-18 1.49E+06 1.45E+06 3.69E+04 2.5% 10% 10% 12% 0/0

T48 110224 2011-02-24 2011-02-24 2.80E+06 2.72E+06 8.78E+04 3.1% 1% 1% 34% 0/0 **

T49 110316 2011-02-03 2011-03-14 1.83E+04 1.28E+04 5.54E+03 30% 10% 13% 27% 0/0

T49 110321 2011-03-21 2011-03-21 3.02E+05 2.99E+05 2.83E+03 0.9% 8% 8% 45% 0/0

T49 110412 2011-04-01 2011-04-12 8.05E+05 7.88E+05 1.72E+04 2.1% 3% 3% 8% 0/0

T48 110516 2011-05-11 2011-05-13 8.11E+04 7.48E+04 6.26E+03 7.7% 3% 2% 17% 0/0

Mean 2010-09-14 2011-05-13 4.90E+05 4.75E+05 1.48E+04 3.0% 154% 155% 149% 0/3

* Number of subsamples with (0,25*detection limit) instead of detected values

** Short air bubbling

Resin unceratinty 10%

Sample Start End

O1 

Effective 

energy, 

MWhth

O2 

Effective 

energy, 

MWhth

Calc. 

Produc-

tion, Bq

Accum. 

C-14 tot, 

Bq

Accum.  

C-14 

inorg, 

Bq

Accum.  

C-14 org, 

Bq

Org. 

frac-

tion

Tot. 

std. 

dev.

Inorg. 

std. 

dev.

Org. 

std. 

dev.

Fract. 

of pro-

duc-

tion

Total 

Bq/MWhth

Inorg. 

Bq/MWhth

Org. 

Bq/MWhth BFF

Inorg/

Org*

T49 101018 2010-09-14 2010-10-18 4.67E+05 3.31E+05 1.76E+10 2.85E+07 1.94E+07 9.17E+06 32% 11% 12% 15% 0.16% 3.58E+01 2.43E+01 1.15E+01 1.06 0/0

T48 101108 2010-10-08 2010-11-06 0.00E+00 6.74E+05 1.35E+10 3.45E+07 3.36E+07 9.13E+05 3% 10% 10% 29% 0.26% 5.12E+01 4.99E+01 1.35E+00 1.06 0/0

T49 101117 2010-10-20 2010-11-15 2.45E+05 5.46E+05 1.67E+10 9.79E+07 9.01E+07 7.79E+06 8% 10% 10% 18% 0.59% 1.24E+02 1.14E+02 9.84E+00 1.07 0/0

T48 101208 2010-11-09 2010-12-03 0.00E+00 0.00E+00 0.00E+00 5.08E+06 4.14E+06 9.38E+05 18% 28% 27% 103% 1.00 0/3

T49 101229 2010-11-24 2010-12-27 0.00E+00 1.50E+05 2.99E+09 2.54E+07 2.29E+07 2.57E+06 10% 11% 11% 31% 0.85% 1.70E+02 1.53E+02 1.72E+01 1.03 0/0

T49 110128 2011-01-03 2011-01-21 0.00E+00 1.96E+06 3.93E+10 1.66E+08 1.64E+08 1.57E+06 1% 11% 11% 48% 0.42% 8.42E+01 8.34E+01 7.98E-01 1.32 0/0

T48 110207 2010-12-14 2011-02-07 6.21E+05 0.00E+00 1.46E+10 8.72E+07 8.02E+07 7.04E+06 8% 16% 16% 17% 0.60% 1.40E+02 1.29E+02 1.13E+01 1.01 0/0

T48 110214 2011-02-14 2011-02-14 0.00E+00 8.50E+05 1.70E+10 1.21E+08 1.19E+08 2.20E+06 2% 11% 11% 28% 0.71% 1.42E+02 1.39E+02 2.59E+00 1.52 0/0

T48 110221 2011-02-18 2011-02-18 9.35E+05 0.00E+00 2.20E+10 1.30E+08 1.27E+08 3.23E+06 2% 14% 14% 16% 0.59% 1.39E+02 1.36E+02 3.46E+00 1.25 0/0

T48 110224 2011-02-24 2011-02-24 9.76E+05 0.00E+00 2.30E+10 2.48E+08 2.40E+08 7.75E+06 3% 10% 10% 36% 1.08% 2.54E+02 2.46E+02 7.95E+00 1.26 0/0

T49 110316 2011-02-03 2011-03-14 0.00E+00 0.00E+00 0.00E+00 1.14E+07 7.98E+06 3.46E+06 30% 14% 16% 28% 1.00 0/0

T49 110321 2011-03-21 2011-03-21 0.00E+00 2.27E+05 4.54E+09 2.32E+07 2.30E+07 2.18E+05 1% 13% 13% 46% 0.51% 1.02E+02 1.01E+02 9.59E-01 1.28 0/0

T49 110412 2011-04-01 2011-04-12 0.00E+00 1.87E+06 3.74E+10 3.17E+08 3.11E+08 6.77E+06 2% 10% 10% 13% 0.85% 1.70E+02 1.66E+02 3.62E+00 1.55 0/0

T48 110516 2011-05-11 2011-05-13 5.39E+04 0.00E+00 1.27E+09 2.20E+07 2.03E+07 1.70E+06 8% 10% 10% 20% 1.73% 4.08E+02 3.76E+02 3.15E+01 1.00 0/0

Sum 2010-09-14 2011-05-13 3.30E+06 6.61E+06 2.10E+11 1.32E+09 1.26E+09 5.53E+07 4.2% 4.1% 4.1% 8% 0.63% 1.33E+02 1.27E+02 5.58E+00 1.17 0/3
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The tank filling with the highest activity concentration and activity contents, T48 110224, had 

been air bubbled only for a short time, compared to the standard procedure, prescribing 30 

minutes
55

. It accounts for some 20 % of the activity in part 2. 

 

 
Figure A3-23. Activity contents in the tanks sampled in Part 2. (O12-4, sheet D Act). 

 

The results for Part 1 and Part 2 are summarized in Table A3-23. Part 2 has a higher 

accumulation and higher organic fraction than Part 1. There is no obvious explanation for this. 

 

 
Table A3-23. Summary of accumulation of C-14 in CCU resins for O1 and O2: Part 1 and Part 2. 

(O12-4, sheet Summary P1+P2). 

 

A3.2.2. Discussion Part 1 and Part 2 
Part 2 shows a higher accumulation of total C-14 and organic C-14, compared with Part 1. 

The total energy exposure, expressed as EFPY (Equivalent Full Power Years), corresponds to 

0.88 for O1 and 1.14 for O2. 

 

 

                                                 
55

 Pers. communication. Christina Lillfors-Pintér and K-E Ingemansson OKG, 2012-01-02. 
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C-14 Activity in O1 and O2 CCU Resins: Part 2 Accum. C-14 tot, Bq

Accum.  C-14 inorg, Bq

Accum.  C-14 org, Bq

Sample Start End

O1 

Effective 

energy, 

MWhth

O2 

Effective 

energy, 

MWhth

Calc. 

Produc-

tion, Bq

Accum. 

C-14 tot, 

Bq

Accum.  

C-14 org, 

Bq

Accum.  

C-14 org, 

Bq

Org-

frac-

tion

Tot. 

std. 

dev.

Inorg. 

std. 

dev.

Org. 

std. 

dev.

Fract.  

of pro-

duc-

tion

Total 

Bq/MWhth

Inorg. 

Bq/MWhth

Org. 

Bq/MWhth BFF

Part 1 2008-09-08 2009-06-22 7.34E+06 1.14E+07 4.01E+11 1.22E+09 1.18E+09 3.61E+07 3.0% 2.5% 2.6% 17% 0.30% 6.51E+01 6.32E+01 1.93E+00 1.06

Part 2 2010-09-14 2011-05-13 3.30E+06 6.61E+06 2.10E+11 1.32E+09 1.26E+09 5.53E+07 4.2% 4.1% 4.1% 7.6% 0.63% 1.33E+02 1.27E+02 5.58E+00 1.17

Sum 1.06E+07 1.80E+07 6.11E+11 2.54E+09 2.45E+09 9.14E+07 3.6% 2.4% 2.5% 8.2% 0.42% 8.86E+01 8.54E+01 3.19E+00 1.12

Equivalent Full Power Hours 7736 10005

Equivalent Full Power Years 0.88 1.14
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Table A3-24. Summary of accumulation of C-14 in CCU resins for O1 and O2,  

Part 1 and Part 2. (O12-4, sheet Summary 1+2). 

 

 

 

A3.4. Part 3 

A3.4.1. Input Data and Calculations 
The third sampling campaign was performed between 2011-07-10 and 2012-12-10. The 

sampling record was delivered as Excel-books in the same way as for Part 1 and 2. Table A3-

1 shows an example of such a record. All calculations are included in an excel-book, 

Attachment File O12-5. The tables and figures for Part 3 are numbered from 31 and upwards. 

 

The operational time for each CCU filter is obtained from the table. Accordingly, it is 

possible to calculate the thermal energy produced during the operational time for each filter. It 

has been assumed that C-14 distributes uniformly between the filters. The production of C-14 

is calculated from the thermal energy produced (O12-5, sheets Energy month and Energy 

day
56

) and the production rate obtained from the FSAR. The calculated amount is divided by 

4 for O1 and by 6 for O2, to account for the number of filters in the CCU).  

 

Sampling, analysis and calculations were performed in the same way as for Part 1 and 2 

above. The timelines for the samples analyzed in Part 3 are shown in Figure A3-31. 

                                                 
56

 To simplify data extraction, the monthly energy production was evenly distributed over each month.  

O1+O2 This study This study This study Ref. 4*

Ref. 4* 

+ BFF 

+ ds-corr.

Part 1 Part 2 Part 1+2 B2 B2

Equivalent Full Power Hours (EFPH), O1 5338 2399 7736

Equivalent Full Power Hours (EFPH), O2 6333 3673 10005

Equivalent Full Power Years (EFPY), O1 0.61 0.27 0.88

Equivalent Full Power Years (EFPY), O2 0.72 0.42 1.14

Equivalent Full Power Years (EFPY), O1 + O2 1.33 0.69 2.03

Body-Feed Factor, Average (BFF) 1.06 1.17 1.12 1.00 1.12

Dry Solids Correction Factor in Sample 1.16

Organic fraction 3.0% 4.2% 3.6% 16% 16%

Total accumulation in CCU 0.30% 0.63% 0.42% 0.40% 0.52%

Organic  accumulation in CCU 0.0090% 0.026% 0.015% 0.064% 0.083%

Total Bq/MWhth 6.51E+01 1.33E+02 8.86E+01 8.53E+01 1.11E+02

Inorganic Bq/MWhth 6.32E+01 1.27E+02 8.54E+01 7.16E+01 9.29E+01

Organic Bq/MWhth 1.93E+00 5.58E+00 3.19E+00 1.36E+01 1.77E+01

Total Std. Dev. 2.5% 4.1% 2.4%

Inorganic Std. Dev. 2.6% 4.1% 2.5%

Organic Std. Dev. 17% 7.6% 8.2%

* The value given by Ref. 4 is based on analyses for unit B2.
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Figure A3-31. Timeline for the tank fillings analyzed in Part 3. The lines are separated in the 

vertical direction for clarity. (O12-5, sheet D Timeline). 

 

Figure A3-32. Concentration of C-14 in CCU resin samples from O1 and O2, Part 3. 

(O12-5, sheet D conc). 

 

The concentrations are presented in Figure A3-32 and Table A3-31. In this campaign only 10 

subsamples have used the detection limit value (divided by 4). 
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Table A3-31. Summary of concentrations in samples of CCU resins from O1 and O2 Part 3. 

(O12-5, sheet Conc). 

 

The calculated activity contents are shown in Figure A3-33 and Table A3-32. In the 

calculations, a 10 % uncertainty for the resin mass has been used in addition to the 

uncertainties in the concentrations.  

 

A3.4.2. Discussion Part 3 
Almost all CCU resins originate from unit O2, since O1 was shut down most of the time. 

Some of the tanks did not contain any CCU resin at all. In Table A3-32 these tanks are 

recognized by having blank entries for accumulation rate (Bq/MWhth). 

 

A3.4.3. Summary and Discussion Part 1, Part 2 and Part 3 
Table A3-33 and Figure A3-34 show a summary of the accumulation of C-14 for the three 

parts analyzed. The standard deviations reported include the standard deviation in the 

concentrations and a 10 % standard deviation in the resin masses.  

 

Summing all activity accumulated during the three campaigns yields values for the 

accumulation with reasonably low standard deviations, even if there is almost a factor of two 

between the highest and lowest values in the respective campaigns. The energy production 

amounts to 1.19 EFPY for O1 and 2.13 EFPY for O2. 

 

Sample Sample Start End

C-14 tot, 

Bq/kg dw

C-14 

inorg, 

Bq/kg dw

C-14 org, 

Bq/kg dw

Org-

fract.

Tot. Std. 

dev.

Inorg. 

Std. dev.

Org. 

Std. 

dev.

Inorg/

Org*

O12-24 T49 110810 2011-07-11 2011-08-10 3.72E+05 3.58E+05 1.36E+04 3.7% 1.3% 1.5% 7.1% 0/0

O12-25 T49 110906 2011-08-22 2011-09-06 4.34E+04 3.65E+04 6.97E+03 16% 7.9% 8.8% 35% 0/0

O12-26 T48 110911 2011-08-30 2011-09-11 2.51E+05 2.36E+05 1.46E+04 5.8% 4.2% 3.4% 18% 0/0

O12-27 T49 111007 2011-09-11 2011-10-07 2.23E+05 2.17E+05 5.83E+03 2.5% 4.2% 2.7% 72% 0/0

O12-29 T48 111021 2011-09-22 2011-10-21 9.36E+04 8.46E+04 8.96E+03 10% 2.4% 2.2% 10% 0/0

O12-28 T49 111108 2011-10-08 2011-11-08 1.94E+05 1.93E+05 7.63E+02 0.39% 3.7% 3.7% 116% 0/2

O12-30 T48 111128 2011-10-27 2011-11-28 8.20E+03 7.49E+03 7.18E+02 8.9% 14% 13% 115% 0/3

O12-31 T49 111229 2011-11-14 2011-12-29 1.60E+05 1.58E+05 2.05E+03 1.3% 3.1% 4.2% 84% 0/0

O12-32 T49 120113 2012-01-13 2012-01-13 7.43E+05 7.32E+05 1.09E+04 1.5% 1.2% 1.6% 33% 0/0

O12-33 T49 120120 2012-01-20 2012-01-20 6.61E+05 6.54E+05 7.75E+03 1.2% 1.4% 1.5% 11% 0/0

O12-34 T49 120127 2012-01-26 2012-01-27 4.89E+04 4.72E+04 1.67E+03 3.3% 6.5% 4.3% 77% 0/2

O12-35 T48 120203 2011-12-30 2012-02-03 8.15E+04 7.87E+04 2.82E+03 3.4% 4.6% 2.9% 60% 0/0

O12-25 T49 120215 2012-02-06 2012-02-15 4.34E+04 3.65E+04 6.97E+03 16% 7.9% 8.8% 35% 0/0

O12-36 T48 120319 2012-02-16 2012-03-19 7.51E+04 7.22E+04 2.87E+03 3.7% 19% 19% 75% 0/0

O12-37 T49 120420 2012-03-21 2012-04-20 2.23E+05 2.12E+05 1.04E+04 4.7% 47% 47% 50% 0/0

O12-38 T48 120506 2012-04-15 2012-05-06 4.23E+05 4.12E+05 1.03E+04 2.4% 1.5% 3.1% 65% 0/0

O12-39 T49 120516 2012-05-04 2012-05-16 1.03E+05 9.02E+04 1.30E+04 13% 47% 48% 55% 0/0

O12-40 T48120607 2012-05-18 2012-06-07 1.71E+03 8.31E+02 8.83E+02 52% 73% 103% 104% 0/2

O12-41 T49 120627 2012-06-08 2012-06-27 1.71E+04 1.18E+04 5.30E+03 27% 40% 32% 58% 0/0

O12-25 T49 120808 2012-07-29 2012-08-08 4.34E+04 3.65E+04 6.97E+03 16% 7.9% 8.8% 35% 0/0

O12-42 T48 120829 2012-08-10 2012-08-29 1.05E+05 1.04E+05 8.77E+02 0.84% 4.5% 4.5% 105% 0/1

O12-43 T49 120912 2012-08-30 2012-09-12 1.71E+05 1.66E+05 5.23E+03 3.1% 7.0% 7.8% 48% 0/0

O12-44 T48 120927 2012-09-12 2012-09-27 1.05E+05 9.88E+04 6.72E+03 6.6% 6.3% 11% 83% 0/0

O12-45 T49 121010 2012-09-27 2012-10-10 5.96E+04 5.14E+04 8.27E+03 14% 5.1% 13% 85% 0/0

O12-46 T49 121210 2012-10-29 2012-12-10 2.19E+05 2.05E+05 1.37E+04 6.2% 3.5% 6.9% 92% 0/0

Mean 1.79E+05 1.72E+05 6.72E+03 3.8% 105% 108% 65% 0/10
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Figure A3-33. Activity contents in the tanks sampled in Part 3. (O12-5, sheet D Acc). 

 

 

Table A3-32. Summary of accumulation of C-14 in CCU resins for O1 and O2: Part 3. The tank 

fillings with organic values based on ¼ of the detection limit are all below the average organic 

accumulation. (O12-5, sheet Acc). 
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T49 110810 2011-07-11 2011-08-10 5.60E+05 4.48E+05 2.21E+10 5.85E+02 2.34E+08 2.25E+08 8.57E+06 3.7% 10% 10% 12% 1.1% 2.32E+02 2.24E+02 8.50E+00 1.08 0/0

T49 110906 2011-08-22 2011-09-06 0.00E+00 0.00E+00 0.00E+00 4.85E+02 2.11E+07 1.77E+07 3.38E+06 16% 13% 13% 36% 1.00 0/0

T48 110911 2011-08-30 2011-09-11 0.00E+00 2.64E+06 5.27E+10 4.95E+02 1.86E+08 1.75E+08 1.08E+07 5.8% 11% 11% 21% 0.35% 7.04E+01 6.62E+01 4.11E+00 1.50 0/0

T49 111007 2011-09-11 2011-10-07 7.07E+05 0.00E+00 1.67E+10 6.55E+02 1.49E+08 1.45E+08 3.89E+06 2.6% 11% 10% 73% 0.89% 1.02 0/0

T48 111021 2011-09-22 2011-10-21 9.81E+04 0.00E+00 2.31E+09 9.15E+02 8.58E+07 7.76E+07 8.21E+06 10% 10% 10% 14% 3.7% 8.74E+02 7.91E+02 8.37E+01 1.00 0/0

T49 111108 2011-10-08 2011-11-08 1.46E+06 0.00E+00 3.44E+10 8.60E+02 1.72E+08 1.72E+08 6.77E+05 0.39% 11% 11% 117% 0.50% 1.18E+02 1.18E+02 4.64E-01 1.03 0/2

T48 111128 2011-10-27 2011-11-28 4.81E+05 0.00E+00 1.13E+10 8.00E+02 6.64E+06 6.06E+06 5.82E+05 8.8% 17% 16% 115% 0.059% 1.38E+01 1.26E+01 1.21E+00 1.01 0/3

T49 111229 2011-11-14 2011-12-29 3.33E+05 1.71E+06 4.20E+10 1.11E+03 2.07E+08 2.05E+08 2.65E+06 1.3% 10% 11% 85% 0.49% 1.02E+02 1.00E+02 1.30E+00 1.17 0/0

T49 120113 2012-01-13 2012-01-13 0.00E+00 2.22E+05 4.43E+09 6.00E+01 5.59E+07 5.51E+07 8.17E+05 1.5% 10% 10% 35% 1.3% 2.52E+02 2.49E+02 3.69E+00 1.25 0/0

T49 120120 2012-01-20 2012-01-20 0.00E+00 3.58E+05 7.15E+09 6.00E+01 5.64E+07 5.57E+07 6.61E+05 1.2% 10% 10% 15% 0.79% 1.58E+02 1.56E+02 1.85E+00 1.42 0/0

T49 120127 2012-01-26 2012-01-27 0.00E+00 0.00E+00 0.00E+00 1.40E+02 7.10E+06 6.86E+06 2.43E+05 3.4% 12% 11% 78% 1.04 0/2

T48 120203 2011-12-30 2012-02-03 0.00E+00 1.20E+06 2.41E+10 7.65E+02 6.94E+07 6.70E+07 2.40E+06 3.5% 11% 10% 61% 0.29% 5.76E+01 5.56E+01 1.99E+00 1.11 0/0

T49 120215 2012-02-06 2012-02-15 0.00E+00 0.00E+00 0.00E+00 4.15E+02 1.80E+07 1.51E+07 2.89E+06 16% 13% 13% 36% 1.00 0/0

T48 120319 2012-02-16 2012-03-19 0.00E+00 1.20E+06 2.41E+10 8.00E+02 6.72E+07 6.47E+07 2.57E+06 3.8% 22% 21% 75% 0.28% 5.59E+01 5.37E+01 2.13E+00 1.12 0/0

T49 120420 2012-03-21 2012-04-20 0.00E+00 1.32E+06 2.64E+10 7.15E+02 1.80E+08 1.72E+08 8.42E+06 4.7% 48% 48% 51% 0.68% 1.37E+02 1.30E+02 6.39E+00 1.13 0/0

T48 120506 2012-04-15 2012-05-06 0.00E+00 0.00E+00 0.00E+00 5.70E+02 2.41E+08 2.35E+08 5.85E+06 2.4% 10% 10% 66% 1.00 0/0

T49 120516 2012-05-04 2012-05-16 0.00E+00 1.05E+06 2.09E+10 3.95E+02 4.84E+07 4.23E+07 6.10E+06 13% 48% 49% 56% 0.23% 4.63E+01 4.04E+01 5.83E+00 1.19 0/0

T48120607 2012-05-18 2012-06-07 0.00E+00 6.38E+05 1.28E+10 4.70E+02 8.82E+05 4.28E+05 4.55E+05 52% 74% 104% 105% 0.0069% 1.38E+00 6.70E-01 7.12E-01 1.10 0/2

T49 120627 2012-06-08 2012-06-27 0.00E+00 6.06E+05 1.21E+10 4.40E+02 8.33E+06 5.75E+06 2.58E+06 31% 41% 33% 59% 0.069% 1.38E+01 9.49E+00 4.26E+00 1.11 0/0

T49 120808 2012-07-29 2012-08-08 0.00E+00 0.00E+00 0.00E+00 3.00E+02 1.30E+07 1.09E+07 2.09E+06 16% 13% 13% 36% 1.00 0/0

T48 120829 2012-08-10 2012-08-29 0.00E+00 5.41E+05 1.08E+10 4.60E+02 5.61E+07 5.56E+07 4.68E+05 0.83% 11% 11% 106% 0.52% 1.04E+02 1.03E+02 8.66E-01 1.16 0/1

T49 120912 2012-08-30 2012-09-12 0.00E+00 4.17E+05 8.35E+09 3.25E+02 6.18E+07 5.99E+07 1.89E+06 3.1% 12% 13% 49% 0.74% 1.48E+02 1.44E+02 4.53E+00 1.11 0/0

T48 120927 2012-09-12 2012-09-27 0.00E+00 5.48E+05 1.10E+10 4.65E+02 5.23E+07 4.90E+07 3.33E+06 6.4% 12% 15% 83% 0.48% 9.55E+01 8.95E+01 6.08E+00 1.07 0/0

T49 121010 2012-09-27 2012-10-10 0.00E+00 7.27E+05 1.45E+10 2.80E+02 1.98E+07 1.70E+07 2.74E+06 14% 11% 16% 85% 0.14% 2.72E+01 2.34E+01 3.77E+00 1.18 0/0

T49 121210 2012-10-29 2012-12-10 4.67E+03 1.96E+06 3.92E+10 9.50E+02 2.38E+08 2.23E+08 1.49E+07 6.3% 11% 12% 92% 0.61% 1.21E+02 1.14E+02 7.59E+00 1.15 0/0

Sum 2011-07-11 2012-12-10 3.64E+06 1.56E+07 3.97E+11 1.35E+04 2.25E+09 2.16E+09 9.72E+07 4.3% 4.8% 4.9% 17% 0.57% 1.17E+02 1.12E+02 5.06E+00 1.10 0/10
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 Table A3-33. Summary of accumulation of C-14 in CCU resins for O1 and O2, 

Part 1, 2 and 3. (O12-5, sheet Summary). 

 

 
Figure A3-34. Summary of accumulation of C-14 in CCU resins for O1 andO2: Part 1, 2 and 

3, compared with results from Ref. 4. (O12-5, sheet D Summary). 

 

 

 

O1+O2 Part 1 Part 2 * Part 3

Part 

1+2+3 

Sept 2008-

Dec 2012 B2, Ref. 4

B2, Ref. 4

+ BFF 

+ ds-corr.

Equivalent Full Power Hours (EFPH), O1 5338 2399 2649 10385

Equivalent Full Power Hours (EFPH), O2 6333 3673 8654 18660

Equivalent Full Power Years (EFPY), O1 0.61 0.27 0.30 1.19

Equivalent Full Power Years (EFPY), O2 0.72 0.42 0.99 2.13

Equivalent Full Power Years (EFPY), O1 + O2 1.33 0.69 1.29 3.32

Body-Feed Factor, Average (BFF) 1.06 1.17 1.10 1.11 1.00 1.07

Dry Solids Correction Factor in Sample 1.16

Organic fraction 3.0% 4.2% 4.3% 4.0% 16% 16%

Total accumulation in CCU 0.30% 0.63% 0.57% 0.54% 0.40% 0.50%

Organic  accumulation in CCU 0.0090% 0.026% 0.024% 0.022% 0.064% 0.080%

Total Bq/MWhth 6.51E+01 1.33E+02 1.17E+02 1.14E+02 8.53E+01 1.06E+02

Inorganic Bq/MWhth 6.32E+01 1.27E+02 1.12E+02 1.09E+02 7.16E+01 8.93E+01

Organic Bq/MWhth 1.93E+00 5.58E+00 5.06E+00 4.56E+00 1.36E+01 1.70E+01

Total Std. Dev. 5.8% 4.1% 4.8% 2.8%

Inorganic Std. Dev. 5.9% 4.1% 4.9% 2.8%

Organic Std. Dev. 7.5% 7.6% 17% 7.8%

* Revised from version 3, where inert masses were not included.
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A3.5. Part 4 

A3.5.1. Input Data and Calculations 
The fourth sampling campaign was performed between 2013-01-22

57
 and 2013-07-08. The 

sampling record was delivered as Excel-books in the same way as for previous parts. Table 

A3-1 shows an example of such a record. All calculations are included in an excel-book, 

Attachment File O12-7. The tables and figures for Part 4 are numbered from 41 and upwards. 

 

The operational time for each CCU filter is obtained from the table. Accordingly, it is 

possible to calculate the thermal energy produced during the operational time for each filter. It 

has been assumed that C-14 distributes uniformly between the filters. The production of C-14 

is calculated from the thermal energy produced (O12-7, sheets Energy month and Energy 

day
58

) and the production rate obtained from the FSAR. The calculated amount is divided by 

4 for O1 and by 6 for O2, to account for the number of filters in the CCU).  

 

Sampling, analysis and calculations were performed in the same way as for previous parts 

above. The timelines for the samples analyzed in Part 4 are shown in Figure A3-41. 

 

 
Figure A3-41. Timeline for the tank fillings analyzed in Part 4. The lines are separated in the 

vertical direction for clarity. (O12-7, sheet D Timeline). 

 

The concentrations are presented in Figure A3-42 and Table A3-41. In this campaign only 3 

subsamples have used the detection limit value (divided by 4). 

 

The calculated activity contents are shown in Figure A3-43 and Table A3-42. In the 

calculations, a 10 % uncertainty for the resin mass has been used in addition to the 

uncertainties in the concentrations. The accumulation is 0.63 % of the production, which is 

                                                 
57

 The filling of the first tank sampled started 2012-11-30. 
58

 It was not possible to precisely distribute the energy production to all the tanks. Therefore, the total energy 

production for the sampling period was used to calculate sum and average values.  
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the highest value together with part 2. The organic fraction is 14 %, which is the highest value 

so far. See the next section for a discussion on this topic. 

 

 

 
Figure A3-42. Concentration of C-14 in CCU resin samples from O1 and O2, Part 4. 

(O12-7, sheet D conc). 

 

 

 
Table A3-41. Summary of concentrations in samples of CCU resins from O1 and O2 Part 4. 

(O12-7, sheet Conc). 

 

A3.5.2. Discussion Part 4 
Almost all CCU resins originate from unit O2, since O1 was shut down most of the time. Two 

samples have unusual high fractions and concentrations of organic C-14; T48 130521 (19 %, 

9.52E+04 Bq/kg dw) and T49 130710 (46 % and 8.44E+04 Bq/kg dw). The former sample 
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O12-47 T48 130122 2012-11-30 2013-01-22 2.92E+04 2.63E+04 2.90E+03 10% 11% 9% 33% 0/0

O12-48 T49 130211 2013-01-17 2013-02-11 1.05E+04 9.79E+03 7.47E+02 7.1% 11% 8% 104% 0/3

O12-49 T48 130312 2013-02-06 2013-03-11 1.46E+05 1.42E+05 4.42E+03 3.1% 6.1% 7% 25% 0/0

O12-50 T49 130415 2013-03-12 2013-04-15 7.51E+04 7.28E+04 2.31E+03 2.9% 10% 8% 96% 0/0

O12-51 T48 130508 2013-04-26 2013-05-08 2.61E+05 2.54E+05 6.50E+03 2.5% 3% 3.8% 82% 0/0

O12-52 T48 130521 2013-05-17 2013-05-21 4.95E+05 4.00E+05 9.52E+04 19% 6.2% 13% 63% 0/0

O12-53 T49 130530 2013-05-03 2013-05-29 1.06E+05 9.92E+04 6.61E+03 6.1% 5.8% 3.3% 54% 0/0

O12-54 T49 130613 2013-05-31 2013-06-13 7.20E+04 6.31E+04 8.90E+03 12% 2.3% 13% 95% 0/0

O12-55 T48 130618 2013-05-23 2013-06-18 9.08E+04 8.82E+04 2.57E+03 2.7% 5.4% 3.0% 100% 0/0

O12-56 T49 130710 2013-06-14 2013-07-08 1.83E+05 9.85E+04 8.44E+04 46% 1.9% 2% 5% 0/0

Mean 1.47E+05 1.25E+05 2.15E+04 15% 92% 89% 160% 0/3
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was one single CCU filter from O2. The latter one was resins from the shutdown period of 

O2. The energy production was 0.01 EFPY for O1 and 0.37 EFPY for O2. 

 

 
Figure A3-43. Activity contents in the tanks sampled in Part 4. (O12-7, sheet D Acc). 

 

 

 Table A3-42. Summary of accumulation of C-14 in CCU resins for O1 and O2: Part 4. The tank 

fillings with organic values based on ¼ of the detection limit are all below the average organic 

accumulation. The distribution of energy production on the individual tanks was not precise; for the 

sums and averages the total energy produced during the period was used. (O12-7, sheet Acc). 
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Accum. C-14 tot, Bq

Accum.  C-14 inorg, Bq

Accum.  C-14 org, Bq

Resin uncertainty 10%

Sample Start End

O1 

Effective 

energy, 

MWhth

O2 

Effective 

energy, 

MWhth

Calc. 

Produc-

tion, Bq

Resin, kg 

dw

Accum. 

C-14 tot, 

Bq

Accum.  

C-14 

inorg, Bq

Accum.  

C-14 org, 

Bq

Org. 

frac-

tion

Tot. 

std. 

dev.

Inorg. 

std. 

dev.

Org. 

std. 

dev.

Fract. of 

produc-

tion

Total 

Bq/MWhth

Inorg. 

Bq/MWhth

Org. 

Bq/MWhth BFF

Inorg/

Org*

T48 130122 2012-11-30 2013-01-22 0.00E+00 1.29E+06 2.57E+10 8.40E+02 2.78E+07 2.51E+07 2.77E+06 10% 15% 13% 35% 0.11% 2.16E+01 1.95E+01 2.15E+00 1.13 0/0

T49 130211 2013-01-17 2013-02-11 0.00E+00 1.92E+05 3.85E+09 5.50E+02 6.12E+06 5.69E+06 4.34E+05 7.1% 15% 13% 105% 0.16% 3.19E+01 2.96E+01 2.26E+00 1.06 0/3

T48 130312 2013-02-06 2013-03-11 0.00E+00 1.68E+06 3.35E+10 5.85E+02 1.10E+08 1.06E+08 3.31E+06 3.0% 12% 12% 27% 0.33% 6.53E+01 6.34E+01 1.97E+00 1.28 0/0

T49 130415 2013-03-12 2013-04-15 0.00E+00 1.30E+06 2.59E+10 6.60E+02 5.66E+07 5.48E+07 1.74E+06 3.1% 14% 13% 97% 0.22% 4.37E+01 4.23E+01 1.34E+00 1.14 0/0

T48 130508 2013-04-26 2013-05-08 0.00E+00 6.18E+05 1.24E+10 3.55E+02 1.04E+08 1.02E+08 2.60E+06 2.5% 10% 11% 83% 0.85% 1.69E+02 1.65E+02 4.21E+00 1.13 0/0

T48 130521 2013-05-17 2013-05-21 0.00E+00 4.81E+05 9.62E+09 1.75E+02 1.05E+08 8.45E+07 2.01E+07 19% 12% 16% 64% 1.09% 2.18E+02 1.76E+02 4.19E+01 1.21 0/0

T49 130530 2013-05-03 2013-05-29 0.00E+00 7.02E+05 1.40E+10 6.20E+02 7.12E+07 6.67E+07 4.45E+06 6.2% 12% 11% 54% 0.51% 1.01E+02 9.51E+01 6.33E+00 1.08 0/0

T49 130613 2013-05-31 2013-06-13 0.00E+00 3.80E+05 7.61E+09 4.80E+02 3.70E+07 3.24E+07 4.57E+06 12% 10% 17% 96% 0.49% 9.72E+01 8.52E+01 1.20E+01 1.07 0/0

T48 130618 2013-05-23 2013-06-18 0.00E+00 4.37E+05 8.73E+09 1.06E+03 1.01E+08 9.80E+07 2.86E+06 2.8% 11% 10% 101% 1.2% 2.31E+02 2.25E+02 6.55E+00 1.05 0/0

T49 130710 2013-06-14 2013-07-08 0.00E+00 2.33E+05 4.66E+09 6.85E+02 1.33E+08 7.14E+07 6.11E+07 46% 10% 10% 11% 2.8% 5.69E+02 3.07E+02 2.63E+02 1.06 0/0

Sum 2012-11-30 2013-07-08 0.00E+00 7.30E+06 1.19E+11 6.01E+03 7.51E+08 6.47E+08 1.04E+08 14% 4.0% 4.3% 15% 0.63% 1.26E+02 1.09E+02 1.75E+01 1.11 0.00

Energy total 2012-11-30 2013-07-08 9.10E+04 5.87E+06 From operational reports

Energy diff -9.10E+04 1.44E+06

Energy diff -100.0% 24.5%

Energy correction factor 8.16E-01
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Table A3-43. Summary of accumulation of C-14 in CCU resins for O1 andO2, 

Part 1, 2, 3, and 4, compared with corrected results from Ref. 4. (O12-5, sheet Summary). 

 

 
Figure A3-44. Summary of accumulation of C-14 in CCU resins for O1 and O2: Part 1-4, 

compared with results from Ref. 4. (O12-5, sheet D Summary). 

O1+O2

Part 1 

Sep2008-

Mar 2009

Part 2* 

Sep 2010-

May 2011 

Part 3*    

Jul 2011- 

Dec 2012

Part 4* 

Jan2013-

Jun 2013

Part 1-4 

Sep 2008-

Jun 2013

B2, Ref. 4

+ BFF 

+ ds-corr.

Equivalent Full Power Hours (EFPH), O1 5338 2399 2691 66 10493

Equivalent Full Power Hours (EFPH), O2 6333 3673 9454 3259 22719

Equivalent Full Power Years (EFPY), O1 0.61 0.27 0.31 0.01 1.20

Equivalent Full Power Years (EFPY), O2 0.72 0.42 1.08 0.37 2.59

Equivalent Full Power Years (EFPY), O1 + O2 1.33 0.69 1.39 0.38 3.79

Body-Feed Factor, Average (BFF) 1.06 1.17 1.10 1.11 1.11 1.07

Dry Solids Correction Factor in Sample 1.16

Organic fraction 3.0% 4.2% 4.3% 14% 5.2% 16%

Total accumulation in CCU 0.30% 0.63% 0.57% 0.63% 0.49% 0.50%

Organic  accumulation in CCU 0.0090% 0.026% 0.024% 0.087% 0.026% 0.080%

Total Bq/MWhth 6.51E+01 1.33E+02 1.17E+02 1.26E+02 1.03E+02 1.06E+02

Inorganic Bq/MWhth 6.32E+01 1.27E+02 1.12E+02 1.09E+02 9.74E+01 8.93E+01

Organic Bq/MWhth 1.93E+00 5.58E+00 5.06E+00 1.75E+01 5.29E+00 1.70E+01

Total Std. Dev. 5.8% 4.1% 4.8% 4.0% 2.3%

Inorganic Std. Dev. 5.9% 4.1% 4.9% 4.3% 2.3%

Organic Std. Dev. 7.5% 7.6% 17% 15% 9.5%

* Inert masses for O2 calculated from operational time and dosage rate

0.001%

0.010%

0.100%

1.000%

10.000%

Part 1 Sep2008-
Mar 2009

Part 2* Sep 2010-
May 2011 

Part 3*    Jul 2011-
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Part 1-4 Sep 2008-
Jun 2013

B2, Ref. 4 B2, Ref. 4
+ BFF 

+ ds-corr.

O1 + O2 C-14 Accumulation: % of Production 

Total accumulation in CCU

Inorganic accumulation in CCU

Organic  accumulation in CCU
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A3.6.Summary and Discussion Parts 1-4 
Table A3-43 and Figure A3-44 show a summary of the accumulation of C-14 for the four 

parts analyzed. The standard deviations reported include the standard deviation in the 

concentrations and a 10 % standard deviation in the resin masses.  

 

The accumulation seems to stabilize around 0.5 % of the production. The organic fraction is 

around 5 %. Part 4 had an unusual high organic fraction; the reason for this is unclear. 

 

Summing all activity accumulated during the four campaigns yields values for the 

accumulation with reasonably low standard deviations, even if there is almost a factor of two 

between the highest and lowest values in the respective campaigns. The energy production 

amounts to 1.20 EFPY for O1 and 2.59 EFPY for O2. 
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APPENDIX 4 
Results from R1 

 

A4.1. Resin Handling 
All calculations for R1 are included in an excel-book. It can be found as Attachment Files R1-

2, 3 and -4 to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A4-1. Overview of handling of spent powder resin at R1. (A-5, pict. 2). 

 

 

 
Table A4-1. Calculation of the correction for iron oxide accumulation (BFF). The BFF 

depends on the operation time for the filter. (R1-2, sheet BodyfeedR1). 

 

Sampling of Condensate Clean-up 
Ion Exchangers in Ringhals 1 BWR

Ion exch. in 
condensate

system

Storage tank 
in waste
building
343T41

Concrete 
solidification

in mould

A small sample is 
taken before a 

batch is solidified

Temporary
storage tank in 

unit (back-
flushing tank)

There are totally 8 filters  in parallell. The ion exchange resin is discarded
with an interval of some 6 weeks; i.e. approx. one filter/week*. The resin is 
flushed to a temporary storage tank (back-flushing tank) in the unit and 
then to a storage tank in the Waste Building. After homogeni-sation by air 
bubbling, and pump recirculation, resin is withdrawn to cement solidifica-
tion. In connection with this, the dry solids content is determined, a sample
for analysis is withdrawn and a mass balance is recorded. On the way to so-
lidification, the resin is used to clean water from the PWR resin storage tank 
(containing boric acid) on a filter. The resin is air dried before being dumped
to the feed tank, where it is air bubbled in water before mixing with cement 
in the mould. 
*From mid-2013 the resin is discarded on high pressure drop; not operating time

Air drying in 
342C41

Air bubbling in 
feed tank

Water with 
boric acid

Fe3O4 Fe2O3 Fe3O4 Fe2O3

Fe atomic mass 56 56 56 56

O atomic mass 16 16 16 16

Iron oxide mole mass 232 160 232 160

Iron oxide/Fe 1.381 1.429 1.381 1.429

Fe in condensate ppb 10 10 10 10

ionic fraction 0.1 0.1 0.1 0.1

Op. Time days 42 42 35 35

Flowrate kg/s 154 154 154 154

Volume filtered m3 5.59E+05 5.59E+05 4.66E+05 4.66E+05

Iron oxide kg 6.9 7.2 5.8 6.0

Ionic Fe kg 0.6 0.6 0.5 0.5

Iron oxide kg 6.95E+00 7.19E+00 5.79E+00 5.99E+00

Ionic Fe kg 5.59E-01 5.59E-01 4.66E-01 4.66E-01

Powder resin kg dw/ filter 90 90 90 90

Inert material kg dw/ filter

Powder res.+Inert. Mater. kg dw/ filter 90 90 90 90

Total kg dw/ filter 9.75E+01 9.77E+01 9.63E+01 9.65E+01

Fraction (iron oxide+ionic Fe) 7.70E-02 7.92E-02 6.50E-02 6.69E-02

Fraction powder resin 9.23E-01 9.21E-01 9.35E-01 9.33E-01

Total Body-Feed Factor (BFF) 1.08E+00 1.09E+00 1.07E+00 1.07E+00
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In the Condensate Clean-up system (CCU) of R1 (8 filters per unit), 90 kg powder resin dw 

(sulfonate resin in cation part) is loaded and operated for periods usually lasting 6 weeks
59

. 

When the resin is exhausted, it is flushed to a temporary tank in the unit. From this tank, the 

resin is transferred by flushing to tank T41 in the Waste Handling Building. A schematic 

overview is given in Figure A4-1. From the storage tank T41 resin is taken to solidification in 

concrete. 

A4.2. Part 1: Resins from 2009 and 2010 
 

A4.2.1. Resin Mass Balance 
The records describing the additions and removals of resin are found in Attachment File R1-1 

as excel-sheets. 

 

All resin masses added to T41 are given as dry weight (dw) and do not include accumulated 

iron oxides. Since the removals to solidification and samples are based on total dry weight, 

the additions of resin have to be corrected. The calculation is based on the accumulation of 

iron oxides. Table A4-1 shows a summary of such accumulation, which yields a single 

correction factor, here called the Body-Feed Factor (BFF), which is used to multiply the 

additions of powder resin to obtain the total dry weight added (R1-2, Sheet BodyfeedR1). 

 

 

  
Figure A4-2. The log data for resin storage tank T41 in graphics. The sample size in grams is 

read on the right axis. The symbols for batches indicate the time for the last sample in the 

batch, not the size of the batch. (R1-2, sheet D T41; data are in Sheet T41). 

 

                                                 
59

 From the cycle 2013-2014 the operating time is determined by the pressure drop, 1.5 bar. The average time 

during that cycle was 60 days.  
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Figure A4-2 shows the additions, removals and the inventory in T41. In addition, the samples 

withdrawn for analyses are also indicated. All weights for additions, removal and inventory 

are given as total dw. Sample size is given as ww. The batches are indicated at the last sample 

included in the batch. 

 

The plant was shut-down between 2009-03-15 and 2010-03-06 for an extensive 

refurbishment. The resins added to T41 from 2009-10-01 to 2010-03-08 have not been 

exposed to C-14 from operation. They either originate from failed filter loadings or from 

cleaning the condensate system water during start-up. 

 

A4.2.2. Mass balance and Calculations for C-14 (Calculation model MBM) 
To calculate the amounts of C-14 disposed in solidified waste, a mass balance over the tank 

T41 is calculated. In early January 2009 the tank had a small amount of low activity resin. 

The operation period in this year lasted only to mid-March, when the unit shut down for 

extensive refurbishment works, lasting to March 2010. During operation and the next few 

weeks following shut-down, resin was disposed into T41. Figure A4-2 indicates each addition 

and removal of resin for solidification.  

 

 

 
Figure A4-3. Schematic mass balance over tank T41. (A-5, pict. 11). 

 

 

Samples were withdrawn for analysis in connection with the solidifications or backflushings 

(but not all of them). The samplings are indicated (open circles) in Figure A4-2; totally 51 in 

2009 and 2010. Most of the samples were combined to batches for analysis; the final date for 

a batch is indicated by triangles. Since the tank content is mixed by air bubbling and by 

pumping, it is assumed that the content is fairly homogeneous.  

 

In 2010, operation started in March and continued to early October with a break in July and 

August for inspection works. The resin sampling and mass balancing were continued to the 

end of November, when T41 was almost empty. 

 

Table A4-2 and Figure A4-4 show the concentrations obtained in the analyses of the batched 

samples. These concentrations are used to calculate the quantities of C-14 brought to 

solidification.  

 

Table A4-3A shows the calculated quantities of C-14 in the solidified resins and the residual 

amount of resin in T41 in 2009. 

 

 

 

To Solidification

Storage tank in waste
building T41

From R1 332
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Figure A4-4. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins
60

. (R1-2, sheet D conc). 

 

 
Table A4-2. Concentration data used in the calculations. The sample weighting factor was 

introduced in order to handle dilution effects from non-radioactive resins; however, with the 

present calculation model it has not been used. (R1-2, sheet R1acc). 

 

The production of C-14 in R1 has been calculated from the production rate given in the FSAR 

and the production of thermal energy obtained from the operational reports. The energy 

production is calculated as the difference of the cumulated production by the end of March 

and the beginning of January 2009. The calculation is to be found in Table A4-3C. Table A4-

3A summarizes the results for 2009. Table A4-3B summarizes the results for 2010, using the 

                                                 
60

 The low concentrations in the beginning and the middle of the diagram are explained in the following way: 

Due to long shut-downs, the storage tank had been emptied from resins used in operation. The resins in the tank 

were either fresh resins from failed loadings of the filters or resins used to clean condensate system water prior to 

start. Cf. tank inventory in Figure A4-2. 
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R1: Concentration of C-14 in CCU Resins

Total, Bq/kg dw

Inorg, Bq/kg dw

Org, Bq/kg dw

No Operation

Batch Start date End date

Sample 

Weighting 

factor

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD inorg, 

% SD org, %

R1-09B1 2009-01-23 1.00 2.43E+04 2.04E+04 3.86E+03 16% 5.8% 13% 58%

R1-09B2 2009-01-26 2009-03-06 1.00 3.32E+06 3.27E+06 4.54E+04 1.4% 4.6% 4% 30%

R1-09B3 2009-03-13 2009-03-19 1.00 3.90E+06 3.85E+06 4.98E+04 1.3% 2.5% 2.9% 28%

R1-10B1 2010-03-10 1.00 7.37E+03 6.74E+03 6.28E+02 8.5% 13% 11% 103%

R1-10B2 2010-03-15 2010-04-21 1.00 3.87E+05 2.75E+05 1.12E+05 29% 24% 38% 68%

R1-10B3 2010-04-22 2010-06-02 1.00 1.96E+06 1.93E+06 3.34E+04 1.7% 1.1% 1.1% 18%

R1-10B4 2010-06-02 2010-07-19 1.00 2.37E+06 2.33E+06 4.12E+04 1.7% 2.0% 1.7% 14%

R1-10B5 2010-07-19 2010-08-03 1.00 2.15E+06 2.12E+06 3.24E+04 1.5% 1.4% 1.1% 34%

R1-10B6 2010-08-04 2010-10-01 1.00 1.79E+06 1.77E+06 1.82E+04 1.0% 1.7% 2.0% 27%

R1-10B7 2010-10-02 2010-11-29 1.00 1.66E+06 1.64E+06 2.53E+04 1.5% 2.8% 3.0% 22%
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cumulated energy production between March and November 2010. These values are also 

found in Table A4-3C. 

 

 

 
Table A4-3A. Summary of C-14 in CCU resins at R1 produced in the period January-March 

2009. (R1-2, sheet R1acc). 

 

 
Table A4-3B. Summary of C-14 in CCU resins at R1 produced in the period March-October 

2010. (R1-2, sheet R1acc). 

 

The calculation is performed in the following way: The C-14 initially present in T41 is 

calculated from the first sample and the tank inventory of resin. It is indicated by a minus-sign 

in the tables, since it was produced outside of the production period. The removals of resin to 

solidification corresponding to a batch are combined to calculate the amount of C-14. When 

the last batch has been analyzed, the residual resin in T41 is assumed to have the same 

Resin uncertainty 10%

Batch Start date End date kg dw

% of 

total Total Bq Inorg, Bq Org Bq

R1-09B1

Initial 

inventory 2009-01-23 -200 -0.1% -4.86E+06 -4.09E+06 -7.72E+05

R1-09B2 2009-01-26 2009-03-06 570 30.6% 1.89E+09 1.87E+09 2.59E+07

R1-09B3 2009-03-13 2009-03-19 100 6.3% 3.90E+08 3.85E+08 4.98E+06

R1-09B3

Residual 

inventory 2009-03-26 1000 63.1% 3.90E+09 3.85E+09 4.98E+07

Sum 1470 100.0% 6.17E+09 6.09E+09 7.99E+07

% of production 6.7% 6.7% 0.087%

Bq/MWHth 1.59E+03 1.57E+03 2.05E+01

% organic 1.3%

Standard Deviation, % 7.4% 7.4% 21%

Sum with BFF= 1.09 6.71E+09 6.62E+09 8.68E+07

% of production 7.3% 7.2% 0.095%

Bq/MWHth 1.72E+03 1.70E+03 2.23E+01

Resin uncertainty 10%

Batch Start date End date kg dw

% of 

total Total Bq Inorg, Bq Org Bq

R1-10B1

Initial 

inventory 2010-03-10 -690 -0.1% -5.09E+06 -4.65E+06 -4.34E+05

R1-10B2 2010-03-15 2010-04-21 520 2.2% 2.01E+08 1.43E+08 5.80E+07

R1-10B3 2010-04-22 2010-06-02 975 21.2% 1.92E+09 1.88E+09 3.26E+07

R1-10B4 2010-06-02 2010-07-19 410 10.8% 9.72E+08 9.55E+08 1.69E+07

R1-10B5 2010-07-19 2010-08-03 345 8.2% 7.43E+08 7.32E+08 1.12E+07

R1-10B6 2010-08-04 2010-10-01 1180 23.4% 2.11E+09 2.09E+09 2.14E+07

R1-10B7 2010-10-02 2010-11-29 1760 32.5% 2.93E+09 2.88E+09 4.46E+07

R1-10B7

Residual 

inventory 2010-11-29 90 1.7% 1.50E+08 1.47E+08 2.28E+06

Sum 4590 100.0% 9.02E+09 8.83E+09 1.87E+08

% of production 3.6% 3.5% 0.074%

Bq/MWHth 8.41E+02 8.23E+02 1.74E+01

% organic 2.1%

Standard Deviation, % 4.9% 4.9% 23%

Sum with BFF= 1.09 9.79E+09 9.59E+09 2.03E+08

% of production 3.9% 3.8% 0.080%

Bq/MWHth 9.13E+02 8.94E+02 1.89E+01
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concentration as the last batch. Table A4-3D shows the average accumulation for the years 

2009 and 2010. The uncertainty (standard deviation) in the calculated accumulation includes 

the uncertainty in the sample concentrations and 10 % uncertainty for the resin mass. 

 

 
Table A4-3C. Summary of energy production and calculated production of C-14 in  

R1 in January-March 2009 and March-November 2010. (R1-2, sheet R1acc). 

 

 

 
Table A4-3D. Summary of combined accumulation of C-14 in CCU resins for 2009 and 2010. 

(R1-2, sheet R1Big sum). 

 

 

 

A4.3. Part 2: Resins from 2011 
 

 
Figure A4-21. The log data for resin storage tank T41 for 2011 in graphics. The sample 

volume of slurry, multiplied by 100, is read on the right axis (liters). The symbols for batches 

(triangles on a constant level) indicate the samples in the batch, not the size of the batch. (R1-

3, sheet D T41; data are in Sheet T41). 

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calculated 

production  

Bq total

Equivalent 

Full 

Power 

Hours, 

(EFPH)

Equivalent 

Full 

Power 

Years, 

(EFPY)

2009-01-01 2009-03-19 4.85E+08 4.89E+08 3892369 2.35E+04 9.16E+10 1497 0.17

2010-03-01 2010-11-30 4.89E+08 5.00E+08 10724615 2.35E+04 2.52E+11 4125 0.47

Sum 14616984 2.35E+04 3.44E+11 5622 0.64

Start End MWhth

Calc. 

Produc-

tion, Bq

Accum. 

C14-tot, 

Bq

Accum. 

C14-

inorg, Bq

Accum.  

C14-org, 

Bq

Org. 

Frac-

tion

Fraction 

of 

produc-

tion

Total 

Bq/MWhth

Tot. 

std. 

dev.

Inorg. 

Bq/MWhth

Inorg. 

std. 

dev.

Org. 

Bq/MWhth

Org. 

std. 

dev. EFPH EFPY BFF

2009-01-01 2009-03-19 3.89E+06 9.16E+10 6.71E+09 6.62E+09 8.68E+07 1.3% 7.3% 1.72E+03 7.4% 1.70E+03 7.4% 2.23E+01 21% 1497 0.17 1.09

2010-03-01 2010-11-30 1.07E+07 2.52E+11 9.79E+09 9.59E+09 2.03E+08 2.1% 3.9% 9.13E+02 4.9% 8.94E+02 3.8% 1.89E+01 23% 4125 0.47 1.09

Sum 1.46E+07 3.44E+11 1.65E+10 1.62E+10 2.89E+08 1.8% 4.8% 1.13E+03 4.2% 1.11E+03 3.8% 1.98E+01 17% 5622 0.64
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A4.3.1. Resin Mass Balance and Calculations 
The records describing the additions and removals of resin are found in Attachment File R1-3, 

together with the calculations. The tables and figures for Part 2 are numbered from 21 and 

upwards. All analyses and calculations were performed in the same way as for part 1. 

 

 

The samplings started in early April 2011, about 3.5 months after the start of the fuel cycle. 

This delay was caused by a misunderstanding regarding the sampling program. Figure A4-21 

shows the mass balance and samplings. Figure A4-22 and Table A4-21 show the 

concentration values. 

 

 
Figure A4-22. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins. (R1-3, sheet D conc). 

 

 

 

 
Table A4-21. Concentration data used in the calculations for the 2011 samplings. The sample 

weighting factor was introduced in order to handle dilution effects from non-radioactive 

resins; however, with the present calculation model it has not been used. (R1-3, sheet R1acc). 
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R1: Concentration of C-14 in CCU Resins  2011

Total, Bq/kg dw

Inorg, Bq/kg dw

Org, Bq/kg dw

Batch Start date End date

Sample 

Weighting 

factor

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD inorg, 

% SD org, %

R1-11B1 2011-04-04 1.00 3.26E+06 3.22E+06 3.44E+04 1.3% 1.1% 1.1% 3.2%

R1-11B2 2011-04-04 2011-04-29 1.00 2.97E+06 2.93E+06 3.95E+04 1.3% 1.1% 1.2% 2.9%

R1-11B3 2011-04-29 2011-06-01 1.00 3.30E+06 3.27E+06 2.72E+04 0.83% 1.1% 1.1% 3.8%

R1-11B4 2011-06-01 2011-06-29 1.00 3.46E+06 3.43E+06 2.87E+04 0.82% 1.1% 1.1% 3.7%

R1-11B5 2011-06-29 2011-07-28 1.00 3.31E+06 3.27E+06 4.30E+04 1.3% 1.1% 1.1% 3.1%

R1-11B6 2011-07-28 2011-09-01 1.00 3.37E+06 3.33E+06 4.18E+04 1.2% 1.1% 1.1% 2.9%

R1-11B7 2011-09-01 2011-09-22 1.00 2.98E+06 2.95E+06 2.91E+04 1.0% 1.1% 1.1% 3.5%

R1-11B8 2011-09-22 2011-09-29 1.00 2.68E+06 2.64E+06 3.28E+04 1.2% 2.6% 2.0% 60%
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Table A4-22. Summary of energy production and calculated production of C-14 in  

R1 in April-September 2011. (R1-3, sheet R1acc). 

 

Table A4-22 shows the energy production during the sampling period. Since some of the 

filters started their operation before the sampling period, an individual calculation of the 

“energy exposure” before 2012-04-01 was performed for these filters. 

 

Table A4-23 shows the accumulated amounts of C-14 during the 2011 sampling period. The 

BFF should have been 1.07, but due to some uncertainties in the record keeping, 1.09 has 

been used to compensate for possible loss of one or two filter batches. Table A4-24 

summarizes the accumulation for all the years 2009-2011. 

 

 
Table A4-23. Summary of C-14 in CCU resins at R1 accumulated in the period April-

September 2011. (R1-3, sheet R1acc). 

 

 
Table A4-24. Summary of combined accumulation of C-14 in CCU resins for 2009, 2010 and 

2011(R1-2, sheet Big sum). 

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calculated 

production  

Bq total

Equivalent 

Full 

Power 

Hours, 

(EFPH)

Equivalent 

Full 

Power 

Years, 

(EFPY)

2011-03-31 2011-09-30 5.05E+08 5.16E+08 10707363 2.35E+04 2.52E+11 4118 0.47

2010-02-28 2011-03-31 * 1017531 2.35E+04 2.40E+10 391 0.04

2011-03-31 2011-09-30 11724894 2.35E+04 2.76E+11 4510 0.51

* Single filters in the beginning of the sampling period

Resin Uncertainty 10%

Batch Start date End date kg dw

% of 

total Total Bq Inorg, Bq Org Bq

R1-11B1

Initial 

inventory 2011-04-04 -890 -25% -2.90E+09 -2.87E+09 -3.06E+07

R1-11B2 2011-04-04 2011-04-29 85 2.2% 2.52E+08 2.49E+08 3.36E+06

R1-11B3 2011-04-29 2011-06-01 250 7.1% 8.25E+08 8.18E+08 6.80E+06

R1-11B4 2011-06-01 2011-06-29 0 0.0% 0.00E+00 0.00E+00 0.00E+00

R1-11B5 2011-06-29 2011-07-28 125 3.6% 4.14E+08 4.08E+08 5.37E+06

R1-11B6 2011-07-28 2011-09-01 510 15% 1.72E+09 1.70E+09 2.13E+07

R1-11B7 2011-09-01 2011-09-22 430 11% 1.28E+09 1.27E+09 1.25E+07

R1-11B8 2011-09-01 2011-09-22 215 5.0% 5.75E+08 5.68E+08 7.06E+06

R1-11B8

Residual 

inventory 2011-09-29 3505 81% 9.38E+09 9.26E+09 1.15E+08

Sum 5120 100% 1.15E+10 1.14E+10 1.41E+08

% of production 4.2% 4.1% 0.051%

Bq/MWHth 9.85E+02 9.73E+02 1.20E+01

% organic 1.2%

Standard Deviation, % 9.0% 8.9% 50%

Sum with BFF= 1.09 1.26E+10 1.25E+10 1.54E+08

% of production 4.6% 4.5% 0.056%

Bq/MWHth 1.08E+03 1.06E+03 1.31E+01

Start End MWhth

Calc. 

Produc-

tion, Bq

Accum. 

C14-tot, 

Bq

Accum. 

C14-

inorg, Bq

Accum.  

C14-org, 

Bq

Org. 

Frac-

tion

Frac-

tion of 

produc-

tion

Total 

Bq/MWhth

Tot. 

std. 

dev.

Inorg. 

Bq/MWhth

Inorg

. std. 

dev.

Org. 

Bq/MWhth

Org. 

std. 

dev. EFPH EFPY BFF

2009-01-01 2009-03-19 3.89E+06 9.16E+10 6.71E+09 6.62E+09 8.68E+07 1.3% 7.3% 1.72E+03 7.4% 1.70E+03 7.4% 2.23E+01 21% 1497 0.17 1.09

2010-03-01 2010-11-30 1.07E+07 2.52E+11 9.79E+09 9.59E+09 2.03E+08 2.1% 3.9% 9.13E+02 4.9% 8.94E+02 3.8% 1.89E+01 23% 4125 0.47 1.09

2011-03-31 2011-09-30 1.17E+07 2.76E+11 1.26E+10 1.25E+10 1.54E+08 1.2% 4.6% 1.08E+03 9.0% 1.06E+03 8.9% 1.31E+01 50% 4510 0.51 1.09

Sum 2.63E+07 6.20E+11 2.91E+10 2.87E+10 4.43E+08 1.5% 4.7% 1.10E+03 4.6% 1.09E+03 4.4% 1.68E+01 21% 10131 1.16
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A4.3.2. Discussion Part 1 and Part 2 
 

 
Table A4-25. Summary of accumulation of C-14 in CCU resins at R1 (R1-2, sheet Summary). 

 

The record keeping for the resins handled during the period seems to be is adequate with a 

few exceptions. The only uncertainty is the Body-Feed Factor, BFF, which accounts for 

accumulation of iron oxides. It has been calculated in Table A4-2 and has the value 1.09, 

which has been included in the calculations. 

 

Table A4-25 gives a summary of the accumulation of C-14 in the CCU resins separately for 

the three periods and combined. It can be seen that the amount accumulated varies a factor of 

two between the years. The organic fraction also shows this variation. The variation is mainly 

in the inorganic part. A likely explanation for this is discussed below. 

 

The standard deviation includes the uncertainty in counting and a 10 % uncertainty from the 

determination of resin masses. 

 

Furthermore, the mass of the resin in this study is based on actual record keeping (although 

corrected for calculated body-feed).  

 

The organic fraction is in the range 1-5 %, where most of the BWR samples are found. 

 

The concentrations are low at the beginning of the periods in 2009 and 2010, since there is 

some initial amount of resin, which has not been in operation. This initial amount will dilute 

the concentration in the additions of resin. The diagrams show that the concentration increases 

during the cycle and levels out at the end. In 2011, the sampling started several months into 

the fuel cycle, when the concentration had stabilized. 

 

The total accumulation of C-14 is governed by the inorganic fraction. In 2010 it is lower than 

in 2009, with 2011 in between. The explanation to this may be the air bubbling, where 

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41 Ref. 4*

Ref. 4*

+ BFF 

+ ds-corr.

Unit R1 R1 R1 R1 B2 B2

Year 2009 2010 2011 2009-2011

Equivalent Full Power Hours 1497 4125 4510 10131

Equivalent Full Power Years 0.17 0.47 0.51 1.16

Body-Feed Factor, Average (BFF) 1.09 1.09 1.09 1.00 1.09

Dry Solids Correction Factor in Sample 1.16

Organic fraction 1.3% 2.1% 1.2% 1.5% 16% 16%

Total accumulation in CCU 7.3% 3.9% 4.6% 4.7% 0.40% 0.50%

Organic  accumulation in CCU 0.095% 0.080% 0.056% 0.071% 0.064% 0.081%

Total Bq/MWhth 1.72E+03 9.13E+02 1.08E+03 1.10E+03 9.42E+01 1.19E+02

Inorganic Bq/MWhth 1.70E+03 8.94E+02 1.06E+03 1.09E+03 7.91E+01 9.96E+01

Organic Bq/MWhth 2.23E+01 1.89E+01 1.31E+01 1.68E+01 1.51E+01 1.90E+01

Total Std. Dev. 7.4% 4.9% 9.0% 4.6%

Inorganic Std. Dev. 7.4% 3.8% 8.9% 4.4%

Organic Std. Dev. 21% 23% 50% 21%

* The value given by Ref. 4 is based on analyses for unit B2.



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

108 

carbonate on the resin is converted to CO2 and blown away by the air. The effects of air 

bubbling are discussed and explained in Appendix 8
61

.  

 

 

A4.4. Part 3: Resins from 2012 and 2013 
 

A4.4.1. Resin Mass Balance and Calculations 
The records describing the additions and removals of resin are found in Attachment File R1-4, 

together with the calculations. The tables and figures for Part 3 are numbered from 31 and 

upwards. All analyses and calculations were performed in the same way as for part 1 and 2. 

 

 
Figure A4-31. The log data for resin storage tank T41 for 2012-13 in graphics. (R1-4, sheet D 

T41; data are in Sheet T41). 

 

The samplings started in November 2011 and continued to the end of April 2013 with a break 

for the annual outage in August-September 2012. Since there are good records of the mass 

handling and frequent sampling, the accumulation has been calculated for each fuel cycle. 

Figure A4-31 shows the mass balance for powder resins from 2009 to mid-June 2013. Figure 

A4-32, Table A4-31 and Table A4-33 show the concentration values. 

 

                                                 
61

 Air bubbling tests performed in T41 did not show any significant release of C-14. The reason for this is 

unclear; the high operating temperature and the thermal degradation of the anion resin may be one contributing 

factor. The pH-value in the resin slurry another. 
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Table A4-31. Concentration data used in the calculations for the 2012 samplings. The sample 

weighting factor was introduced in order to handle dilution effects from non-radioactive 

resins; however, with the present calculation model it has not been used.  

(R1-4, sheet R1acc aug 2012). 

 

 

 
Figure A4-32. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins. See footnote to Figure A4-4 for comments on the low concentrations.  

(R1-4, sheet D conc). 

 

 

 

 

Table A4-32 and Table A4-34 show the energy production during the sampling period.  

Table A4-35 and Table A4-36 show the accumulated amounts of C-14 during the 2011-2013 

sampling period. The BFF has been set to 1.09 in accordance with the previous parts.  

Batch Start date End date

Sample 

Weighting 

factor

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD inorg, 

% SD org, %

R1-12B1 2011-11-21 2011-11-21 1.00 3.00E+06 2.98E+06 2.37E+04 0.77% 3.1% 2.7% 66%

R1-12B2 2011-11-26 2011-11-26 1.00 2.36E+06 2.14E+06 2.19E+05 12% 18% 30% 97%

R1-12B2:2 2011-11-29 2011-11-29 1.00 2.49E+06 2.46E+06 2.59E+04 1.1% 5.7% 6.2% 53%

R1-12B3 2011-12-01 2011-12-29 1.00 2.12E+06 2.09E+06 2.69E+04 1.3% 14% 15% 23%

R1-12B4 2012-01-09 2012-02-03 1.00 2.49E+06 2.48E+06 1.32E+04 0.53% 1.1% 1.1% 25%

R1-12B5 2012-02-10 2012-03-02 1.00 1.96E+06 1.95E+06 9.49E+03 0.49% 11% 11% 7.6%

R1-12B6 2012-03-08 2012-03-08 1.00 2.38E+06 2.35E+06 2.26E+04 0.95% 2.2% 2.0% 15%

R1-12B6:2 2012-03-08 2012-03-08 1.00 2.50E+06 2.44E+06 6.05E+04 2.4% 2.3% 2.0% 19%

R1-12B6:3 2012-03-08 2012-03-08 1.00 2.54E+06 2.48E+06 5.36E+04 2.1% 0.91% 0.93% 16%

R1-12B7 2012-03-16 2012-04-28 1.00 2.63E+06 2.48E+06 1.56E+05 5.9% 1.5% 5.1% 76%

R1-12B8 2012-05-12 2012-05-12 1.00 2.35E+06 2.29E+06 6.09E+04 2.6% 1.1% 1.1% 22%

R1-12B9 2012-07-12 2012-07-12 1.00 2.20E+06 2.03E+06 1.68E+05 7.6% 1.8% 8.4% 109%

R1-12B10 2012-07-20 2012-08-24 1.00 2.20E+06 2.15E+06 4.50E+04 2.0% 2.6% 2.5% 8.8%

R1-12B11 2012-08-31 2012-08-31 1.00 1.96E+06 1.93E+06 3.14E+04 1.5% 20% 19% 59%
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R1 C-14 Conc  in T41 Powder Resins
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No Operation
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Table A4-32. Summary of energy production and calculated production of C-14 in  

R1 in November 2011-August 2012. (R1-4, sheet R1acc aug 2012). 

 

 

 
Table A4-33. Concentration data used in the calculations for the 2012and 2013 samplings. 

The sample weighting factor was introduced in order to handle dilution effects from non-

radioactive resins; however, with the present calculation model it has not been used. 

 (R1-4, sheet R1acc aug12 apr2013). 

 

 

 
Table A4-34. Summary of energy production and calculated production of C-14 in  

R1 in August 2012 - April 2013. (R1-4, sheet R1acc aug12 apr2013). 

 

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calculated 

production  

Bq total

Equiv. 

Full 

Power 

Hours, 

(EFPH)

Equiv. 

Full 

Power 

Years, 

(EFPY)

2011-11-01 2012-08-31 5.16E+08 5.27E+08 11094852 2.35E+04 2.61E+11 4267 0.49

Batch Start date End date

Sample 

Weighting 

factor

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD inorg, 

% SD org, %

R1-12B11 2012-08-31 2012-08-31 1.00 1.96E+06 1.93E+06 3.14E+04 1.5% 20% 19% 59%

R1-12B12 2012-09-17 2012-11-01 1.00 2.09E+06 2.06E+06 2.66E+04 1.3% 1.4% 1.5% 9.9%

R1-12B13 2012-11-16 2012-12-28 1.00 2.35E+06 2.17E+06 1.70E+05 7.3% 1.6% 5.2% 60%

R1-12B14 2013-01-10 2013-01-25 1.00 2.46E+06 2.42E+06 4.69E+04 1.9% 1.6% 2.1% 55%

R1-12B15 2013-02-08 2013-02-22 1.00 2.45E+06 2.42E+06 3.29E+04 1.3% 1.4% 1.4% 40%

R1-12B16 2013-03-22 2013-04-14 1.00 2.70E+06 2.69E+06 1.90E+04 0.70% 1.1% 1.1% 18%

R1-12B17 2013-04-30 2013-04-30 1.00 2.98E+06 2.47E+06 5.13E+05 13% 22% 1.1% 132%

Mean 2.43E+06 2.31E+06 1.20E+05 4.9% 32% 17% 573%

Geom. Mean 2.41E+06 2.30E+06 5.77E+04 2.4%

Max 2.98E+06 2.69E+06 5.13E+05 17% 22% 1% 132%

Min 1.96E+06 1.93E+06 1.90E+04 1.0% 20% 19% 18%

Median conc. 2.45E+06 2.42E+06 3.29E+04 1.3%

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calcula-

ted 

produc-

tion,  Bq 

total

Equiv. 

Full 

Power 

Hours, 

(EFPH)

Equiv. 

Full 

Power 

Years, 

(EFPY)

2012-08-31 2013-04-30 5.27E+08 5.41E+08 13611601 2.35E+04 3.20E+11 5235 0.60
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Table A4-35. Summary of C-14 in CCU resins at R1 accumulated in the period  

November 2011-August 2012 (R1-4, sheet R1acc aug 2012) 

 

 

 
Table A4-36. Summary of C-14 in CCU resins at R1 accumulated in the period  

August 2012 - April 2013. (R1-4, sheet R1acc aug12 apr2013). 

Resin uncertainty 10%

Batch Start date End date kg dw

% of 

total Total Bq Inorg, Bq Org Bq

R1-12B1

Initial 

inventory 2011-11-21 -1615 -50% -4.85E+09 -4.81E+09 -3.82E+07

R1-12B2 2011-11-21 2011-11-30 435 11% 1.03E+09 9.31E+08 9.54E+07

R1-12B2:2 2011-11-21 2011-11-30 0 0% 0.00E+00 0.00E+00 0.00E+00

R1-12B3 2011-11-30 2012-01-04 225 5.0% 4.77E+08 4.71E+08 6.05E+06

R1-12B4 2012-01-04 2012-02-08 580 15% 1.44E+09 1.44E+09 7.63E+06

R1-12B5 2012-02-08 2012-03-02 390 7.9% 7.64E+08 7.61E+08 3.70E+06

R1-12B6 2012-03-02 2012-03-08 17 0.41% 3.96E+07 3.92E+07 3.77E+05

R1-12B6:2 2012-03-02 2012-03-08 17 0.43% 4.17E+07 4.06E+07 1.01E+06

R1-12B6:3 2012-03-02 2012-03-08 17 0.44% 4.23E+07 4.14E+07 8.94E+05

R1-12B7 2012-03-08 2012-05-08 765 21% 2.01E+09 1.90E+09 1.20E+08

R1-12B8 2012-05-08 2012-07-04 700 17% 1.64E+09 1.60E+09 4.26E+07

R1-12B9 2012-07-04 2012-07-18 0 0% 0.00E+00 0.00E+00 0.00E+00

R1-12B10 2012-07-18 2012-08-31 810 18% 1.78E+09 1.74E+09 3.65E+07

R1-12B11 2012-08-31 2012-09-13 100 2.0% 1.96E+08 1.93E+08 3.14E+06

Residual 2555 52% 5.02E+09 4.94E+09 8.02E+07

Sum 4995 100% 9.63E+09 9.28E+09 3.59E+08

% of production 3.7% 3.6% 0.14%

Bq/MWhth 8.68E+02 8.36E+02 3.23E+01

% organic 3.7%

Standard Deviation, % 13% 14% 40%

Sum with BFF= 1.09 1.05E+10 1.01E+10 3.92E+08

% of production 4.0% 3.9% 0.15%

Bq/MWhth 9.48E+02 9.13E+02 3.53E+01

Resin uncertainty 10%

Batch Start date End date kg dw % of total Total Bq Inorg, Bq Org Bq

R1-12B11

Initial 

inventory 2012-08-31 -2565 -37% -5.04E+09 -4.96E+09 -8.05E+07

R1-12B12 2012-09-17 2012-11-01 485 7.4% 1.01E+09 9.99E+08 1.29E+07

R1-12B13 2012-11-16 2012-12-28 875 15% 2.05E+09 1.90E+09 1.49E+08

R1-12B14 2013-01-10 2013-01-25 1225 22% 3.02E+09 2.96E+09 5.75E+07

R1-12B15 2013-02-08 2013-02-22 0 0% 0.00E+00 0.00E+00 0.00E+00

R1-12B16 2013-03-22 2013-04-14 250 5.0% 6.76E+08 6.71E+08 4.75E+06

R1-12B16 2013-04-30 2013-04-30 125 2.5% 3.38E+08 3.36E+08 2.37E+06

R1-12B17 Residual 2013-04-30 4285 85% 1.16E+10 1.15E+10 8.14E+07

Sum 4680 100% 1.36E+10 1.34E+10 2.27E+08

% of production 4.3% 4.2% 0.071%

Bq/MWhth 1.00E+03 9.86E+02 1.67E+01

% organic 1.7%

Standard Deviation, % 22% 12% 67%

Sum with BFF= 1.09 1.49E+10 1.46E+10 2.48E+08

% of production 4.6% 4.6% 0.077%

Bq/MWhth 1.09E+03 1.08E+03 1.82E+01
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Table A4-37 and Figure A4-33 summarize the accumulation for all the years 2009-2013. 

 

From the Table A4-37 and Figure A4-33 it can be seen that the accumulation seems to 

stabilize around 4.5 % of the production with an organic fraction of 2 %. There is no obvious 

indication that the new configuration of the CCU with forward pumping and lower operating 

temperature has had any effect on the accumulation of C-14. 

 

 
Table A4-37. Summary of accumulation of C-14 in CCU resins at R1 (R1-4, sheet Summary). 

 

 

 

A4.4.2. Discussion Part 1, 2 and 3 
The cycle starting in September 2012 introduced one major change in the condensate system 

for one turbine: The CCU system was reconfigured to operation at a significantly lower 

temperature, in order to reduce the thermal breakdown of the resin. This breakdown 

introduces sulfate ions into the reactor, which are considered to contribute to intergranular 

stress corrosion cracking. The high temperature drains are not cleaned by the CCU, but are 

introduced into the feed water at an appropriate point from a temperature point of view. This 

process is called Forward Pumping (FP) and increases the thermal efficiency of the plant. It 

may also introduce more corrosion products into the reactor coolant. 

 

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Grab 

sample

Grab 

sample

Unit R1 R1 R1 R1 R1 R1 B2 B2

Year 2009 2010 2011

2011- Aug 

2012

Aug 2012-

Apr 2013

Mean 

2009-Apr 

2013 Ref. 4*

Ref. 4*

+ BFF 

+ ds-corr.

Equivalent Full Power Hours 1497 4125 4510 4267 5235 14399

Equivalent Full Power Years 0.17 0.47 0.51 0.49 0.60 2.24

Body-Feed Factor, Average (BFF) 1.09 1.09 1.09 1.09 1.09 1.09 1.00 1.09

Dry Solids Correction Factor in Sample 1.16

Organic fraction 1.3% 2.1% 1.2% 3.7% 1.7% 2.0% 16% 16%

Total accumulation in CCU 7.3% 3.9% 4.6% 4.0% 4.6% 4.5% 0.40% 0.50%

Organic  accumulation in CCU 0.095% 0.080% 0.056% 0.15% 0.077% 0.090% 0.064% 0.081%

Total Bq/MWhth 1.72E+03 9.13E+02 1.08E+03 9.48E+02 1.09E+03 1.07E+03 9.42E+01 1.19E+02

Inorganic Bq/MWhth 1.70E+03 8.94E+02 1.06E+03 9.13E+02 1.08E+03 1.05E+03 7.91E+01 9.96E+01

Organic Bq/MWhth 2.23E+01 1.89E+01 1.31E+01 3.53E+01 1.82E+01 2.12E+01 1.51E+01 1.90E+01

Total Std. Dev. 7.4% 4.9% 9.0% 13% 22% 7.1%

Inorganic Std. Dev. 7.4% 3.8% 8.9% 14% 12% 4.8%

Organic Std. Dev. 21% 23% 50% 40% 67% 23%

* The value given by Ref. 4 is based on analyses for unit B2.
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Figure A4-33. Summary of accumulation of C-14 in CCU resins at R1  

(R1-4, sheet D Summary). 

 

 

The accumulation of C-14 increased from 4.0 % to 4.6 % of the production, compared with 

the previous cycle. However, it is too early to attribute this increase to the FP, since earlier 

cycles have had the same accumulation (2011) or even higher (2009).  

 

One effect of the FP has been observed: Spent CCU resins are used to clean some waste water 

fractions containing boric acid
62

. Before the introduction of FP there was no uptake of boric 

acid by the spent CCU resins. However, after the introduction of FP the spent CCU resins 

have shown an uptake of boric acid. This is an indication that the anion part of the resins still 

has its active groups intact in the FP train, operating at lower temperature than earlier
63

. 

 

The total period with sampling from 2009 to April 2013 covers 2.24 EFPY with a total 

accumulation of 4.5 % of the production. The organic fraction is 2.0 %. The standard 

deviation in the totally accumulated C-14 activity ranges from 4.8 % for the inorganic fraction 

to 23 % for the organic fraction. The main factor contributing to this large value is the scatter 

in the concentrations measured for the organic fraction. There is no obvious explanation for 

this behavior. 

 

 

 

 

 

                                                 
62

 The water with boric acid comes from the transports of PWR resins to the R1 WHB. 
63

 Pers. comm. A. Höglund, Ringhals, May 2013. 
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A4.5. Part 4: Resins from 2013-2014 

A4.5.1. Resin Mass Balance and Calculations 
The records describing the additions and removals of resin are found in Attachment File R1-4, 

together with the calculations. The tables and figures for Part 4 are numbered from 41 and 

upwards. All analyses and calculations were performed in the same way as for parts 1, 2 and 

3. 

 

 
Figure A4-41. The log data for resin storage tank T41 for 2013-14 in graphics. (R1-4, sheet D 

T41 2014; data are in Sheet T41). 

 

 
Table A4-41. Concentration data used in the calculations for the 2014 samplings. The sample 

weighting factor was introduced in order to handle dilution effects from non-radioactive 

resins; however, with the present calculation model it has not been used.  

(R1-4, sheet (R1-4, sheet R1acc mar2014). 
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R1 T41: Mass balance for powder resins

Added

Balance (inventory)

Removal

Cum. Removal

Cum. Additions

Batch Start date End date

Sample 

Weighting 

factor

Total, 

Bq/kg dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw

Org, 

%

SD 

tot, %

SD 

inorg, 

%

SD 

org, %

R1-12 B18

Initial 

inventory 2013-06-27 1.00 2.30E+06 2.28E+06 2.78E+04 1.2% 1.5% 1.9% 28%

R1-12 B18 2013-06-27 2013-08-01 1.00 2.30E+06 2.28E+06 2.78E+04 1.2% 1.5% 1.9% 28%

R1-12 B19 2013-08-01 2013-09-12 1.00 2.33E+06 2.28E+06 4.84E+04 2.1% 3.4% 4.2% 33%

R1-12 B20 2013-09-12 2013-09-25 1.00 2.02E+06 1.99E+06 3.10E+04 1.5% 1.1% 1.4% 32%

R1-12 B21 2013-09-25 2013-11-05 1.00 1.80E+06 1.77E+06 2.74E+04 1.5% 1.4% 1.6% 11%

R1-12 B22 2013-11-05 2013-12-03 1.00 1.58E+06 1.55E+06 2.55E+04 1.6% 3.4% 3.2% 17%

R1-12 B23 2013-12-03 2013-12-19 1.00 2.34E+06 2.29E+06 4.08E+04 1.8% 4.1% 4.4% 9.8%

R1-12 B24 2013-12-19 2014-01-13 1.00 2.59E+06 2.52E+06 6.76E+04 2.6% 2.1% 3.0% 48%

R1-12 B25 2014-01-13 2014-01-30 1.00 2.43E+06 2.37E+06 5.61E+04 2.3% 5.3% 4.7% 38%

R1-12 B26 2014-01-30 2014-02-18 1.00 1.96E+06 1.83E+06 1.35E+05 6.9% 7.0% 8.9% 72%

R1-12 B27 2014-02-18 2014-02-21 1.00 2.20E+06 2.06E+06 1.46E+05 6.7% 8.2% 8.8% 1.5%

R1-12 B28 2014-02-21 2014-03-20 1.00 2.21E+06 2.10E+06 1.11E+05 5.0% 4.7% 4.7% 4.8%

Residual 2014-03-20 1.00 2.21E+06 2.10E+06 1.11E+05 5.0% 4.7% 4.7% 4.8%
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The samplings started in July 2013 and continued to the end of the cycle in March 2014. 

Figure A4-41 shows the mass balance for powder resins from 2009 to March 2014. Figure 

A4-42 and Table A4-41 show the concentration values. 

 

 
Figure A4-42. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins. See footnote to Figure A4-4 for comments on the low concentrations.  

(R1-4, sheet D conc). 

 

Table A4-42 shows the energy production during the sampling period. Table A4-43 shows the 

accumulated amounts of C-14 during the 2013-2014 sampling period. The BFF has been set 

to 1.09 in accordance with the previous parts. Table A4-44 and Figure A4-43 summarizes the 

accumulation for all the years 2009-2014. 

 

The accumulation in the latest cycle is 1.7 % of the production, with an organic fraction of 

7.8 %. Expressing the organic accumulation as Bq/MWhth, it is only slightly higher than the 

previous average. The lower accumulation is mainly explained by a new operating mode with 

full Forward Pumping of the condensate in both turbine trains and a substantially reduced 

amount of CCU resin used. See Appendix 22 for a detailed discussion on this topic.  

 

 

 
Table A4-42. Summary of energy production and calculated production of C-14 in  

R1 in 2013-2014. (R1-4, sheet R1acc mar2014). 

 

1E+3

1E+4

1E+5

1E+6

1E+7

C
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n
c,

 B
q
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d
w

R1 C-14 Conc  in T41 Powder Resins

Total, Bq/kg dw

Inorg, Bq/kg dw

Org, Bq/kg dw

No Operation

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calculate

d 

productio

n  Bq 

total

Equiv. Full 

Power 

Hours, 

(EFPH)

Equiv. 

Full 

Power 

Years, 

(EFPY)

2013-04-30 2014-03-30 5.4E+08 5.6E+08 16550570 2.35E+04 3.90E+11 6366 0.73
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Table A4-43. Summary of C-14 in CCU resins at R1 accumulated in the period  

April2013 - March 2014. (R1-4, sheet R1acc mar2014). 

 

 

 
Table A4-44. Summary of accumulation of C-14 in CCU resins at R1 (R1-4, sheet Summary). 

 

Resin uncertainty 10%

Batch Start date End date kg dw % of total Total Bq Inorg, Bq Org Bq

R1-12 B18

Initial 

inventory 2013-06-27 -3910 -121% -9.01E+09 -8.90E+09 -1.09E+08

R1-12 B18 2013-06-27 2013-08-01 250 8% 5.76E+08 5.69E+08 6.94E+06

R1-12 B19 2013-08-01 2013-09-12 425 13% 9.90E+08 9.69E+08 2.06E+07

R1-12 B20 2013-09-12 2013-09-25 125 4% 2.53E+08 2.49E+08 3.88E+06

R1-12 B21 2013-09-25 2013-11-05 1025 32% 1.84E+09 1.82E+09 2.81E+07

R1-12 B22 2013-11-05 2013-12-03 505 16% 7.97E+08 7.84E+08 1.29E+07

R1-12 B23 2013-12-03 2013-12-19 125 4% 2.92E+08 2.87E+08 5.10E+06

R1-12 B24 2013-12-19 2014-01-13 0 0% 0.00E+00 0.00E+00 0.00E+00

R1-12 B25 2014-01-13 2014-01-30 250 8% 6.07E+08 5.93E+08 1.40E+07

R1-12 B26 2014-01-30 2014-02-18 125 4% 2.46E+08 2.29E+08 1.69E+07

R1-12 B27 2014-02-18 2014-02-21 0 0% 0.00E+00 0.00E+00 0.00E+00

R1-12 B28 2014-02-21 2014-03-20 125 4% 2.76E+08 2.62E+08 1.38E+07

Residual 2014-03-20 4175 130% 9.21E+09 8.75E+09 4.62E+08

Sum 3220 100% 6.08E+09 5.61E+09 4.75E+08

Resin use 3573

% of production 1.6% 1.4% 0.122%

Bq/MWhth 3.67E+02 3.39E+02 2.87E+01

% organic 7.8%

Standard Deviation, % 23% 24% 13%

Sum with BFF= 1.09 6.64E+09 6.12E+09 5.19E+08

% of production 1.7% 1.6% 0.13%

Bq/MWhth 4.01E+02 3.70E+02 3.14E+01

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T41

Mass 

balance  

T42

Mass 

balance  

T41

Grab 

sample

Grab 

sample

Unit R1 R1 R1 R1 R1 R2 R1 B2 B2

2009 2010 2011

2011- Aug 

2012

Aug 2012-

Apr 2013

Apr 2013-

Mar-2014

Mean 

2009-Mar 

2014 Ref. 4*

Ref. 4*

+ BFF 

+ ds-corr.

Equivalent Full Power Hours 1497 4125 4510 4267 5235 6366 26000

Equivalent Full Power Years 0.17 0.47 0.51 0.49 0.60 0.73 2.97

Body-Feed Factor, Average (BFF) 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.00 1.09

Dry Solids Correction Factor in Sample 1.16

Organic fraction 1.3% 2.1% 1.2% 3.7% 1.7% 7.8% 2.6% 16% 16%

Total accumulation in CCU 7.3% 3.9% 4.6% 4.0% 4.6% 1.7% 3.8% 0.40% 0.50%

Organic  accumulation in CCU 0.095% 0.080% 0.056% 0.15% 0.077% 0.13% 0.10% 0.064% 0.081%

kg resin used 1470 4590 5120 4995 4680 3220 24075

Total Bq/MWhth 1.72E+03 9.13E+02 1.08E+03 9.48E+02 1.09E+03 4.01E+02 9.05E+02 9.42E+01 1.19E+02

Inorganic Bq/MWhth 1.70E+03 8.94E+02 1.06E+03 9.13E+02 1.08E+03 3.70E+02 8.81E+02 7.91E+01 9.96E+01

Organic Bq/MWhth 2.23E+01 1.89E+01 1.31E+01 3.53E+01 1.82E+01 3.14E+01 2.37E+01 1.51E+01 1.90E+01

Total Std. Dev. 7.4% 4.9% 9.0% 13% 22% 23% 6.3%

Inorganic Std. Dev. 7.4% 3.8% 8.9% 14% 12% 24% 4.3%

Organic Std. Dev. 21% 23% 50% 40% 67% 13% 15%

* The value given by Ref. 4 is based on analyses for unit B2.
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Figure A4-43. Summary of accumulation of C-14 in CCU resins at R1  

(R1-4, sheet D Summary). 

 

A4.6. Discussion Parts 1-4 
From Table A4-44 and Figure A4-43 it can be seen that the accumulation over all sampling 

periods seems to stabilize around 3.8 % of the production with an organic fraction of 2.6 %.  

 

The cycle starting in June 2013 introduced one major change in the condensate system: for 

both turbines, the CCU system was reconfigured to operation with forward pumping of the 

hot drains. This means that the CCU operates at a significantly lower temperature and with a 

flow-rate only some 70 % of the previous one. This will reduce the thermal breakdown of the 

resin. This breakdown introduces sulfate ions into the reactor, which is considered to 

contribute to intergranular stress corrosion cracking.  

 

One effect of the FP was observed in the previous cycle, already with FP in one turbine train: 

Spent CCU resins are used to clean some waste water fractions containing boric acid. Before 

the introduction of FP there was no uptake of boric acid by the spent CCU resins. However, 

after the introduction of FP the spent CCU resins have shown an uptake of boric acid. This is 

an indication that the anion part of the resins still has its active groups intact in the FP train, 

operating at lower temperature than earlier
64

. 

 

The accumulation of C-14 decreased after the introduction of FP in both turbine trains. This 

effect seems mainly to be related to the amount of CCU resin used to clean the condensate. 

This issue is discussed and explained in detail in Appendix 22. 

 

                                                 
64

 Pers. comm. A. Höglund, Ringhals, May 2013. 
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The total period with sampling from 2009 to March 2014 covers 2.97 EFPY with a total 

accumulation of 3.8 % of the production. The organic fraction is 2.6 %. The standard 

deviation in the totally accumulated C-14 activity ranges from 4.3 % for the inorganic fraction 

to 15 % for the organic fraction. The main factor contributing to the largest value is the scatter 

in the concentrations measured for the organic fraction. There is no obvious explanation for 

this behavior, but the scatter has been lower in the last cycle compared to the previous ones 

(see Figure A4-42). 

 

 

A4.7. Part 5: Resins from 2014-2015 
 

A4.7.1. Resin Mass Balance and Calculations 
The records describing the additions and removals of resin are found in Attachment File R1-4, 

together with the calculations. The tables and figures for Part 5 are numbered from 51 

upwards. All analyses and calculations were performed in the same way as for earlier parts. 

 

 
Figure A4-51. The log data for resin storage tank T41 for 2013-14 in graphics. 

(R1-4, sheet D T41 2015; data are in Sheet T41). 
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R1 T41: Mass balance for powder resins

Added

Balance (inventory)

Removal

Cum. Removal

Cum. Additions
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Table A4-51. Concentration data used in the calculations for the 2015 samplings.  

(R1-4, sheet R1acc apr2015). 

 

The samplings started in April 2014 and continued to the end of the cycle in March 2014. 

Figure A4-51 shows the mass balance for powder resins from 2009 to March 2015. 

Figure A4-52 and Table A4-51 show the concentration values. 

 

 
Figure A4-52. Concentrations of C-14 used for calculation of the quantities of C-14 in the 

powder resins. See footnote to Figure A4-4 for comments on the low concentrations.  

(R1-4, sheet D conc). 

 

 
Table A4-52. Summary of energy production and calculated production of C-14 in  

R1 in 2014-2015. (R1-4, sheet R1acc apr2015). 

 

Batch Start date End date

Sample 

Weigh-

ting 

factor

Total, 

Bq/kg dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw

Org, 

%

SD 

tot, %

SD 

inorg, 

%

SD 

org, %

R1-2014 Batch 0 2014-07-02 2014-07-02 1.00 2.16E+06 2.00E+06 1.56E+05 7.3% 3.4% 3.7% 16%

R1-2014 Batch 1 2014-07-02 2014-09-03 1.00 2.18E+06 2.12E+06 6.51E+04 3.0% 1.1% 6.5% 80%

R1-2014 Batch 2 2014-09-03 2014-10-16 1.00 2.19E+06 2.07E+06 1.26E+05 5.7% 3.8% 6.2% 93%

R1-2014 Batch 3 2014-10-16 2014-12-05 1.00 2.28E+06 2.22E+06 6.23E+04 2.7% 1.6% 2.1% 24%

R1-2014 Batch 4 2014-12-05 2015-01-15 1.00 2.29E+06 2.25E+06 4.10E+04 1.8% 1.6% 1.7% 14%

R1-2014 Batch 5 2015-01-15 2015-02-16 1.00 2.31E+06 2.23E+06 8.72E+04 3.7% 8.6% 7.5% 48%

R1-2014 Batch 6 2015-02-16 2015-03-24 1.00 2.37E+06 2.15E+06 2.19E+05 9.3% 5.7% 8.9% 51%

R1-2014 Batch 7 2015-03-24 2015-04-28 1.00 2.60E+06 2.46E+06 1.42E+05 5.4% 5.2% 5.0% 48%

Residual 2015-04-28 1.00 2.60E+06 2.46E+06 1.42E+05 5.4% 5.2% 5.0% 48%
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R1 C-14 Conc  in T41 Powder Resins

Total, Bq/kg dw

Inorg, Bq/kg dw

Org, Bq/kg dw

No Operation

Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calculated 

production  

Bq total

Equiv. 

Full 

Power 

Hours, 

(EFPH)

Equiv. 

Full 

Power 

Years, 

(EFPY)

2014-03-30 2015-03-30 5.57E+08 5.74E+08 1.63E+07 2.35E+04 3.84E+11 6281 0.72
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Table A4-52 shows the energy production during the sampling period. Table A4-53 shows the 

accumulated amounts of C-14 during the 2014-2015 sampling period. The BFF has been set 

to 1.09 in accordance with the previous parts. Table A4-54 and Figure A4-53 summarize the 

accumulation for all the years 2009-2015. 

 

 
Table A4-53. Summary of C-14 in CCU resins at R1 accumulated in the period  

July 2014 - April 2014. (R1-4, sheet R1acc apr2015). 

 

 
Table A4-54. Summary of accumulation of C-14 in CCU resins at R1 (R1-4, sheet Summary). 

 

The accumulation in the latest cycle is 3.5 % of the production, with an organic fraction of 

3.9 %. Expressing the accumulation as Bq/MWhth, it is lower than the previous average, but 

higher than for the previous cycle. The higher accumulation compared with the previous cycle 

is mainly explained by a higher use of CCU resins and a higher x-value. See Appendix 22 for 

a detailed discussion on this topic. The mean total accumulation is 3.8 % of the production 

with an organic fraction of 2.8 %. 

Resin uncertainty 10%

Batch Start date End date kg dw % of total Total Bq Inorg, Bq Org Bq

R1-2014 Batch 0

Initial 

inventory 2014-07-02 -4210 -97% -9.08E+09 -8.43E+09 -6.57E+08

R1-2014 Batch 1 2014-07-02 2014-09-03 275 6% 6.00E+08 5.82E+08 1.79E+07

R1-2014 Batch 2 2014-09-03 2014-10-16 270 6% 5.92E+08 5.58E+08 3.41E+07

R1-2014 Batch 3 2014-10-16 2014-12-05 380 9% 8.68E+08 8.44E+08 2.37E+07

R1-2014 Batch 4 2014-12-05 2015-01-15 295 7% 6.76E+08 6.64E+08 1.21E+07

R1-2014 Batch 5 2015-01-15 2015-02-16 300 7% 6.94E+08 6.68E+08 2.62E+07

R1-2014 Batch 6 2015-02-16 2015-03-24 425 10% 1.01E+09 9.12E+08 9.32E+07

R1-2014 Batch 7 2015-03-24 2015-04-28 300 7% 7.81E+08 7.39E+08 4.25E+07

Residual 2015-06-10 6285 145% 1.64E+10 1.55E+10 8.89E+08

Sum 4320 100% 1.25E+10 1.20E+10 4.82E+08

% of production 3.3% 3.1% 0.125%

Bq/MWhth 7.65E+02 7.36E+02 2.95E+01

% organic 3.9%

Standard Deviation, % 17% 16% 94%

Sum with BFF= 1.09 1.36E+10 1.31E+10 5.26E+08

% of production 3.5% 3.4% 0.14%

Bq/MWhth 8.35E+02 8.03E+02 3.22E+01

2009 2010 2011

2011- Aug 

2012

Aug 2012-

Apr 2013

Apr 2013-

Mar-2014

Jul 2014-

Apr 2015

Mean 

2009-Apr 

2015

Equivalent Full Power Hours 1497 4125 4510 4267 5235 6366 6281 32280

Equivalent Full Power Years 0.17 0.47 0.51 0.49 0.60 0.73 0.72 3.68

Body-Feed Factor, Average (BFF) 1.09 1.09 1.09 1.09 1.09 1.09 1.09 1.09

Dry Solids Correction Factor in Sample

Organic fraction 1.3% 2.1% 1.2% 3.7% 1.7% 7.8% 3.9% 2.8%

Total accumulation in CCU 7.3% 3.9% 4.6% 4.0% 4.6% 1.7% 3.5% 3.8%

Organic  accumulation in CCU 0.095% 0.080% 0.056% 0.15% 0.077% 0.13% 0.14% 0.11%

kg resin used 1530 4680 4230 5447 4746 3573 4485 28691

Total Bq/MWhth 1.72E+03 9.13E+02 1.08E+03 9.48E+02 1.09E+03 4.01E+02 8.35E+02 8.64E+02

Inorganic Bq/MWhth 1.70E+03 8.94E+02 1.06E+03 9.13E+02 1.08E+03 3.70E+02 8.03E+02 8.40E+02

Organic Bq/MWhth 2.23E+01 1.89E+01 1.31E+01 3.53E+01 1.82E+01 3.14E+01 3.22E+01 2.43E+01

Total Std. Dev. 7.4% 4.9% 9.0% 13% 22% 23% 17% 6.5%

Inorganic Std. Dev. 7.4% 3.8% 8.9% 14% 12% 24% 16% 5.2%

Organic Std. Dev. 21% 23% 50% 40% 67% 13% 94% 27%
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Figure A4-53. Summary of accumulation of C-14 in CCU resins at R1  

(R1-4, sheet D Summary). 
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APPENDIX 5 
Results from R2, R3 and R4 

 

A5.1. Introduction 
All calculations for R2, R3 and R4 are included in an excel-book, which can be found as 

Attachment File R234-1 to this report. Reference to the various sheets will be made at tables, 

figures etc.  

 
Figure A5-1. Overview of handling of spent resins at R2, R3 and R4. (A-5, pict. 1). 

 

The operational strategies for the RWCU in the Ringhals PWR units are virtually the same in 

all three units. At the beginning of the fuel cycle, mixed-bed resin is loaded and used during 

the whole cycle, including the initial part of the shut-down phase preceding the annual 

refueling.  

 

A5.2. Resin Handling and Sampling 
The spent resin is back-flushed to a storage tank (SRST), from which it is transported to the 

R1 Waste Handling Building (WHB). For the sampling campaigns covered by this report, the 

SRST has been emptied before the RWCU resin has been back-flushed in order to obtain 

RWCU resins only. 

 

The transport is performed by means of a lead shielded spherical transport vessel. Some 3-7 

separate transports are needed to transfer a RWCU resin load. The handling system has no 

representative sampling system, so the samples are withdrawn by means of a 20 ml plastic 

bottle. 1 -2 subsamples are taken from each transport vessel load and batched on completion 

of the transport campaign
65

.  

 

                                                 
65

 Since anion resin has a lower density than cation resin, there is a probability that the samples may contain a 

higher fraction of anion resin than the mixed bed. This may lead to an over estimation of C-14, since it is 

expected to be bound to the anion resin. 

Sampling of Reactor Water Clean-
up Ion Exchangers in PWR Units at 

Ringhals

Ion exch. in 
reactor system

Storage tank in 
R1 waste
building

Transport in 
”lead ball” 

(”kula”)

Concrete 
solidification

A small sample
from each

”kula”

Spent resin
storage tank in 

unit (SRST)

The ion exchange resin is discarded at the end of a fuel cycle to a 
storage tank in the unit.
Then it is transported in a shielded transport vessel to the Waste 
Handling Building in some 3-7 transports.
Before the resin is transferred to a storage tank, 1-2 small subsamples
are taken from each transport vessel. The subsamples are batched on 
completion of the transport campaign.
The mass of the resin is determined from the amount initially added
to the system.
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The radiation dose amounts to about 0.2-0.3 mmanSv for a campaign to sample the RWCU 

resin from one PWR unit
66

. 

Totally 18 mixed bed resins have been sampled. See Table A5-4, where the units and the 

years are given. The resins have been in operation for one fuel cycle, but not during the 

refueling shut-down. There is one exception: The resin in R2 sampled in 2003 had been in 

operation for two cycles.  

 

A5.3. Calculation Model and Results 
The calculations have been done according to the Batch Model (BM), where the 

concentrations of the resin samples have been multiplied by the resin dry weight (dw). 

 

 
Table A5-1. Summary of C-14 accumulation in RWCU for R2. (R234-1, sheet R2). 

                                                 
66

 Anders Höglund, Ringhals, R1M, Pers. Comm. Sept. 2011. 

Analysis data

Batch Start date End date BFF

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD 

inorg, %

SD org, 

%

R2-334-03 2001-05-31 2003-05-31 1.15 2.19E+07 1.60E+07 6.27E+06 27% 23% 28% 14%

R2-334-08 2007-08-01 2008-05-17 1.15 6.23E+07 5.27E+07 9.68E+06 16% 3.3% 3.3% 3.6%

R2-334-11 2010-01-01 2011-04-30 1.15 2.95E+07 1.88E+07 1.07E+07 36% 5.4% 6.4% 4.0%

R2-334-12 2012-04-01 2012-09-15 1.15 1.81E+07 5.04E+06 1.31E+07 72% 10% 9.9% 11%

R2-334-13 2012-11-01 2013-09-07 1.15 2.19E+07 1.48E+07 7.06E+06 32% 5.1% 5.8% 4.0%

R2-334-14 2013-10-10 2014-08-15 1.15 2.19E+07 1.48E+07 7.06E+06 32% 5.1% 5.8% 4.0%

Calculated amounts of C-14

Batch Start date End date kg dw Total Bq Inorg, Bq Org Bq SD tot SD inorg SD org

R2-334-03 2001-05-31 2003-05-31 986 2.49E+10 1.81E+10 7.11E+09 9.72E+09 7.66E+09 2.46E+09

R2-334-08 2007-08-01 2008-05-17 181 1.30E+10 1.10E+10 2.02E+09 4.13E+09 3.49E+09 6.41E+08

R2-334-11 2010-01-01 2011-04-30 173 5.88E+09 3.75E+09 2.14E+09 1.89E+09 1.21E+09 6.81E+08

R2-334-12 2012-04-01 2012-09-15 181 3.77E+09 1.05E+09 2.73E+09 1.25E+09 3.48E+08 9.11E+08

R2-334-13 2012-11-01 2013-09-07 181 4.56E+09 3.09E+09 1.47E+09 1.46E+09 9.93E+08 4.69E+08

R2-334-14 2013-10-10 2014-08-15 181 4.56E+09 3.09E+09 1.47E+09 1.46E+09 9.93E+08 4.69E+08

RESIN DATA 1.1E+10 8.63E+09 2.86E+09

Resin + sample scatter uncertainty 32% Resin uncertainty 10% Sample scatter uncertainty 30%

Batch Start date End date Liters

Dry sub-

stance

Density, 

kg/lit kg ww kg dw

R2-334-08 2001-05-31 2003-05-31 3130 0.45 0.7 2191 986 Several resin beds: CS mixed bed,  WP and SFP

R2-334-11 2007-08-01 2008-05-17 575 0.45 0.7 403 181

R2-334-11 2010-01-01 2011-04-30 550 0.45 0.7 385 173

R2-334-12 2012-04-01 2012-09-15 575 0.45 0.7 403 181

R2-334-13 2012-11-01 2013-09-07 575 0.45 0.7 403 181

R2-334-14 2013-10-10 2014-08-15 575 0.45 0.7 403 181

PRODUCTION DATA

Batch Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWhth

Calc. 

Produc-

tion,  Bq 

total EFPH EFPY

R2-334-03 2001-05-31 2003-05-31 3.85E+08 4.26E+08 40600707 1.49E+04 6.06E+11 15309 1.75

R2-334-08 2007-08-01 2008-05-17 5.11E+08 5.26E+08 14893635 1.49E+04 2.22E+11 5616 0.64

R2-334-11 2010-01-01 2011-04-30 5.45E+08 5.68E+08 22892029 1.49E+04 3.42E+11 8632 0.99

R2-334-12 2012-04-01 2012-09-15 5.69E+08 5.76E+08 6229072 1.49E+04 9.30E+10 2349 0.27

R2-334-13 2012-11-01 2013-09-07 5.76E+08 5.94E+08 18336163 1.49E+04 2.74E+11 6914 0.79

R2-334-14 2013-10-10 2014-08-15 5.94E+08 6.12E+08 18426182 1.49E+04 2.75E+11 6948 0.79

SUMMARY

Total % 

of pro-

duction

Inorg % 

of pro-

duction

Organic % 

of pro-

duction

Total 

Bq/MWhth

Inorganic 

Bq/MWhth

Organic 

Bq/MWhth

% 

organic

SD tot,   

%

SD 

inorg, %

SD org, 

%

R2-334-03 2001-05-31 2003-05-31 4.1% 3.0% 1.17% 6.12E+02 4.47E+02 1.75E+02 27% 39% 42% 35%

R2-334-08 2007-08-01 2008-05-17 5.8% 4.9% 0.91% 8.72E+02 7.37E+02 1.35E+02 16% 32% 32% 32%

R2-334-11 2010-01-01 2011-04-30 1.7% 1.1% 0.62% 2.57E+02 1.64E+02 9.33E+01 36% 32% 32% 32%

R2-334-12 2012-04-01 2012-09-15 4.1% 1.1% 2.9% 6.06E+02 1.69E+02 4.37E+02 72% 33% 33% 33%

R2-334-13 2012-11-01 2013-09-07 1.7% 1.1% 0.5% 2.49E+02 1.68E+02 8.02E+01 32% 32% 32% 32%

R2-334-14 2013-10-10 2014-08-15 1.7% 1.1% 0.5% 2.47E+02 1.68E+02 7.98E+01 32% 32% 32% 32%
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A5.3.1. Results from R2 
Table A5-1 summarizes the results for R2 and samples collected in 2003, 2008 and 2011-

2014. 

 

A5.3.2. Results from R3 
Table A5-2 summarizes the results for R3 and samples collected in 2003, 2008-2009 and 

2011-2014. 

 

 
Table A5-2. Summary of C-14 accumulation in RWCU for R3. (R234-1, sheet R3). 

  

Analysis data

Batch Start date End date BFF

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, 

Bq/kg dw Org, % SD tot, %

SD inorg, 

%

SD org, 

%

R3-334-03 2002-05-31 2003-05-31 1.15 5.25E+07 3.78E+07 1.52E+07 28% 16% 18% 13%

R3-334-08 2007-05-30 2008-07-25 1.15 4.31E+07 2.92E+07 1.39E+07 32% 5.5% 5.7% 5.5%

R3-334-09 2008-08-05 2009-09-01 1.15 3.79E+07 2.81E+07 9.75E+06 26% 5.3% 4.8% 5.3%

R3-334-11 2010-09-28 2011-11-05 1.15 2.34E+07 1.82E+07 5.14E+06 22% 6.4% 8.0% 2.0%

R3-334-12 2011-12-06 2012-06-09 1.15 3.09E+07 2.22E+07 9.20E+06 28% 3.6% 2.8% 3.1%

R3-334-13 2012-07-05 2013-08-10 1.15 4.10E+07 2.78E+07 1.32E+07 32% 2.0% 2.7% 3.5%

R3-334-14 2013-08-10 2014-06-01 1.15 2.23E+07 1.41E+07 8.26E+06 37% 5.0% 6.8% 3.4%

Calculated amounts of C-14

Batch Start date End date kg dw Total Bq

Inorg, 

Bq/kg dw Org Bq SD tot SD inorg SD org

R3-334-03 2002-05-31 2003-05-31 268 1.62E+10 1.16E+10 4.67E+09 5.73E+09 4.24E+09 1.60E+09

R3-334-08 2007-05-30 2008-07-25 205 1.02E+10 6.88E+09 3.27E+09 3.26E+09 2.21E+09 1.05E+09

R3-334-09 2008-08-05 2009-09-01 205 8.92E+09 6.62E+09 2.30E+09 2.86E+09 2.12E+09 7.36E+08

R3-334-11 2010-09-28 2011-11-05 205 5.50E+09 4.29E+09 1.21E+09 1.77E+09 1.40E+09 3.83E+08

R3-334-12 2011-12-06 2012-06-09 205 7.28E+09 5.24E+09 2.17E+09 2.32E+09 1.66E+09 6.88E+08

R3-334-13 2012-07-05 2013-08-10 205 9.66E+09 6.56E+09 3.10E+09 3.06E+09 2.08E+09 9.88E+08

R3-334-14 2013-08-10 2014-06-01 205 5.26E+09 3.31E+09 1.95E+09 1.68E+09 1.07E+09 6.19E+08

RESIN DATA 8.508E+09 6.13E+09 2.48E+09

Resin + sample scatter uncertainty 32% Resin uncertainty 10% Sample scatter uncertainty 30%

Batch Start date End date Liters

Dry sub-

stance

Density, 

kg/lit kg ww kg dw

R3-334-03 2002-05-31 2003-05-31 850 0.45 0.7 595 268 Åsa used 850 litres; R4 value

R3-334-08 2007-05-30 2008-07-25 650 0.45 0.7 455 205

R3-334-09 2008-08-05 2009-09-01 650 0.45 0.7 455 205

R3-334-11 2010-09-28 2011-11-05 650 0.45 0.7 455 205

R3-334-12 2011-12-06 2012-06-09 650 0.45 0.7 455 205

R3-334-13 2012-07-05 2013-08-10 650 0.45 0.7 455 205

R3-334-14 2013-08-10 2014-06-01 650 0.45 0.7 455 205

PRODUCTION DATA

Batch Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calc. 

Produc-

tion,  Bq 

total EFPH EFPY

R3-334-03 2002-05-31 2003-05-31 3.66E+08 3.85E+08 18857047 1.59E+04 2.99E+11 5941 0.68

R3-334-08 2007-05-30 2008-07-25 4.72E+08 4.94E+08 22418288 1.59E+04 3.56E+11 7063 0.81

R3-334-09 2008-08-05 2009-09-01 4.94E+08 5.20E+08 25987566 1.59E+04 4.13E+11 8188 0.93

R3-334-11 2010-09-28 2011-11-05 5.46E+08 5.71E+08 25083584 1.59E+04 3.98E+11 7903 0.90

R3-334-12 2011-12-06 2012-06-09 5.73E+08 5.85E+08 11996618 1.59E+04 1.90E+11 3780 0.43

R3-334-13 2012-07-05 2013-08-10 5.85E+08 6.14E+08 29033559 1.59E+04 4.61E+11 9147 1.04

R3-334-14 2013-08-10 2014-06-01 6.14E+08 6.29E+08 14776635 1.59E+04 2.35E+11 4656 0.53

SUMMARY

Total % 

of pro-

duction

Inorg % 

of pro-

duction

Organic % 

of pro-

duction

Total 

Bq/MWhth

Inorganic 

Bq/MWhth

Organic 

Bq/MWhth % organic SD tot, %

SD inorg, 

%

SD org, 

%

R3-334-03 2002-05-31 2003-05-31 5.4% 3.9% 1.6% 8.58E+02 6.18E+02 2.47E+02 28% 35% 36% 34%

R3-334-08 2007-05-30 2008-07-25 2.9% 1.9% 0.92% 4.53E+02 3.07E+02 1.46E+02 32% 32% 32% 32%

R3-334-09 2008-08-05 2009-09-01 2.2% 1.6% 0.56% 3.43E+02 2.55E+02 8.83E+01 26% 32% 32% 32%

R3-334-11 2010-09-28 2011-11-05 1.4% 1.1% 0.30% 2.19E+02 1.71E+02 4.82E+01 22% 32% 33% 32%

R3-334-12 2011-12-06 2012-06-09 3.8% 2.7% 1.1% 6.07E+02 4.37E+02 1.81E+02 28% 32% 32% 32%

R3-334-13 2012-07-05 2013-08-10 2.1% 1.4% 0.67% 3.33E+02 2.26E+02 1.07E+02 32% 32% 32% 32%

R3-334-14 2013-08-10 2014-06-01 2.2% 1.4% 0.83% 3.56E+02 2.24E+02 1.32E+02 37% 32% 32% 32%
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A5.3.3. Results from R4 
Table A5-3 summarizes the results for R4 and samples collected in 2009 and 2011-2014. 

 

 
Table A5-3. Summary of C-14 accumulation in RWCU for R4. (R234-1, sheet R4). 

 

Table A5-4 and Figure A5-2 summarize the results for RWCU from the present report. The 

results from Ref. 4 have been corrected for wrong resin gross density used in the previous 

calculations; see Appendix 6 and 7. 

 

 

A5.4. Discussion of Reasons for Variations in Results 
The results summarized in Table A5-4 and Figure A5-2 vary over time and between the units. 

The correction of the old results from 2003 brings them down to a level comparable with 

those found in this study. However, the average value for R4 is higher than for R2 and R3. 

There are also variations between R2 and R3.  

 

The average accumulation over 19 fuel cycles and 14.7 EFPY is 3.3 % of the production with 

an organic fraction of 30 % (1.0 % of the production). The standard deviation in the summed  

Analysis data

Batch Start date End date BFF

Total, 

Bq/kg 

dw

Inorg, 

Bq/kg dw

Org, Bq/kg 

dw Org, % SD tot, %

SD inorg, 

%

SD org, 

%

R4-334-09 2008-06-21 2009-05-09 1.15 6.35E+07 4.36E+07 1.98E+07 31% 2.9% 2.9% 2.9%

R4-334-11 2010-08-01 2011-05-30 1.15 8.16E+07 6.04E+07 2.12E+07 26% 4.3% 4.7% 4.7%

R4-334-12 2011-11-15 2012-09-01 1.15 2.29E+07 1.61E+07 6.74E+06 29% 3.7% 4.4% 5.9%

R4-334-13 2012-10-01 2013-05-20 1.15 1.90E+07 1.29E+07 6.19E+06 32% 0.65% 0.87% 0.87%

R4-334-14 2013-06-15 2014-08-06 1.15 1.90E+07 1.29E+07 6.19E+06 33% 2.7% 4.2% 3.5%

Calculated amounts of C-14

Batch Start date End date kg dw Total Bq

Inorg, 

Bq/kg dw Org Bq SD tot SD inorg SD org

R4-334-09 2008-06-21 2009-05-09 268 1.95E+10 1.34E+10 6.10E+09 6.20E+09 4.27E+09 1.94E+09

R4-334-11 2010-08-01 2011-05-30 268 2.51E+10 1.86E+10 6.53E+09 8.02E+09 5.94E+09 2.09E+09

R4-334-12 2011-11-15 2012-09-01 268 7.04E+09 4.97E+09 2.08E+09 2.24E+09 1.59E+09 6.68E+08

R4-334-13 2012-10-01 2013-05-20 268 5.86E+09 3.96E+09 1.90E+09 1.85E+09 1.25E+09 6.02E+08

R4-334-14 2013-06-15 2014-08-06 268 5.86E+09 3.96E+09 1.90E+09 1.86E+09 1.26E+09 6.06E+08

RESIN DATA 1.07E+10 7.7E+09 3.05E+09

Resin + sample scatter uncertainty 32% Resin uncertainty 10% Sample scatter uncertainty 30%

Batch Start date End date Liters

Dry sub-

stance

Density, 

kg/lit kg ww kg dw

R4-334-09 2008-06-21 2009-05-09 850 0.45 0.7 595 268

R4-334-11 2010-08-01 2011-05-30 850 0.45 0.7 595 268

R4-334-12 2011-11-15 2012-09-01 850 0.45 0.7 595 268

R4-334-13 2012-10-01 2013-05-20 850 0.45 0.7 595 268

R4-334-14 2013-06-15 2014-08-06 850 0.45 0.7 595 268

PRODUCTION DATA

Batch Start End

MWhth 

start

MWhth 

end MWhth

C-14 

produc-

tion rate, 

Bq/MWHth

Calc. 

Produc-

tion,  Bq 

total EFPH EFPY

R4-334-09 2008-06-21 2009-05-09 4.82E+08 5.02E+08 19987677 1.43E+04 2.85E+11 7203 0.82

R4-334-11 2010-08-01 2011-05-30 5.27E+08 5.48E+08 20636126 1.43E+04 2.94E+11 7436 0.85

R4-334-12 2011-11-15 2012-09-01 5.48E+08 5.65E+08 17072561 1.43E+04 2.44E+11 6152 0.70

R4-334-13 2012-10-01 2013-05-20 5.65E+08 5.80E+08 15063353 1.43E+04 2.15E+11 5428 0.62

R4-334-14 2013-06-15 2014-08-06 5.80E+08 6.08E+08 27508162 1.43E+04 3.93E+11 9913 1.13

SUMMARY

Total % 

of pro-

duction

Inorg % 

of pro-

duction

Organic % 

of pro-

duction

Total 

Bq/MWhth

Inorganic 

Bq/MWhth

Organic 

Bq/MWhth % organic SD tot, %

SD inorg, 

%

SD org, 

%

R4-334-09 2008-06-21 2009-05-09 6.9% 4.7% 2.1% 9.78E+02 6.72E+02 3.05E+02 31% 32% 32% 32%

R4-334-11 2010-08-01 2011-05-30 8.5% 6.3% 2.2% 1.22E+03 9.01E+02 3.16E+02 26% 32% 32% 32%

R4-334-12 2011-11-15 2012-09-01 2.9% 2.0% 0.85% 4.13E+02 2.91E+02 1.22E+02 29% 32% 32% 32%

R4-334-13 2012-10-01 2013-05-20 2.7% 1.8% 0.89% 3.89E+02 2.63E+02 1.26E+02 32% 32% 32% 32%

R4-334-14 2013-06-15 2014-08-06 1.5% 1.0% 0.49% 2.13E+02 1.44E+02 6.92E+01 33% 32% 32% 32%
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Table A5-4. Summary of accumulation of C-14 in PWR RWCU resins, including corrected 

results from Ref. 4 (years 2001-2003). The sampling in 2003 for R2 was for resins used for 

two cycles. (R234-1, sheet New Summary). 

 

Figure A5-2. Summary of C-14 accumulation in RWCU for all PWR units, including 

corrected results from Ref. 4. (R234-1, sheet D New summary). 

 

Samp-

ling 

year EFPY

Accum. 

total

Accum. 

Inorg.

Accum. 

Org.

Org. 

frac-

tion

Total Bq/ 

MWhth

Inorganic 

Bq/ 

MWhth

Organic 

Bq/ 

MWhth

Std. 

Dev. 

Total 

Std. 

Dev. 

Inorg.

Std. 

Dev. 

Org.

2003 R2 2001-2003 1.75 4.1% 3.0% 1.2% 27% 6.12E+02 4.47E+02 1.75E+02 39% 42% 35%

2008 R2 2007-2008 0.64 5.8% 4.9% 0.91% 16% 8.72E+02 7.37E+02 1.35E+02 32% 32% 32%

2011 R2 2010-2011 0.99 1.7% 1.1% 0.62% 36% 2.57E+02 1.64E+02 9.33E+01 32% 32% 32%

2012 R2 2012-2012 0.27 4.1% 1.1% 2.9% 72% 6.06E+02 1.69E+02 4.37E+02 33% 33% 33%

2013 R2 2012-2013 0.79 1.7% 1.1% 0.54% 32% 2.49E+02 1.68E+02 8.02E+01 32% 32% 32%

2014 R2 2013-2014 0.79 1.7% 1.1% 0.53% 32% 2.47E+02 1.68E+02 7.98E+01 32% 32% 32%

2003 R3 2002-2003 0.68 5.4% 3.9% 1.6% 28% 8.58E+02 6.18E+02 2.47E+02 35% 36% 34%

2008 R3 2007-2008 0.81 2.9% 1.9% 0.92% 32% 4.53E+02 3.07E+02 1.46E+02 32% 32% 32%

2009 R3 2008-2009 0.93 2.2% 1.6% 0.56% 26% 3.43E+02 2.55E+02 8.83E+01 32% 32% 32%

2011 R3 2010-2011 0.90 1.4% 1.1% 0.30% 22% 2.19E+02 1.71E+02 4.82E+01 32% 33% 32%

2012 R3 2011-2012 0.43 3.8% 2.7% 1.1% 28% 6.07E+02 4.37E+02 1.81E+02 32% 32% 32%

2013 R3 2012-2013 1.04 2.1% 1.4% 0.67% 32% 3.33E+02 2.26E+02 1.07E+02 32% 32% 32%

2014 R3 2013-2014 0.53 2.2% 1.4% 0.83% 37% 3.56E+02 2.24E+02 1.32E+02 32% 32% 32%

2009 R4 2008-2009 0.82 6.9% 4.7% 2.1% 31% 9.78E+02 6.72E+02 3.05E+02 32% 32% 32%

2011 R4 2010-2011 0.85 8.5% 6.3% 2.2% 26% 1.22E+03 9.01E+02 3.16E+02 32% 32% 32%

2012 R4 2011-2012 0.70 2.9% 2.0% 0.85% 29% 4.13E+02 2.91E+02 1.22E+02 32% 32% 32%

2013 R4 2012-2013 0.62 2.7% 1.8% 0.89% 32% 3.89E+02 2.63E+02 1.26E+02 32% 32% 32%

2014 R4 2013-2014 1.13 1.5% 1.0% 0.49% 33% 2.13E+02 1.44E+02 6.92E+01 32% 32% 32%

R2-R4 Mean 14.68 3.3% 2.3% 1.0% 30% 4.95E+02 3.50E+02 1.46E+02 8.4% 8.9% 7.7%

R2 Mean 5.22 3.1% 2.2% 0.9% 30% 4.66E+02 3.30E+02 1.39E+02 19% 22% 17%

R3 Mean 5.33 2.7% 1.9% 0.79% 30% 4.25E+02 3.01E+02 1.26E+02 14% 14% 13%

R4 Mean 4.12 4.4% 3.1% 1.3% 29% 6.33E+02 4.48E+02 1.85E+02 17% 17% 16%

Number of cycles 19
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activity is 8.4 %, including a 10 % uncertainty in the resin mass and a 30 % uncertainty in the 

sampling. 

 

The maximum accumulation was 8.5 % in R4 in 2011, with an organic fraction of 26 %. The 

minimum value was 1.4 % in R3 in 2011 with an organic fraction of 22%. The maximum 

organic fraction was 72 % in R2 after a short cycle in 2012. This cycle also had the maximum 

organic accumulation with 2.9 % of the production. The reasons for the variations are 

discussed further in Appendix 20. 

 

A5.4.1. Sampling Procedure 
The sampling procedure may be one factor; the “fishing” with a liquid scintillation vial in a 

transport vessel without stirring may yield varying proportions between cation and anion 

resins. The anion resin has a slightly lower density than the cation resin. There is a possibility 

that the anion resin has been enriched in the top part of the transport vessel prior to the 

sampling, leading to an overrepresentation of anion resin, which may overestimate the 

accumulation of C-14
67

. 

 

On the other hand: If the majority of the anion resin is in one or a few transport vessels, it 

may lead to an underrepresentation of the anion resin, leading to un underestimation of the 

accumulation. To account for these possibilities, the PWR samples have been assigned a 

sampling uncertainty of 30 %, which dominates the uncertainty in the accumulation for single 

years. However, summing all the accumulations reduces the uncertainty to some 10 %. 

 

 

A5.4.2. Differences in Primary Chemistry between the Units 
Differences in primary chemistry between the units might be another explanation for the 

differences between R2 and R3 versus R4. R2 and R3 have operated at pH300 = 7.40, while R4 

has operated at pH300 = 7.25 until 2011. The reason for this was to reduce the primary-to-

secondary leakage through cracks in the SG tubing, which has a strong dependence on the 

pH-value. After the SG replacement in 2011, R4 has operated with the same primary 

chemistry as R2 and R3. In fact, the results for R4 from 2012 and 2013 are lower than the 

previous results.  

 

A5.4.3. Low Concentration of Inorganic C-14 (Carbonate System) in the 
Reactor Coolant in the First Few Months of a Fuel Cycle. 
In Appendix 20, Pourbaix diagrams and concentration values in RC from Ref. 4 clearly 

indicate that organic species dominate over inorganic in the beginning of the fuel cycle. This 

may explain the high organic fraction for Ringhals 2 in 2012. See Appendix 20 for a full 

discussion on this topic. 

 

A5.4.4. (Non)-Saturation of the Resin with Organic C-14. 
(Non)-saturation of the resin with organic C-14. In Appendix 20 there is also a discussion on 

saturation of the ion exchange resins with organic species early in the fuel cycle. 

 

                                                 
67

 C-14 is assumed to be bound to anion resin. 
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A5.4.5. Cold Shut-downs Followed by Extensive Boron Dilution During 
Restart. 
The lowest accumulation values have been obtained for R3 in 2011. One possible explanation 

for this may be a cold shutdown for five weeks late in the fuel cycle. The strong dilution 

required at the restart may have removed some of the C-14 from the RWCU resin. Cf. the left 

part of the curves in Figure A5-3 and the discussion below.  

 

Figure A5-3 is from (Ref. 4) and shows the concentrations of C-14 species in the RCS of 

Ringhals 4 in 2006. During the last part of the fuel cycle, (May-end of July) the concentration 

in the RWCU outlet is higher than the concentration in the RC. This means that organic C-14 

compounds are removed from the ion exchanger. During this period, there is a strong dilution 

of the RC to reduce the concentration of boric acid. The dilution also removes C-14 

compounds from the RC, lowering the concentration of C-14 compounds. It seems 

reasonable, that the total accumulation of organic C-14 compounds is proportional to the 

concentration in the RC. 

 

 
Figure A5-3. Ringhals 4, 2006. Concentration of non-volatile organic C-14 in the Reactor 

Coolant (RC) and the RWCU outlet (CS). For the major part of the cycle, the concentration in 

RC (=RWCU inlet) and CS (RWCU outlet) is almost the same, indicating a saturation of the 

resin with respect to this type of C-14 compounds (From Ref. 4). 

 

A5.4.7. High pH in the RWCU System at the End of a Fuel Cycle. 
Another possible factor for the high uptake of C-14 in some cycles is operation with very low 

boron concentration at the end of the fuel cycle (coast-down with gradually decreasing reactor 

power due to decreasing reactivity in the fuel). 

 

In a PWR the boron concentration in the Reactor Coolant (RC) is decreasing with the burn-up 

of the fuel. To maintain a constant pH-value at 300 ⁰C, the concentration of lithium is 

regulated. The Reactor Water Clean-Up system (RWCU or CS) operates at 45 ⁰C. The pH-

values in these two systems are different due to the different temperatures; 300⁰C and 45 ⁰C, 

respectively. 
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Figures A5-4 and A5-5 show the variation of the pH-values and the lithium concentration as a 

function of boron concentration. The pH value is regulated with the boundary condition that 

pH is at the target value (7.25 in these diagram)
68

 or increasing up to the target value (in the 

beginning of the fuel cycle with high boron concentration)
 69

. 

 

 
Figure A5-4. Li-concentration, pH-values in RC (300 ⁰C) and CS (45 ⁰C) as a function of 

boron concentration. Target pH in RC: 7.25. (R234-2, sheet D Sum). 

 

 

 
Figure A5-5. Li-concentration, pH-values in RC (300 ⁰C) and CS (45 ⁰C) as a function of 

boron concentration. Target pH in RC: 7.25. Zoom in at low boron concentrations in Figure 

A5-4. (R234-2, sheet D Sum zoom). 

                                                 
68

 From 2011, the target value is 7.40 at 300 ⁰C. 
69

 There are also maximum limits for Li; hence, in the beginning of the fuel cycle with high boron concentration, 

the pH-value at 300 ⁰C will fall below the target value, (7.25) in these diagrams. 
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Figure A5-5 is a zoom-in on the last period of the fuel cycle with low boron concentrations. 

During coast-down operation, the boron concentration is usually < 5 ppm; accordingly, the 

pH-value in the RWCU is in the range 8.5-9.2. The operational time at these conditions may 

last from one week to a couple of months. The high pH-value may allow a more extensive 

accumulation of hydrogen carbonate (pKa1=6.37); see Appendix 8 for further details. 

 

A5.4.8. Exposure of the RWCU Resin to Acidic and Oxidizing conditions at 
Shut-down 
The RWCU is nowadays (2015)

70
 taken out of operation prior to refueling shut-down before 

the RC chemistry is made acidic and oxidizing
71

; thus, hydrogen carbonate and organic acids 

may remain on the resin. The diagrams are calculated for an operational pH-value of 7.25; for 

operation at 7.40 the pH-value in the RWCU will be slightly higher. 

 

A5.4.9. Possible Formation of Inorganic C-14 from Organic Acids 
Accumulated on the Ion Exchanger  
The ion exchange resins and the species adsorbed are exposed to very high radiation levels, 

which may a cause a degradation of the organic species; either through direct radiolysis or via 

radicals formed by irradiation of water. This might be an explanation why most PWR resin 

beds have more inorganic than organic C-14 (Ref. 11). 

 

 

A5.4.10. Amount of Anion Resin Normalized to Equivalent Full Power Hours 
(EFPH)  
 
In Appendix 22 a regression of the accumulation of C-14 vs. the amount of anionic resin 

normalized to the energy production gave a good fit for BWR CCU resins. 

 

The regression for the accumulation factor for PWR RWCU resins may be written as  

        Eq. (A5-1) 

The accumulation for one fuel cycle is  

         Eq. (A5-2) 

Which may be simplified to 

         Eq. (A5-3) 

 

All equations are applicable to organic, inorganic and total accumulation 

 

The symbols are  

 f accumulation factor of C-14, Bq/MWhth  

Q accumulation of C-14, Bq 

 E energy production, MWhth 

                                                 
70

 This operational mode has been used at least from the year 2000, and possibly from the early 1990s. It has not 

been possible to establish the exact year when it was introduced. However, it means that all PWR resins 

analyzed for this report have been exposed to this operational mode. Earlier, before an acidic shut-down 

chemistry was introduced, the RWCU mixed bed was used in the shut-down period as long as it had a 

satisfactory accumulation of corrosion products and fission products. Then it was replaced by a fresh mixed bed 

without Li. 
71

 Bernt Bengtsson & Pernilla Svanberg, Ringhals AB, personal communication, July 2013. 
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na number of anion equivalents used 

 P thermal power of the unit, MWth  

 N E/P, number of EFPY  

 xa=na/N anion equivalents/h 

a coefficient (slope) for xa in the regression,  

(Bq/anion equivalents)/ MWth 

Index  a anion 

 

 
Figure A5-6. Regression of accumulation of organic C-14 vs. the parameter xa; anion 

equivalents used, normalized to the energy production in EFPH.  

(R234-1, sheet D regr x org). 

 

 
Figure A5-7. Regression of accumulation of inorganic C-14 vs. the parameter xa; anion 

equivalents used, normalized to the energy production in EFPH.  

(R234-1, sheet D regr x inorg). 
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The same approach has been applied to RWCU resins. The justification for using Eq. (A5-1) 

is the following: If you use no resin at all (x=0), there will be no accumulation. Figure A5-6 

shows the regression for the organic fraction (some 30 % of the total accumulation). The 

regression coefficient is 0.85, indicating a good fit. The fit for the inorganic fraction and the 

total accumulation is lower; see Figures A5-7 and -8, with regression coefficients 0.64 and 

0.74, respectively. The regression data are summarized in Table A5-5. 

 

 
Figure A5-8. Regression of accumulation of total C-14 vs. the parameter x; anion equivalents 

used, normalized to the energy production in EFPH.  

(R234-1, sheet D regr x tot). 

 

The diagram for the organic fraction indicates the existence of a saturation phenomenon for 

organic C-14, as suggested under point 4) above, based on the observed concentrations in the 

RCS. The highest xa-value is for the short cycle for R2 in 2012. The normalization to EFPH 

may also be interpreted as the number of anion equivalents divided by the total amount of 

reactor water passing the ion exchanger. 

 

The regression has also been done for total resin mass with the same fit; this is reasonable, 

since the anion fraction in the resin is constant, 0.60, in the years analyzed. The organic 

fraction in the regression is 34 % compared to the mean value, 30 % given in Table A5-4. For 

SFR, the higher organic fraction is a conservative approach. 

 

 
Table A5-5. Results from regression analysis of accumulation factors to RWCU anion resins. 

(R234-1, sheet Accrat). 

 

Eqs. A5-3 and A5-4 may be used to estimate the historic accumulation of C-14 in RWCU as 

an alternative to the average factors expressed as Bq/MWhth. One possible advantage is that it 
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Reactor RWCU Unit Total

In-

organic Organic

Organic 

fraction

Std. 

Dev. 

Total 

Std. 

Dev. 

Inorg.

Std. 

Dev. 

Org.

R2-R4 Regression (Bq/anion equivalents)/MWhth 5.79E+03 3.82E+03 2.00E+03 34% 14% 18% 10%

1-param r2 0.74 0.64 0.85
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may estimate the organic C-14 better in fuel cycles or years with a low energy production or 

high resin use.  
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APPENDIX 6 
Determination of Dry Weight of Resins 

 

A6.1. Determination of Dry Weight of Fresh PWR Resins 
 

In the PWR units, bead resin is added by volume from bags containing 25 liters. The gross 

density (“shipping density”) of the resin was determined by weighing five bags in the storage. 

The results are shown in Table A6-1. The value 0.70 kg/liters has been used in all PWR 

calculations. The dry substance of the resin is given by the vendor as 0.45. The same value 

was verified in drying tests by Avenbrand in 2005
72

.  

 

 
Table A6-1. Results from determination of gross density for PWR bead resins.  

(R234-1, sheet Density). 

 

A6.2. Determination of Dry Weight Fraction (Dry Solids, ds) 
of Resin Samples 
For the samples analyzed in this report and in Ref.4, the dry weight fraction was determined in 

the following way: 

 

A sample of 1.2-1.5 g was weighed in a plastic container (50 ml nominal volume). The 

container was covered by tissue paper and left in a fume cupboard for at least one week. Then 

it was weighed and the dry weight fraction calculated by: (weight after drying)/(weight before 

drying). 

 

When this report was prepared, the question was raised, whether this procedure was adequate. 

To answer this question, a series of experiments were conducted. One sample was dried 

according to the old method for 7-9 days, and another sample was dried in an oven at 70-78 

                                                 
72

 S. Avenbrand, personal communication 2005. 

Plastic bag, kg* 1

Volume, liters 25

Bag #

Weight 

(incl. 

Bag), 

kg

Density 

kg/liter

1 17.8 0.7120

2 17.8 0.7120

3 17.7 0.7080

4 17.9 0.7160

5 18.1 0.7240

Mean incl. bag 17.86 0.7144

Std. Dev. 0.1517

Min 16.86 0.6744

Mean 0.6944

Value used 0.70

* estimated
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ºC for 36-60 h. Then the samples were weighed and the ratio between the dry weight fractions 

was calculated. Figure A6-1 shows the ratio between the dry weight fractions for air dried and 

oven dried samples. The complete data set may be found in Attachment file A9. 

 

 
Figure A6-1. Correction for factors for Dry Weight. (A9, sheet D All) 

 

 

 
Table A6-2. Summary of Dry Weight correction factors. (A9, sheet Summary) 

 

The dry weight fraction for the samples dried in the oven was generally lower than for the air 

dried samples. Only one oven dried sample showed a lower dry weight fraction than the air 
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Sample

Dry 

Substance 

Correction 

Factor

Std. 

Dev.

Number of 

samples

R1 mean 1.16 0.03 9

F12 mean 1.04 0.03 6

F3 mean 1.16 0.03 2 One sample excluded

O12 mean 1.05 0.04 2

O3 mean 1.11 0.03 1

Powder mean 1.10 0.07 20

Powder maximum 1.19

Powder minimum 0.90

Powder sulphonate mean 1.14 0.04 13

Powder sulphonate maximum 1.19

Powder sulphonate minimum 1.03

PWR (bead) mean 1.16 0.03 6

PWR (bead) maximum 1.21

PWR (bead) minimum 1.12

All samples mean 1.11 0.07 26

All samples maximum 1.21

All samplesm inimum 0.90
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dried. This particular sample, F3-332-10 B2, has been excluded from the data set, since it is 

unlikely that the oven drying should give a lower dry weight fraction than air drying. 

 

The standard deviations of the calculated ratios are in the range 0.02-0.04. The calculation is 

based on the assumption that the uncertainty in the weighing operations is 5 mg. 

 

Table A6-2 shows a summary of the correction factors. There seems to be two groups of 

samples: one with sulfonate resins (powder and bead) and one with carboxylate resins 

(F1+F2). However, the samples from O1, O2 and O3 have values in between these two main 

groups. 

 

 

A6.3. Selected Correction Factors 
Table A6-3 summarizes the selected correction factors. Three categories of resins have been 

identified: Powder sulfonate resins, powder carboxylate resins and sulfonate bead resins. The 

correction factors have been applied to all analytical results in the present report (Version 3 

onwards) and the results reported in Ref. 4. The net result is an increase in the concentration 

values by 4 % for carboxylate resins and 16 % for sulfonate resins. All samples analyzed for 

Version 4 onwards have been oven dried.  

 

 

 
Table A6-3. Dry Weight correction factors applied.  

(A9, sheet Summary) 

 

A6.4. Body Feed Factor for RWCU Resins in PWR 
PWR mixed bed resins are in H

+
 and OH

-
 form when delivered. Before loading into the 

RWCU system, the resins are converted to Li
+
 and borate form. Borate anions are of the form 

B(OH)4
- 
. In addition, the resins also accumulate some corrosion products, but the mass of this 

uptake is much less than the mass from borate. The calculation of the BFF for PWR resins is 

shown in Table A6-4. 

 

The resin beds are loaded with approximately the same capacity for cations and anions. The 

calculation of the BFF assumes that all sites are loaded. The BFF obtained, 1.15, is used to 

correct all results for PWR resins analyzed. The correction of old results is reported in 

Appendix 7. 

 

Resin Category Factor Std. Dev.

BWR 

Powder sulphonate 1.16 0.04

Powder carboxylate 1.04 0.03

Bead 1.16 0.03

PWR

Bead 1.16 0.03
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Table A6-4. Calculation of Body Feed Factor (BFF) for resins used in RWCU in PWR units. 

resins in Ref. 2, 3 and 4. (R234-1, sheet BFF). 

 

 

R2 R3 R4 Molecular masses

Liters 575 650 850 O, g/mole 16

Dry sub-stance 0.45 0.45 0.45 B, g/mole 10.8

Density, kg/lit 0.7 0.7 0.7 H, g/equivalent 1

kg ww 403 455 595 OH, g/equivalent 17

kg dw 181 205 268 B(OH)4, g/equivalent 78.8

Cation, liters 230 260 340 Li-7, g/equivalent 7

Anion, liters 345 390 510 H3BO3, g/mole 61.8

Cation, kg dw 72 82 107 Cation

Anion, kg dw 109 123 161 Volume fraction 0.40

Cation, equivalents 391 442 578 Equivalents/liter wet 1.7

Anion, equivalents 380 429 561 Anion

H-load, initial, kg 0.4 0.4 0.6 Volume fraction 0.60

OH-load, initial, kg 6.5 7.3 9.5 Equivalents/liter wet 1.1

Li-load, kg 2.7 3.1 4.0

Monoborate load 29.9 33.8 44.2

total extra load, kg 25.8 29.2 38.1

BFF 1.14 1.14 1.14

Corr.prod. Load, kg 2 2 2
BFF incl. corr.prod. 1.15 1.15 1.15
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APPENDIX 7 
Correction of Previous Results with Respect to 
Resin Density and Dry Substance Fraction in 

Samples 
 

A7.1. Introduction 
In Ref. 2, 3 and 4 results for bead resins were based on a resin density of 1.15 kg/liter and a 

dry weight fraction determined from samples dried in air. Unfortunately, the density used 

referred to the dry resin beads and not to the gross density (“shipping density” (sd)) of resin 

with a dry solids fraction (dsf) of 0.45.  

 

The evaluation of correction factors for the dry weight fractions is described in Appendix 6. 

This chapter will perform a correction of the results previously reported for PWR and BWR 

bead resins.  

 

Table A7-1 shows the values used in the calculation of the dry weight in Ref. 2, 3 and 4 (old) 

and the present study (corrected).  

 

The formula for calculating the dry weight and the correction factor are 

 

dry weight= “sd*(volume wet resin)*dsf 

 

Overall Correction Factor = (dry weight corrected)/(dry weight old)= 

( sd corrected.)/( sd old)*( dsf corrected)/(dsf old)* 

(Sample Dry Weight Correction Factor)*BFF 

 

 
Table A7-1. Calculation of correction factor for wrong density of the PWR and BWR bead 

resins in Ref. 2, 3 and 4. (R234-1, sheet Old). 

 

 

Density old kg/lit 1.15

Dry substance fraction (ds) old 0.45

Density corrected kg/lit 0.70

Dry substance fraction (ds) corrected 0.45

Density Correction Factor 0.609

Sample Dry Weight Correction factor 1.16

Body Feed Factor, BFF 1.15

Overall Correction Factor, PWR 0.812

Overall Correction Factor, BWR 0.706
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A7.2. Correction of PWR Bead Resins from Ref. 4 
The overall effect of the density correction is that the dry weight is reduced to 60 % of the 

previous value. Inclusion of the Body Feed Factor and the Sample Dry Weight Correction 

Factor, increases the correction factor for the old values to 0.812. Accordingly, all values for 

accumulated activity in PWR resins will be reduced by this correction factor. Table A7-2 

shows the accumulation in some specific resin fraction for the PWR-units. The fractions 

“RWCU operation” should be compared with the results given in this report. Table A7-3 

shows corrected accumulation in PWR resins, as reported in Ref. 4. The corrected values are 

some 81 % of the old values.  

 

 
 

Table A7-2. Correction of C-14 accumulated in PWR resins reported in Ref. 4.  

(R234-1, sheet Old). 

 

  
Table A7-3. Correction of C-14 accumulation in PWR resins reported in Ref. 4.  

(R234-1, sheet Old). 

 

 

  

Unit Resin use Old Corrected Operation Org. fraction

R3 RWCU operation 7.3% 5.9% 2002-2003 29%

R2

RWCU 2 y operation 

(incl. some other resins) 6.0% 4.9% 2001-2003 28%

R4 RWCU shut down, SFP, WP 1.6% 1.3% 2002-2003 35%

R3 RWCU shut down, SFP, WP 2.5% 2.0% 2002-2003 30%

Mean RWCU operation 6.7% 5.4% 29%

Mean RWCU shut down, SFP, WP 2.1% 1.7% 33%

Mean All 8.7% 7.1% 31%

Unit Resin use Old Corrected

Corrected 

organic

Org. 

Fraction

R2 All (RWCU, SFP, WP) 8.3% 6.7% 2.0% 29%

R3 All (RWCU, SFP, WP) 9.8% 8.0% 2.3% 29%

R4 All (RWCU, SFP, WP) 9.0% 7.3% 2.2% 29%

Mean Ref. 4 All (RWCU, SFP, WP) 9.0% 7.3% 2.2% 29%

Mean this study All (RWCU, SFP, WP) 5.2% 1.6% 29%
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APPENDIX 8 
The Effect of Air Bubbling on C-14 Loaded Ion 

Exchange Resins 
 

Protolysis: A weak acid, HA dissolved in water, partially splits into hydrogen ions (protons), 

H
+
, and anions A

-.
.The resulting concentrations are determined by the equilibrium equation 

(law of mass action), where [x] denotes the concentration of species x. 

        

    
    

The equilibrium constant is often expressed as its negative logarithm 

 

                

 

When pH< pKa, the acid occurs as HA. For pH> pKa, it occurs as A
-
. At pH= pKa, both forms 

are equally abundant. Figures A8-1 and A8-2 show these relations graphically for “carbonic 

acid”, formic acid and acetic acid. 

 

Air bubbling in pure water dissolves CO2 from the air, which lowers the pH-value to about 

5.5; see Figure A8-1.This pH-value is below the first pKa (6.37) in the carbonate system. 

Prolonged bubbling may convert C-14-bicarbonate on the resin to “carbonic acid” (CO2 + 

water) and remove it from the resin. 

 

 
Figure A8-1. pH-concentration diagram for the carbonate system in pure water in 

equilibrium with CO2 in air. The pH-value is 5.5 at the intersection of H+ and hydrogen 

carbonate, marked by a “diamond”. (A-8, sheet D carbonate3). 

 

The CO2 will be swept away by the air. Storage tanks for CCU resins at the BWR units do not 

contain any other chemicals (except floor drain water in some cases), so “carbonic acid” is 
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expected to govern the pH-value. Measurements of pH in the tanks T48 and T49 at O1 and 

O2 (Table A8-1 and Figure A8-3) have indicated a pH-value in this range. Measurements in 

bottles with resin samples in the laboratory at Ringhals have also indicated pH-values in the 

range 4.5 to 6 (Table A8-1). 

 

The two simplest carboxylic acids, formic acid (pKa 3.77) and acetic acid pKa 4.76), have 

both been detected in PWR primary water at Ringhals in the concentration range 1-10 ppb, 

with peaks around 100 ppb occurring at transients (Ref. 2). Figure A8-2 shows the protolytic 

equilibrium of these acids at these concentrations. At pH=5.5, the acids are completely in 

their anionic form. Thus, in low ionic strength water, they most likely remain on the resin. 

These conditions may explain why the organic fraction on resins is higher at low total (= 

inorganic) concentrations. 

 

 
Figure A8-2. pH-concentration diagram for formic acid and acetic acid in concentrations 

measured in PWR primary water. If the water is in equilibrium with atmospheric CO2, the pH-

value is about 5.5, marked by a “diamond” and a square. At this pH, both acids are virtually 

100 % in their anionic forms. (A-8, sheet D HFo HAc2). 

 

From Table A8-1 it can be found that all samples from BWR CCU resins at the laboratory at 

Ringhals had a pH-value below 6.37, the first pKa for carbonic acid. The values measured at 

O1 and O2 had two values below the first pKa and one value just above. The only sample with 

a value above the first pKa was RWCU resin from R3. This is unexpected, since the boric acid 

should yield a pH value below 7. The value for R2, 5.96, corresponds to 20-30 ppm boron in 

the water. 

 

Figure A8-3 (same as Figure 7 in the main report) shows that at O1+O2 18 tank fillings out of 

23 had pH< pKa .eleven of these were within ±0.2 pH units from the value of pure water in 
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equilibrium with atmospheric CO2, 5.5 (Figure A8-3). Two samples were above 7.1, where 

hydrogen carbonate is the dominating species; see Figure A8-1. 

 

 
Table A8-1. Example of pH-values measured in samples at the lab and in storage tanks (O1, 

O2 and O3). The pH-values below the theoretical value for water in equilibrium with 

atmospheric CO2 (c:a 5.5) may be explained by cation resin still holding some H
+73

.  

(A-7, sheet pH samples). 

 

 
Figure A8-3. pH-values in storage tanks for powder resin at O1+O2, August-September 

2011.
74

 (A-7, sheet D pH O12). 

  

                                                 
73

 Ingvar Carlsson, FKA. Pers. Comm., Jan. 2012. 
74

 Sofie Englund, OKG. Pers. Comm. Sept. 2011. 

Unit Sample Date

Analysis 

batch

pH in sample 

at lab Measurement

F3 F3101712 2011-08-03 F3B3 5.64 Sample at lab in Ringhals

F1 +F2 F3101717 2011-08-03 F12B4 5.71 Sample at lab in Ringhals

F3 F3111701 2011-08-03 F3B5 5.50 Sample at lab in Ringhals

O1+O2 T48 090208 2011-08-03 5.28 Sample at lab in Ringhals

O1+O2 T48 090416 2011-08-03 4.60 Sample at lab in Ringhals

O1+O2 T48 090623 2011-08-03 4.70 Sample at lab in Ringhals

O1+O2 T49 090211 2011-08-03 4.97 Sample at lab in Ringhals

O1+O2 T49 090316 2011-08-03 5.20 Sample at lab in Ringhals

O1+O2 T48 110804 2011-08-04 5.37 O1+O2 WHB

O1+O2 T49 110805 2011-08-05 6.90 O1+O2 WHB

O3 2011-08-19 6.00 O3 WHB

R2 R2 080611 2011-08-03 5.96 Sample at lab in Ringhals

R3 R3 080815 2011-08-03 7.59 Sample at lab in Ringhals

4.0
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APPENDIX 9 
Analytical Procedures 

 

 
Figure A9-1. Schematic system set-up used for the extraction of organic and inorganic C-14 

 from spent ion exchange resins and process water. The gas washing bottles are designated  

by 1–5 in the text. (Ref. 2). 

 

A9.1. Extraction of C-14 from the Resins 
The analytical procedure used is essentially the same as described in Ref. 2. The method 

allows chemical separation by the formation of carbon dioxide (CO2) of inorganic (carbonate 

system) species, using acid stripping with 6 M H2SO4. Organic species (including carbon 

monoxide) are stripped using wet oxidation with 5 % K2SO8 and 4 % AgNO3 and heat. Pt/Al 

pellets
75

 and CuO (30:70 weight ratio) constitute the catalytic bed to ensure complete 

conversion to CO2. 

 

In brief, the resin sample (1.0-1.2 g ww) is put in an Erlenmeyer flask and a stirrer. The first 

30 minutes is the acid stripping followed by 3 times 1 hour wet oxidation. 

 

The C-14 species driven off from the resin sample are captured in wash bottles 2 and 4 (3, 5 

are safety bottles in case 2 and 4 would be saturated). From the bottles 2 and 4, two aliquots 

of 3 ml each are mixed with 17 ml liquid scintillation cocktail (Hionic Fluor). 

 

Samples from wash bottles 1, 3 and 5 are also analyzed, but not in duplicate as for 2 and 4. 

The mathematical formulas for calculations made by the software are presented in 

Appendix 10.  

 

There are indications that not all organic species will be released from the resin. Magnusson 

et. al. (Ref. 2) have previously made combustion experiments indicating that there is C-14 

                                                 
75

 In this context: Al stands for alumina, Al2O3. 

Water/
tritium trap
17 % (1.8 M) 
H2SO4

100 ml
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activity left in the resins. Resins from all sites have been examined. Information about the 

combustion procedure is given in a section below. 

 

After five batches/samples, or change of site (not applicable to PWR samples), the 

background is measured in order to detect any contamination of the system and for use in 

calculations of net activity. The background measurement is done using an Erlenmeyer flask 

without any resin. The wash bottles and equipment belonging to them are labeled with 

different colours/series, i.e. separated in different series, which makes it easier separating the 

backgrounds from different sites. The Erlenmeyer flasks are also marked with sites (FKA, 

OKG, R1 and PWR) and when doing a background the Erlenmeyer flask from the site to be 

analyzed is used. 

 

A9.2. Batching of Samples 
The separation procedure is time consuming; thus several samples from the storage tanks are 

combined into a batch. However, the samples from OKG
76

 and the Ringhals PWRs
77

 were not 

batched.  

 

By analyzing each sample from OKG, the variation between separate tank fillings could be 

followed. The reason for not batching the PWR samples is that only one sample/cycle is 

obtained. From each batch/sample, three replicates (for PWR: 5 replicates) were analyzed to 

give a measure of the variations in handling the resin and the separation equipment. If a 

subsample showed a large deviation from the others, further samples were analyzed. When 

time was limited, the deviating sample could be excluded if there would be an reasonable 

explanation for the deviation.  

 

Concentrations in samples from tanks with continuous additions and removals vary more 

slowly; accordingly, samples may be combined into batches without losing information. 

 

When batching samples, it was necessary to use samples (no more than 10 samples/batch) 

originating from the same operating conditions; if a reactor was shut down, the samples from 

that period were batched together. The weight from each sample to the batch was measured in 

order to make an estimate of the contribution from each sample.  

 

A9.2.1. Batching Procedure 
 decant as much water as possible from the can 

 shake the can to a homogenous suspension 

 filter the suspension by water suction (do not filter so hard that the resin will partly 

dry) 

 take the resin into a new can or bottle, note the weight of the resin 

 

When R1 2010 was batched, there was so much resin (>200 g/sample) that the resin had to be 

mixed on the filter and then approximately 100 g from each sample was taken to the batch. 

 

                                                 
76

 A few samples From O1+O2 without CCU resins have been batched before analyses. The samples from O3 

included samples from several filters, but were not batched further prior to analysis. 
77

 One resin bed was sampled several times and batched before analysis, as described in Appendix 5. 
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A9.3. Combustion of Extracted Resins 
Magnusson showed in her dissertation (Ref. 2) that not all C-14 could be extracted; the reason 

for this is unknown. One explanation might be that some molecules have been incorporated in 

the skeleton in the resin. Combustion of the analyzed resin is one method to release these 

molecules. 

 

Figure A9-2 shows the principle of the combustion system and Figure A9-3 shows the system 

(without gas supply) in the laboratory.  

 

The analyzed resin was suction filtered using a weighed, 0.2 m filter from Micro Filtration 

System. After filtration, the filter was allowed to dry in a fume cupboard over night. The dried 

resin was scraped off the filter and weighed.  

 

 
Figure A9-2. Schematic system set-up used for the combustion of  

spent ion exchange resins. The gas washing bottles are designated  

by 1–3 in the text. 

 

The resin was ground in a mortar before it was laid on the glass wool in the tube. Magnusson 

(Ref. 2) used oxygen in her studies, but in this study technical air was used in order to 

minimize the explosion risks when using pure oxygen. Using the same catalyst as in the 

analyses resulted in a lower concentration of CO than using only Pt/Al pellets (~30 ppm vs. 

>500 ppm)
78

. 

 

The gas first passes bottle 1 to remove tritium and sulfur compounds. Then it entered the 

catalytic furnace where any remaining CO is oxidized to CO2, which is absorbed in bottles 2 

and 3. All C-14 obtained here is assumed to be of organic origin. 

 

A9.3.1. Analyses of Samples from Combustion 
3 ml from each bottle (duplicates from bottle 2) were analyzed the same way as the extracted 

samples. However, the calculations differ, see Appendix 10. 

 

                                                 
78

 It was feared that CuO should react with sulfur compounds from the combustion of the resins. Actually, it did 

react, so the catalyst had to be replaced after the experiment. Measurements of CO during the experiments 

indicated that the catalyst was intact during these experiments. 

1 2 3

Air supply

Flow meter

Glass wool

Resin

Water, tritium and sulfur trap

17% (1.8 M) H2SO4

100 ml

Catalytic furnace

750C

CO2 Absorbers

2M NaOH

100 ml

Flow meter

Pump

Pressure
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A9.3.2. Correction Obtained from Combustion Results 
The results from combustions of PWR, OKG and FKA showed that there is not more than 5% 

left in the resin after analyses; thus the factor, from Magnusson’s previous experiments, (1.05) 

for the organic residues will remain unchanged. For details on the determination of the 

combustion correction factor, see Appendix 17. However, the combustion of the samples of 

the dryer resulted in a much higher (~17 %) of the organic fraction. This has only been 

showed once since only one sample from each dryer has been analyzed. 

 

 
Figure A9-3. System set-up used for the combustion of spent ion exchange resins. The gas 

washing bottles are designated by 1–3 in the text. 

 

A9.4. Liquid Scintillation Counting of the Samples 

A9.4.1. Equipment  
The samples are counted by a liquid scintillation counter Hidex 300 SL.  

 

A9.4.1.1.Calibration:  
Instead of using quench curves, efficiency calibration was made using 3*5 standard solutions 

(three series with five samples in each series.) The solutions were prepared with a known 

amount of C-14 activity (104300 DPM) in the same matrix (3 ml 2M NaOH + 17 ml Hionic 

Fluor) as the measured samples. The prepared standard samples were counted 2-3 times each. 

From these countings, the efficiency was determined to be 0.865. with a standard deviation of 

0.25 %. The energy window was chosen to maximize the Figure of Merit 

(efficiency
2
/background). After an upgrade of the instrument in February 2014 the efficiency 

was re-determined to 0.885.  

 

Unquenched samples from the vendor of counter are used to regularly check the constancy of 

the counter. These results are stored in the counter. 

 

A9.4.2. Sample Counting 
Two aliquots of 3 ml of alkaline samples each are mixed with a liquid scintillation cocktail 

(Hionic Fluor). After 24 hours in darkness, the samples are counted three times, each time for 

one hour. Acidic samples (from bottle 1) are counted with Quicksafe 400. 
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A9.4.3. Quality Assurance 
No gamma spectrum measurements are performed on the collected samples. It is expected 

that all gamma emitting nuclides remain in the Erlenmeyer flask or are captured in bottle 1. 

Tritium is also expected to remain in bottle 1. To verify this, the beta spectra are inspected 

with respect to appearance; correct C-14 endpoint energy and absence of a low energy hump 

from tritium in the C-14 samples. 

 

If duplicate samples show a large scatter, new samples are counted. If the scatter persists, a 

new sample of the resin is extracted and counted. 

 

The analysis results are included in the Attachment files with the calculations for each unit. 
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APPENDIX 10 
Calculations of Activity Data in Liquid Scintillation 

Counting (MicroWin 2000) and in Excel-sheets 
 

A10.1. Calculations in Hidex Liquid Scintillation Counter in 
MicroWin 2000 
 

A10.1.1. Average Counts per Minute: CPMAVG 
For each sample, two aliquots are counted; vial A and B 

Each vial is counted several times; usually three times 

 

       
                                               

 
 

 

 

 

A10.1.2. Standard Deviation in CPMAVG; CPM 

1CPM 




n


  

 

 = 222 )003()002()001( AVGAAVGAAVGA CPMPCPMCPMPCPMCPMPCPM   

 = 222 )003()002()001( AVGBAVGBAVGB CPMPCPMCPMPCPMCPMPCPM 
 

 

n = total times vials A and B have been counted = 6 (each vial is counted 3 times) 

      CPMA/BP001, CPMA/BP002 and CPMA/BP003 = Plate run 1, 2 and 3 (separate countings) 

 

 

A10.1.3. Gross activity in bottle, Bq: ABrutto 

bottle

vial

AVG V
sV

CPM




ABrutto  

 

    efficiency in counting (0.865) 

the efficiency (86.5%) is a fixed value previously determined from a set of standard 

solutions spiked with a known amount of C-14. 

Vvial   volume of sample in vial (3) 

Vbottle   volume of bubble bottle (100 ml) 

s conversion seconds/minute; 60 
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A10.1.4. Gross background activity in bottle, Bq: ABruttobkg 
 

 
           bottle

vial

AVGBKG V
sV

CPM



 

 

A10.1.5. Net activity in bottle, Bq; either organic or inorganic: Anetto 
ANetto = ABrutto – ABruttobkg 

 

 

A10.1.6. Net concentration, Bq/kgww: cInorganic , cOrganic and cCombustion 

1000
)(


ww

netto

organicIn m

A
c  

mww sample wet weight (g) 

1000  conversion from g to kg 

 

 

A10.1.7. Detection Limit Background, CPM: DLBKG CPM 
























 )(1(65.12

65.1 2

tn
tn

tn ss

bb

bb

AVG
CPMBKG

CPM

tn
DL  

1.65 factor for 95 % confidence level  

n  number of countings (6) 

t  counting time, minutes; 60 

b index background 

s index sample 

 

 

A10.1.8. Detection Limit, Bq/kg: DL 

wwVial

BottleCPMBKG

msV

VDL
DL








1000
 

VBottle volume of the bubble bottle 

Vvial volume of sample in vial 

s  conversion seconds/minute; 60 

 

 

A10.1.9. Statistical Uncertainty (Statunc) 

timecounttotalCPMcountsofnumber AVG
uncStat




11

 
 

The total counting time in minutes = 60 minutes   6 runs 
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A10.1.10. Relative Uncertainty (Relunc) 

AVG

STDAV

unc CPM

CPM
l Re  

 

 

A10.1.11. Error Brutto ,Bq also used to calculate Error Background 
 

Error Brutto=((Statunc>Relunc)  Statunc+(Statunc< Relunc)Relunc) cBrutto 

 

This mathematical formula is an ”IF-statement”. IF (Statunc>Relunc) is true it will be 1, if it is 

not true, it will be 0. IF (Statunc>Relunc) is true, then Error Brutto will be Statunc cBrutto. If it is 

not true, then Error Brutto will be Relunc cBrutto. 

 

 

A10.1.12. Error CPM  
Error CPM=((Statunc>Relunc)  Statunc+(Statunc< Relunc)Relunc)CPMavg 

 

This is just like Error Brutto, an IF-statement. 

 

 

A10.1.13. Error Netto, Bq 
22N BKGErrorBruttoErrorettoError 

 
 

Error BKG error background 

 

 

A10.1.14. Error Total Bq/kg 

2
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s  conversion seconds/minute; 60 

100   volume in wash bottle, ml 

1000   convert g to kg 

Vvial  volume of sample in vial = 3 ml  

CPM    error in CPM 

1.5   error when measuring volume to wash bottle, ml 

0.002163  error in efficiency, absolute 

0.020   error in pipette volume, ml 

0.01m   error in mass, g  
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A10.2. Calculations in Excel-sheets 
 

A10.2.1. Combustion correction factor for the organic fraction f 

organicnetto

organicnettocombustionnetto

a

aa
f


  

Where 

a activity found in the sample at combustion and extraction of organic, 

respectively, Bq 

 

The value f=1.05 has been adopted for all samples, except for dried resins from FKA, where 

individual combustion correction factors have been determined; see Appendix 21. 

This correction factor is applied only to the organic fraction 

 

                 

 

 

A10.2.2. Calculation of total concentration, Bq/kgww  
 

 

                        

 

A10.2.3. Calculation of total concentration, Bq/kgdw  
 

    
      

  
 

 

 

A10.2.4. Calculation of standard deviation in total concentration, Bq/kgdw  
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A10.2.5. Standard deviation used in calculations total resp. organic, Bq/kgdw  
 

                                                                
 

 

A10.2.6. Total Standard Deviation from Activity Counting and Resin 
Amounts 
 

The relative standard deviation is combined according to  

 

       
    

   

 

Where  

 σt resulting relative standard deviation 

 σa relative standard deviation in activity counting 

 σr relative standard deviation in activity counting 

 

 
Figure A10-1. The total standard deviation resulting from a constant standard deviation in 

the resin amount of 10 % and a variable standard deviation from activity counting.  

(A-6, sheet D Comp). 

 

A10.3.Using Detection Limit Values 
The detection limit is calculated from the standard deviation in the background 

measurements. (see the paragraph Detection Limit, Bq/kg: DL above). 

 

The DL value has a confidence level of 95 %, meaning that in 95 % of the measurement an 

activity exceeding the DL will be detected. In addition, there is a 5 % probability of detecting 

an activity less than the DL. Ref. 9 shows the deduction of the DL value.  
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The net value in a measurement is obtained by subtracting a background value from the 

sample value. Depending on the activity levels and standard deviations in the background and 

sample values, a sample may show a positive or a negative net value.  

 

To cope with this, detection limit values are handled in the same way as described in the EU 

recommendation for reporting releases. (Ref. 5 and 6; The Swedish implementation is 

regulated by Ref. 7).  

 

 

 

The following criteria are used: 

 

If the detected value V is greater than half the detection limit DL, the detected 

value V is used. 

 

If the detected value V is less than half the detection limit DL, one quarter of the 

detection limit value will be used. 

 

Or, with formulas: 
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APPENDIX 11 
Handling and Sampling of Resins in the Various 

Plants 

A11.1. Introduction 
There are large variations between the systems for handling and sampling the spent resins in 

the various plants. In this chapter, a brief outline is given together with comments. 

Ref. 2 has figures describing where in the process systems the ion exchangers are located. 

 

 

A11.2. PWR Ringhals R2, R3 and R4; RWCU 
The original system for waste solidification of spent resins in the PWR units had a poor 

performance, compared to the system in the BWR WHB. Further, since the boric acid present 

in PWR resins will lower the strength of the solidified concrete product, it was chosen to 

transfer the resins to the BWR WHB and dilute the PWR resins with boron-free resins from 

the BWR unit. 

 

The transport is performed by means of a lead shielded spherical transport vessel (“kula”). 

Some 3-7 separate transports are needed to transfer a RWCU resin load. The handling system 

has no representative sampling system, so the samples are withdrawn by means of a 20 ml 

plastic bottle. 1 -2 subsamples are taken from each transport vessel load and batched on 

completion of the transport campaign.  

 

The radiation dose amounts to about 0.2-0.3 mSv for a campaign to sample the RWCU resin 

from one PWR unit
79

. 

 

 
Figure A11-1. Overview of handling and sampling of spent RWCU 

 ion exchange resin in PWR units R2, R3 and R4. (A-5, pict.1). 

 

                                                 
79

 Anders Höglund, Ringhals, R1M, Pers. Comm. Sept. 2011. 

Sampling of Reactor Water Clean-
up Ion Exchangers in PWR Units at 

Ringhals

Ion exch. in 
reactor system

Storage tank in 
R1 waste
building

Transport in 
”lead ball” 

(”kula”)

Concrete 
solidification

A small sample
from each

”kula”

Spent resin
storage tank in 

unit (SRST)

The ion exchange resin is discarded at the end of a fuel cycle to a 
storage tank in the unit.
Then it is transported in a shielded transport vessel to the Waste 
Handling Building in some 3-7 transports.
Before the resin is transferred to a storage tank, 1-2 small subsamples
are taken from each transport vessel. The subsamples are batched on 
completion of the transport campaign.
The mass of the resin is determined from the amount initially added
to the system.
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A11.3. BWR Ringhals R1; CCU 
The transfer from the unit to the WHB is done by means of permanent piping. The sampling 

is done from a pipe where the resin slurry is recirculated with a pump from the storage tank 

after mixing by air bubbling. This sampling point is also used to determine the dry solid 

contents of the resin slurry, which is important to get the full strength of the cement 

solidification.  

 

 
Figure A11-2. Overview of handling and sampling of spent CCU ion exchange resin in 

Ringhals 1 BWR. (A-5, pict.2 & 7). 

 

Collecting samples R1: At the bottom of the storage tank there is a ventilation ring. After 

mixing the tank with air for approximately 20 min, the slurry is pumped through a piping 

system (see Figure A11-2). In the piping system there is a valve from which samples are 

taken. Before the sample is taken, some slurry is discarded in case there is old slurry in the 

valve. 

 

 

A11.4. BWR Forsmark F3; CCU 
The handling of the CCU resins in Forsmark 3 is similar to the handling in R1. The transfer 

from the unit to a storage tank in the WHB is done by means of permanent piping. The tank 

content is mixed by gentle water injection from the bottom. Before solidification in bitumen, 

the resin slurry is evaporated to reduce the water contents in order to get maximum strength of 

the solidification. 

 

The sampling is done by a permanent sampling system in the pipe transferring resin slurry 

from the storage tank to the dryer. This is the last possible sampling point before drying and 

solidification. 

 

Sampling of Condensate Clean-up 
Ion Exchangers in Ringhals 1 BWR

Ion exch. in 
condensate

system

Storage tank 
in waste
building
343T41

Concrete 
solidification

in mould

A small sample is 
taken before a 

batch is solidified

Temporary
storage tank in 

unit (back-
flushing tank)

There are totally 8 filters  in parallell. The ion exchange resin is discarded
with an interval of some 6 weeks; i.e. approx. one filter/week*. The resin is 
flushed to a temporary storage tank (back-flushing tank) in the unit and 
then to a storage tank in the Waste Building. After homogeni-sation by air 
bubbling, and pump recirculation, resin is withdrawn to cement solidifica-
tion. In connection with this, the dry solids content is determined, a sample
for analysis is withdrawn and a mass balance is recorded. On the way to so-
lidification, the resin is used to clean water from the PWR resin storage tank 
(containing boric acid) on a filter. The resin is air dried before being dumped
to the feed tank, where it is air bubbled in water before mixing with cement 
in the mould. 
*From mid-2013 the resin is discarded on high pressure drop; not operating time

Air drying in 
342C41

Air bubbling in 
feed tank

Water with 
boric acid
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Figure A11-3. Overview of handling and sampling of spent CCU  

ion exchange resin in BWR Forsmark 3. (A-5, pict.4). 

 

 

A11.5. BWR Forsmark F1 and F2; CCU 
 

 
Figure A11-4. Overview of handling and sampling of spent CCU  

ion exchange resin in BWR units Forsmark 1 and 2
80

. (A-5, pict.8). 

 

The handling of the CCU resins in Forsmark 1 and 2 is a hybrid of the handling in R1, 

Ringhals PWR units and F3. Via a temporary storage tank in the unit (back-flushing tank) the 

resin is collected either of the tanks 342T42 and T43 in F1 WHB. These tanks are mixed by 

air bubbling
81

. Then the resin is transported to a storage tank in the WHB at F3 by similar 

transport vessels as used for the Ringhals PWRs. The storage tank is mixed by stirring, not by 

                                                 
80

 Tank TC56 is not the normal storage tank for resins from F1+F2. Normally these resins are mixed with the 

corresponding resins from F3. However, TC56 was used during the sampling campaign to keep the F1+F2 resins 

separated from the F3 resins. Annelie Jansson, FKA, personal communication, November 2015. 
81

 Roger Jansson, Forsmark 1 Avfall, Pers. Comm. 22 Sept. 2011. 

Sampling of Condensate Clean-up Ion 
Exchangers in Forsmark 3 BWR

Ion exch. in 
condensate

system

Storage tank in 
waste building

TD42

Heat drying
/evaporation

A small sample is taken 
before a batch is sent to 

drying

Temporary storage
tank in unit( back-

flushing tank)

There are totally 7 filters  in parallell. The ion exchange resin is discarded
with an interval of some 6-16 weeks. During operation, inert powder resin
is added as body-feed.
The resin is flushed to a temporary storage tank in the unit (back-flushing
tank)  and then to a storage tank in the Waste Building.  After mixing with 
water injection,  resin is withdrawn to a dryer/evaporator and mixed with 
evaporator concentrate to obtain a proper concentration of dry solids 
before bitumenisation.  The dry solids content is determined from a 
sample , which also is used for analysis . A mass balance may be 
established from the inflow and outflow from tank TD42. TD42 also
receives resins from  Waste Processing and Spent Fuel Pool Clean-up.

Solidifiction in 
bitumen

Evaporator
concentrate

Powder resin from
Condensation
Pool  Clean-up

Powder resin
from Waste 
Processing

System

Sampling of Condensate Clean-up Ion 
Exchangers in Forsmark 1 and 2 BWR

Ion exch. in 
condensate
system; F2

Storage tank 
in F3 waste

building TC56

Heat drying
/evaporation

Temporary
storage tank in 

unit (back-
flushing tank)

There are totally 10 filters  in parallell per unit. The ion exchange resin is dis-
carded with an interval of some 6-16 weeks. 
The resin is flushed to a temporary storage tank (back-flushing tank) in the unit. 
From this tank, the resin is pumped to either of the storage tanks in unit F1 WHB 
(342T42 and T43; with air bubbling). In campaigns, the resin is pumped via 
343T2 to a shielded transport vessel T80 with a stirrer and brought to the Waste 
Building at F3, where it is dumped into a storage tank TC56.  After mixing by 
stirring, resin is withdrawn to a dryer/ evaporator and mixed with evaporator
concentrate to obtain a proper concentration of dry solids before
bitumenisation.  The dry solids contents is determined from a sample , which
also is used for analysis . A mass balance may be established from the inflow
and outflow from tank TC56.

Solidifiction in 
bitumen

Transport in 
”lead ball” 

(”kula”)

Evaporator
concentrate

A small sample is 
taken before a batch

is sent to drying

Storage tank in 
F1 WHB  
342T43

Storage tank in 
F1 WHB 
342T42 

Ion exch. in 
condensate
system; F1

Temporary
storage tank in 

unit (back-
flushing tank)

Filter

Backflush Tank
T42/T43

T2 Lead shielded 

transport vessel
Sampling point

DryerAir 

mixing

Stirring
Constant 

stirring

Sample point of

Ref 4.

The weight estimation is 105 kg/filter 

including inert mass and particles.

F12: The Resins’ Way to Sampling

TC56

Recirculation

of tank before

sampling

.
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air bubbling. Before solidification in bitumen, the resin slurry is evaporated to reduce the 

water contents in order to get maximum strength of the solidification. 

The sampling is done by a permanent sampling system in the pipe transferring resin slurry 

from the storage tank to the dryer. This is the last possible sampling point before drying and 

solidification. Sampling may be also done, without transferring resin to the dryer. 

 

 

A11.6. BWR OKG O1 and O2; CCU 
The handling of CCU resins at O1 and O2 follows the following procedure: From a temporary 

storage tank in each unit (“back-flushing tank”), the resin is transferred via a permanent 

piping system to the Waste Handling Building (WHB). In the WHB the resins are stored in 

two tanks, T48 and T49. These tanks also receive floor drain water. 

 

After air bubbling for 30 minutes and pump mixing in a circulating loop for another 15 

minutes, a 5 liter sample will be taken out from the circulation loop. The sample is allowed to 

sediment for 2 hours after which the sediment will be transferred to a 250 ml bottle for 

analysis. 

 

Finally, the resin slurry is transferred to concrete tanks were it will be dewatered by suction 

via filter rods placed in the bottom of the concrete tank. The closed down units B1 and B2 at 

Barsebäck had a similar procedure for handling the CCU resins. 

 

 
Figure A11-5. Overview of handling and sampling of spent CCU 

 ion exchange resin in BWR units O1 and O2. (A-5, pict.5). 

 

A11.7. BWR OKG O3; CCU 
The handling of CCU resins at units O3 is similar to the procedures in O1 and O2: From a 

temporary storage tank in the unit (back-flushing tank), TB14, the resin is transferred via a 

permanent piping system to the Waste Handling Building, tank TB41. For the C-14 sampling 

campaign, only TB41 is used for CCU resins (to avoid mixing with other powder resins). 

Sampling of Condensate Clean-up Ion 
Exchangers in OKG 1 and 2 BWR

Ion exch. in 
condensate
system O2

Storage tank in 
waste building

T48

Dewatering and 
storage in 

concrete tanks

A small sample is 
taken before a 

tank is pumped to 
concrete tanks

Temporary storage
tank in unit (back-

flushing tank)
Unit O1 has four filters  in parallell and unit O2 six filters in parallell. The 
ion exchange resin is discarded with an interval of some 4-15 weeks. The 
resin is flushed to a temporary storage tank in the unit (back-flushing
tank) and then to either of the tanks T48  or T49 in the Waste Building. 
These tanks also receive floor drain water and powder resins from waste
water clean-up. T48 and T49 are emptied to concrete tanks after 
homogenisation by air bubbling. The mass balance in the tanks is 
recorded .  In connection with this, a sample for analysis is withdrawn. 
The resin is dewatered in the the concrete tanks.

Ion exch. in 
condensate
system O1

Temporary storage
tank in unit (back-

flushing tank)

Storage tank in 
waste building

T49

Floor drain water

Powder resin
(waste water 

clean-up)
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After air bubbling
82

 and pump mixing in a circulating loop for 1 hour, a sample will be taken 

out from the loop. The sample is allowed to sediment for 2 hours after which the sediment 

will be transferred to a 250 ml bottle for analysis. 

 

Finally, the resin slurry in the tank is transferred to concrete tanks were it will be dewatered 

by suction via filter rods placed in the bottom of the concrete tank. 

 

 

 
Figure A11-6. Overview of handling and sampling of spent CCU 

 ion exchange resin in BWR unit O3. (A-5, pict.6). 

 

 

A11.8. BWR Barsebäck B1 and B2; CCU 
 

The handling of CCU resins at B1 + B2 has been assumed to be similar to O1 + O2. However, 

there was no air bubbling, just pump circulation of the resin slurry before transfer to concrete 

tanks
83

. 

  

                                                 
82

 For the resin batches analyzed in this report (2010 and 2011) the following conditions had been used: The 

operational procedures have not included air bubbling, just pump circulation. Pers. comm. K-E Ingemansson, 

2012-01-03. 

 
83

 Lars Wiklund, BKAB, via Lars Håkansson, BKAB. Pers. Comm. 2012-04-12. 

Sampling of Condensate Clean-up Ion 
Exchangers in OKG 3 BWR

Unit O3 has 7 filters  in parallell. The operation period for the resin has not 
been established after the power up-rate (Sept. 2011). 
The resin is flushed to a temporary storage tank (TB14) in the unit (back-
flushing tank) then to the tank TB41 in the Waste Building. TB41 is emptied
to concrete tanks, after homogenisation by air bubbling and pump mixing. 
The mass contents in the tanks is recorded. In connection with this, a 
sample for analysis is withdrawn. 

Ion exch. in
condensate

system (7 filters)

Temporary
storage tank  

(back-flushing
tank) (332TB14)

Storage tank in 
waste building

TB41

Air bubbling and 
homogenization 

during 1 h 
TB41

Dewatering 
in Concrete 

tank 

Sampling in connection with 
transfer to concrete tank
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APPENDIX 12 
Example of Analysis Data 

 

 
Table A12-1. Analysis data from Ringhals 2 RWCU 2008. (R234-1, sheet RAB-334). 

 

 

 

 
Table A12-2. Analysis data from Ringhals 1 CCU 2010. (R1-2, sheet RAB-332).  

 

TS-korr.faktor
1.16 Gammal TS-halt ska divideras med faktorn! 2 Det. Lim. Fract. For using detected values 4 det. Limit factor

Modifierat 2012-03-16

Förbränt delprov
Urspr TS-halt (Torr/våt 

vikt) =
0.36

1.16 Korrektionsfaktor TS (Ny/Gammal)Gammal TS-halt i B. Korr.faktor i C länkad från L1!

Start (driftsättning) =

Stopp (togs ur drift) =

TS-halt (Torr/våt vikt) = 0.31

Fraction of detection limit used to replace zero values

Delprov
Inorganic 14C

 (Bq/kg w w )

Error 

TOTAL 

(Bq/kg)

Error 

TOTAL 

(%)

Detection 

limit

(Bq/kg w w )

Organic 14C

 (Bq/kg w w )

Error 

TOTAL 

(Bq/kg)

Error 

TOTAL 

(%)

Detection 

limit

(Bq/kg 

w w )

Correcti

on f= 

1.05

Corrected

Organic 14C

(Bq/kg w w )

Total 14C     

(Bq/kg w w )

Organic 

Fraction

 (%)

Total 14C     

(Bq/kg dry)

Gamma 

total    

(Bq/kg w w )

Co-60      

(Bq/kg 

w w )

Co-60      

(Bq/kg dry)

Inorg 14C     

(Bq/kg dry)

Corrected

Organic 
14C

(Bq/kg dw )

Error total 

total Bq/kg 

dw

Error total 

inorganic 

Bq/kg dw

Error total 

organic 

Bq/kg dw 

Bq/kg dw

Total, 

Bq/kg dw

Inorganic, 

Bq/kg dw

Organic, 

Bq/kg dw

Organic 

Fraction

 (%)

Error 

organic 

fraction

R2-334-08:1 1.70E+07 3.30E+05 1.9% 8.30E+02 2.90E+06 5.60E+04 1.9% 8.80E+02 1.05 3.05E+06 2.00E+07 15% 6.46E+07 5.48E+07 9.81E+06 1.08E+06 1.06E+06 1.89E+05 6.46E+07 5.48E+07 9.81E+06 15.2% 0.4%

R2-334-08:2 1.60E+07 3.10E+05 1.9% 9.35E+02 2.80E+06 5.40E+04 1.9% 9.85E+02 1.05 2.94E+06 1.89E+07 16% 6.10E+07 5.16E+07 9.47E+06 1.02E+06 9.99E+05 1.83E+05 6.10E+07 5.16E+07 9.47E+06 15.5% 0.4%

R2-334-08:3 1.60E+07 3.10E+05 1.9% 8.00E+02 2.90E+06 5.60E+04 1.9% 8.40E+02 1.05 3.05E+06 1.90E+07 16% 6.14E+07 5.16E+07 9.81E+06 1.02E+06 9.99E+05 1.89E+05 6.14E+07 5.16E+07 9.81E+06 16.0% 0.4%

R2-334-08:4 1.57E+07 3.05E+05 1.9% 8.16E+02 2.70E+06 5.27E+04 2.0% 8.61E+02 1.05 2.84E+06 1.86E+07 15% 5.98E+07 5.07E+07 9.14E+06 9.99E+05 9.83E+05 1.78E+05 5.98E+07 5.07E+07 9.14E+06 15.3% 0.4%

R2-334-08:5 1.70E+07 3.20E+05 1.9% 8.92E+02 3.00E+06 5.90E+04 2.0% 9.40E+02 1.05 3.15E+06 2.02E+07 16% 6.49E+07 5.48E+07 1.02E+07 1.05E+06 1.03E+06 2.00E+05 6.49E+07 5.48E+07 1.02E+07 15.6% 0.4%

Average 1.63E+07 3.00E+06 1.93E+07 16% 6.235E+07 5.27E+07 9.68E+06 4.62E+05 4.54E+05 8.41E+04 6.23E+07 5.27E+07 9.68E+06 15.5% 0.4%

Std deviation 6.07E+05 1.20E+05 7.07E+05 3.18E-03 2.28E+06 1.86E+06 1.95E+05 0.7% 0.9% 0.9% 2.04E+06 1.75E+06 3.45E+05 0.3% 0.1%

Standard dev % 3.7% 4.0% 3.7% 2.0% 3.7% 3.5% 2.0% 3.3% 3.3% 3.6% 3.3% 3.3% 3.6% 1.8% 1.8%

4.00E+08

Sammanställning Ringhals 334

R2-334-08

R2 CSDMMB-02:

2007-08-01 Tömd och fylld med 575 l SBMR-72

2008-05-17 Tömd och fylld med 575 l SBMR-72

4.54E+08 1.24E+08

Kommentar asmz:ANHG:R2-334-08: 13 klockor totalt, varav 3 st var tomma (= bara vatten?) och 3 st med innehåll på <20 liter 
jb-massa. 13-3-3 = 7 st klockor som provtogs. Från Varje klocka ska enligt proceduren tas dubbelprov a drygt 20 ml massa. 

TS-korr.faktor
1.16 Gammal TS-halt ska divideras med faktorn! 2 Det. Lim. Fract. For using detected values 4 Detection limit factor

Urspr TS-halt 

(Torr/våt vikt) =
0.40

1.16 Korrektionsfaktor TS (Ny/Gammal)Gammal TS-halt i B. Korr.faktor i C länkad från L1! Modifierat 2012-03-16

Start (driftsättning) =

Stopp (togs ur drift) =

TS-halt (Torr/våt vikt) 

=
0.34

Fraction of detection limit used to replace zero values

Delprov

Inorganic 
14C

 (Bq/kg w w )

Error TOTAL 

(Bq/kg)

Error 

TOTAL 

(%)

Detection 

limit

(Bq/kg 

w w )

Organic 14C

 (Bq/kg w w )

Error 

TOTAL 

(Bq/kg)

Error 

TOTAL 

(%)

Detection 

limit

(Bq/kg w w )

Correctio

n f= 1.05

Corrected

Organic 14C

(Bq/kg w w )

Total 14C     

(Bq/kg w w )

Organic 

Fraction

 (%)

Total 14C     

(Bq/kg dry)

Gamma 

total    

(Bq/kg w w )

Co-60      

(Bq/kg w w )

Co-60      

(Bq/kg dry)

Total Inorg 
14C     (Bq/kg 

dry)

Total Org 14C     

(Bq/kg dry)

Error total total 

Bq/kg dw

Error total 

inorganic 

Bq/kg dw

Error total 

organic 

Bq/kg dw 

Bq/kg dw

Total, 

Bq/kg dw

Inorganic, 

Bq/kg dw

Organic, 

Bq/kg dw

Organic 

Fraction

 (%)

Error 

organic 

fraction

R1-332-09B1:1 8.18E+03 5.37E+02 6.6% 9.26E+02 0.00E+00 4.32E+02 9.26E+02 1.05 0.00E+00 8.18E+03 0.0% 2.38E+04 2.38E+04 0.00E+00 2.05E+03 1.57E+03 1.32E+03 2.45E+04 2.38E+04 7.08E+02 2.9% 5.4%

R1-332-09B1:2 6.02E+03 4.71E+02 7.8% 8.64E+02 1.91E+03 4.19E+02 2.19E-01 8.92E+02 1.05 2.01E+03 8.03E+03 25.0% 2.34E+04 1.75E+04 5.57E+03 1.88E+03 1.37E+03 1.28E+03 2.34E+04 1.75E+04 5.85E+03 25.0% 5.8%

R1-332-0XB1:3 6.87E+03 4.99E+02 7.3% 8.97E+02 1.61E+03 9.26E+02 5.74E-01 9.45E+02 1.05 1.70E+03 8.56E+03 19.8% 2.49E+04 2.00E+04 4.70E+03 3.19E+03 1.46E+03 2.83E+03 2.49E+04 2.00E+04 4.94E+03 19.8% 11.6%

Average 7.02E+03 1.23E+03 8.26E+03 15% 2.405E+04 2.046E+04 3.425E+03 1.41E+03 8.47E+02 1.13E+03 2.43E+04 2.05E+04 3.83E+03 15.9% 8.1%

Std deviation 7.69E+02 7.64E+02 1.94E+02 9.33E-02 5.66E+02 3.170E+03 2.998E+03 5.8% 4.1% 29.4% 1.41E+03 2.59E+03 2.24E+03 9.4% 1.3%

Standard dev % 11.0% 61.9% 2.4% 62.5% 2.4% 15.5% 87.5% 5.8% 12.7% 58.5% 5.8% 12.7% 58.5% 59.4% 59.4%

Sammanställning Ringhals 332

R1-332-2009 

Batch 1

Batch 1 utgör ett Nollprov. Tanken innehöll vid 

provtagning 2009-01-23 200 kg massa som använts 

under sista delen av revision. Ingen effektdrift! Se 

vidare under Blad "Provtagning RAB-332-2009". 4,22 

g (ganska blöt massa)

1.73E+04 1.60E+04 4.66E+04



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

164 

The Rightmost section is used to calculate averages, sums and standard deviations. The standard deviation is the maximum of the scatter between 

the subsamples and the standard deviation in the counting. If the detected value is less than half the detection limit, one quarter of the detection 

limit value will be used. See Appendix 10 for explanation. 
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APPENDIX 13 
Results from O3 

 

A13.1. Resin Handling 
 

All calculations for O3 are included in an excel-book. It can be found as Attachment File 

O3-2 to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A13-1. Overview of handling of spent powder resin at O3

84
. (A-5, pict.6). 

 

The storage tank TB41 is used to store the spent resins. The powder resin has sulfonate resin 

in the cation part. For some time, inert material was also added as body-feed. Figure A13-1 

schematically shows the handling procedures for the spent CCU resins. However, the first two 

resin batches sampled for this report were not air bubbled; see the footnote to Figure A13-1. 

  

The sampling records were delivered as Excel-books, Attachment file O3-1. Table A13-5 

shows an example of such a record. The operational time for each CCU filter is obtained from 

the table. However, the periods have been checked with data from Attachment file O3-4, 

where the total volumes of water for each filter have been calculated by P. Arvidsson, OKG. 

 

From daily average values for the reactor power and the flow rate through each CCU filter, 

the “energy exposure” for each filter was calculated (O3-4, sheet e332f). An example is 

shown in Table A13-6. 

 

It has been assumed that C-14 distributes uniformly between the filters. The production of 

C-14 is calculated from the thermal energy produced and the production rate obtained from 

the FSAR.  

                                                 
84

 For the two first resin batches analyzed in this report the following conditions had been used: The operational 

procedures have not included air bubbling, just pump circulation. Pers. comm. K-E Ingemansson, 2012-01-03. 

Sampling of Condensate Clean-up Ion 
Exchangers in OKG 3 BWR

Unit O3 has 7 filters  in parallell. The operation period for the resin has not 
been established after the power up-rate (Sept. 2011). 
The resin is flushed to a temporary storage tank (TB14) in the unit (back-
flushing tank) then to the tank TB41 in the Waste Building. TB41 is emptied
to concrete tanks, after homogenisation by air bubbling and pump mixing. 
The mass contents in the tanks is recorded. In connection with this, a 
sample for analysis is withdrawn. 

Ion exch. in
condensate

system (7 filters)

Temporary
storage tank  

(back-flushing
tank) (332TB14)

Storage tank in 
waste building

TB41

Air bubbling and 
homogenization 

during 1 h 
TB41

Dewatering 
in Concrete 

tank 

Sampling in connection with 
transfer to concrete tank
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A13.2. Calculations and Results 
 

 
Figure A13-2. Concentration of C-14 in CCU resin samples from O3. The reactor power is 

also displayed. The curve for the inorganic concentration is covered by the curve for the total 

concentration. (O3-4, sheet D Conc new). 

 

 
Table A13-1. Summary of concentrations in samples of CCU resins from O3. No detection 

limit values have been used. (O3-2, sheet Conc). 

0

50

100

150

200

250

300

350

400

450

500

1E+3

1E+4

1E+5

1E+6

1E+7

R
ea

ct
o

r 
p

o
w

er
, %

C
-1

4
 c

o
n

ce
n

tr
at

io
n

, B
q

/k
g 

d
w

O3: C-14 concentration in  332 Resins  and Reactor Power

C14 tot, Bq/kg dw

C14 inorg, Bq/kg dw

C-14 org, Bq/kg dw

Reactor power, %

Oldest resins in operation from 

early  September 2009

Sam-

ple Tank log Start End

C14 tot, 

Bq/kg dw

C14 

inorg, 

Bq/kg 

dw

C-14 org, 

Bq/kg 

dw

Org-

fract.

Tot. Std. 

dev.

Inorg. 

Std. 

dev.

Org. Std. 

dev.

O3-1 O3 110412 2009-09-13 2011-03-10 1.39E+06 1.36E+06 2.68E+04 1.9% 1.1% 1.2% 28%

O3-2 O3 110818 2010-01-11 2011-08-03 2.39E+06 2.36E+06 2.23E+04 0.94% 1.1% 1.2% 28%

O3-3 O3 111031 2011-04-17 2011-10-19 3.85E+06 3.79E+06 5.17E+04 1.4% 2.0% 2.4% 36%

O3-4 O3 120217 2011-09-08 2012-02-15 4.41E+06 4.37E+06 4.66E+04 1.1% 2.0% 2.4% 36%

O3-5 O3 120717 2011-11-23 2012-07-10 2.82E+06 2.80E+06 2.37E+04 0.84% 3.0% 3.1% 19%

O3-6 O3 121003 2012-02-29 2012-10-03 3.74E+06 3.72E+06 2.71E+04 0.72% 3.2% 3.0% 30%

O3-7 O3 130103 2012-07-26 2012-12-21 4.09E+06 4.06E+06 3.85E+04 0.94% 1.6% 1.7% 11%

O3-8 O3 130306 2012-10-23 2013-03-04 3.68E+06 3.62E+06 6.20E+04 1.7% 4.4% 4.5% 5.9%

O3-9 O3 130604 2013-01-09 2013-05-03 3.12E+06 3.09E+06 3.53E+04 1.1% 3.2% 3.0% 26%

O3-10 O3 130827 2013-01-30 2013-08-25 3.38E+06 3.33E+06 4.03E+04 1.2% 2.9% 2.8% 19%

O3-12 O3 12 140114 2013-10-09 2014-01-08 3.67E+06 3.63E+06 3.73E+04 1.0% 1.9% 1.7% 32.1%

O3-13 O3 13 140221 2013-11-26 2014-02-19 3.98E+06 3.88E+06 9.59E+04 2.4% 1.1% 1.9% 40.8%

O3-14 O3 14 140419 2013-12-16 2014-04-11 6.69E+06 6.54E+06 1.46E+05 2.2% 1.1% 1.3% 18.9%

O3-15 O3 15 140501 2014-03-10 2014-05-01 2.55E+06 2.52E+06 2.98E+04 1.2% 8.2% 8.3% 25.1%

O3-16 O3 16 140829 2014-03-01 2014-08-29 3.63E+06 3.54E+06 9.12E+04 2.5% 4.1% 3.8% 21.7%

Mean 2009-09-13 2014-08-29 3.56E+06 3.51E+06 5.17E+04 1.5% 31% 30% 63%

O3-8: Dry substance determination uncertain. Conservative value used

* Number of subsamples with (0,25*detection limit) instead of detected values
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Figure A13-2 and Table A13-1 show the concentrations of C-14 in the resin samples. Each 

concentration value is the average of three individual samples of a batch. All samples yielded 

values above the detection limit
85

. 

 

The standard deviation in the concentrations is the largest value of the scatter between the 

three samples analyzed in each batch and the uncertainty in counting. The scatter is usually 

larger than the uncertainty in activity counting.  

 

The amount of C-14 accumulated is calculated according to the Batch Model (BM) from the 

concentration in the samples, Bq/kg dw, multiplied with the total contents in the tank, (kg 

dw). The uncertainty in the resin mass has been assumed to be 10 %. 

 

From this accumulated activity, the accumulation expressed as a percentage of the production 

and as Bq/MWhth is calculated. Table A13-6 shows an example of such a calculation for one 

resin batch. Table A13-2 shows a summary for all the samples from O3 analyzed for this 

report. 

 

From Table A13-2 it can be seen that the accumulation of C-14 in the batches ranges between 

0.72 % and 5.3 % of the calculated production. The mean value is 2.3 %. The organic fraction 

also varies between the batches. The average organic fraction of 1.4 % is in the lower range 

for BWRs in this study. However, Ref. 4 reports some values in the range 15-30 % for BWR 

resins. The standard deviation in the sum of accumulated C-14 is 2.9 %. 

 

 
Figure A13-3. Activity contents in the tanks sampled (O3-2, sheet D Sum act).

                                                 
85

 If the detected value is less than half the detection limit, one quarter of the detection limit value has been used. 

In most cases, this leads to an overestimation in low concentration samples; see Appendix 10. Usually, it also 

leads to an overestimation of the organic fraction, since most detection limits values have been used in the 

organic fractions. 
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Table A13-2. Summary of calculated accumulation of C-14 in CCU resin from O3. 

 (O3-2, sheet Summary act)
86

. 

 

 

 

                                                 
86

 The sample O3-1 was obtained for CCU resins loaded in 2009 and back-flushed in 2011. Due to operational problems, the operational history of these resins is not typical 

for full power operation. 

Resin uncertainty 10%

Sam-

ple Tank log Start End

Effective 

energy, 

MWhth

Calc. 

Produc-

tion, Bq

Resin, kg 

dw

Accum. C-

14 tot, Bq

Accum. 

C-14 

inorg, Bq

Accum.  

C-14 org, 

Bq

Org. 

frac-

tion

Fract. 

of pro-

duc-

tion

Tot. 

std. 

dev.

Inorg. 

std. 

dev.

Org. 

std. 

dev.

Total 

Bq/MWhth

Inorg. 

Bq/MWhth

Org. 

Bq/MWhth BFF

O3-1 O3 110412 2009-09-13 2011-03-10 8.22E+06 1.52E+11 6.79E+02 1.09E+09 1.07E+09 2.11E+07 1.9% 0.72% 10% 10% 30% 1.33E+02 1.30E+02 2.57E+00 1.16

O3-2 O3 110818 2010-01-11 2011-08-03 1.19E+07 2.19E+11 9.56E+02 2.66E+09 2.63E+09 2.49E+07 0.94% 1.2% 10% 10% 30% 2.24E+02 2.22E+02 2.09E+00 1.17

O3-3 O3 111031 2011-04-17 2011-10-19 6.72E+06 1.24E+11 7.52E+02 3.27E+09 3.22E+09 4.39E+07 1.4% 2.6% 10% 10% 38% 4.86E+02 4.79E+02 6.54E+00 1.13

O3-4 O3 120217 2011-09-08 2012-02-15 7.30E+06 1.35E+11 7.20E+02 3.59E+09 3.55E+09 3.79E+07 1.1% 2.7% 10% 10% 38% 4.92E+02 4.87E+02 5.19E+00 1.13

O3-5 O3 120717 2011-11-23 2012-07-10 7.37E+06 1.36E+11 6.30E+02 2.04E+09 2.02E+09 1.72E+07 0.84% 1.5% 10% 10% 21% 2.77E+02 2.74E+02 2.33E+00 1.15

O3-6 O3 121003 2012-02-29 2012-10-03 7.04E+06 1.30E+11 7.20E+02 3.04E+09 3.02E+09 2.20E+07 0.72% 2.3% 10% 10% 32% 4.32E+02 4.29E+02 3.13E+00 1.13

O3-7 O3 130103 2012-07-26 2012-12-21 6.71E+06 1.24E+11 7.20E+02 3.30E+09 3.27E+09 3.11E+07 0.94% 2.7% 10% 10% 15% 4.93E+02 4.88E+02 4.63E+00 1.12

O3-8 O3 130306 2012-10-23 2013-03-04 6.40E+06 1.18E+11 7.20E+02 2.96E+09 2.91E+09 4.99E+07 1.69% 2.5% 11% 11% 12% 4.63E+02 4.55E+02 7.80E+00 1.12

O3-9 O3 130604 2013-01-09 2013-05-03 4.59E+06 8.48E+10 5.40E+02 1.87E+09 1.85E+09 2.11E+07 1.13% 2.2% 10% 10% 28% 4.06E+02 4.02E+02 4.60E+00 1.11

O3-10 O3 130827 2013-01-30 2013-08-25 1.08E+07 2.00E+11 1.08E+03 4.09E+09 4.04E+09 4.88E+07 1.19% 2.0% 10% 10% 22% 3.78E+02 3.73E+02 4.51E+00 1.12

O3-12 O3 12 140114 2013-10-09 2014-01-08 4.98E+06 9.19E+10 6.30E+02 2.53E+09 2.51E+09 2.58E+07 1.01% 2.8% 10% 10% 34% 5.09E+02 5.03E+02 5.17E+00 1.09

O3-13 O3 13 140221 2013-11-26 2014-02-19 3.51E+06 6.48E+10 4.50E+02 1.96E+09 1.91E+09 4.72E+07 2.42% 3.0% 10% 10% 42% 5.58E+02 5.45E+02 1.35E+01 1.09

O3-14 O3 14 140419 2013-12-16 2014-04-11 4.76E+06 8.79E+10 6.30E+02 4.64E+09 4.54E+09 1.01E+08 2.19% 5.3% 10% 10% 21% 9.75E+02 9.54E+02 2.13E+01 1.10

O3-15 O3 15 140501 2014-03-10 2014-05-01 6.24E+05 1.15E+10 1.80E+02 4.80E+08 4.75E+08 5.61E+06 1.17% 4.2% 13% 13% 27% 7.70E+02 7.61E+02 9.00E+00 1.05

O3-16 O3 16 140829 2014-03-01 2014-08-29 8.05E+06 1.49E+11 9.10E+02 3.60E+09 3.51E+09 9.06E+07 2.50% 2.4% 11% 11% 24% 4.47E+02 4.36E+02 1.12E+01 1.09

Sum O3 Sum 090913-140829 9.90E+07 1.83E+12 1.03E+04 4.11E+10 4.05E+10 5.88E+08 1.4% 2.3% 2.9% 2.9% 8.1% 4.15E+02 4.09E+02 5.95E+00 1.12
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A13.3. Discussion 
 

 
Table A13-3. Estimation of correlation factor to calculate accumulated mass of corrosion 

products from Fe concentration in the condensate. The mean value assumes equal amounts of 

Fe3O4 and Fe2O3. (O3-2, sheet BodyfeedO3). 

 

The Body-Feed Factor accounts for the uptake of corrosion products on the CCU resin since 

the tank content has been reported only as resin and inert material added
87

. The calculation of 

the uptake of corrosion products has been made according to the following model: From the 

accumulated water volume and the iron concentration the uptake of corrosion products has 

been calculated. An example is shown in Table A13-6. 

 

The concentration of corrosion products has been assumed to be 10 ppb Fe, with 10 % in 

ionic form. The rest is assumed to be equally distributed between Fe3O4 and Fe2O3. This 

yields a BFF in the range 1.05-1.17 with a mean value of 1.12 for the samples. The 

calculation of the correlation factor is shown in Table A13-3. The calculation of the amount of 

corrosion products is included in Table A13-6. 

 

Table A13-4 and Figure A13-4 summarize the resulting accumulation, expressed as a 

percentage of the production and as Bq/MWhth, respectively. The values obtained for O3 are 

lower than the values obtained for its sister plant F3. 

 

 

 

 

                                                 
87

 O3 used body-feed of inert material in the period 2011-02-01 to 2011-06-01. Pers. Comm. P. Arvidsson, OKG 

2013-06-03. 

 

Oxide Fe3O4 Fe2O3 Mean

Fe atomic mass 56 56

O atomic mass 16 16

Fe  oxide mole mass 232 160

Fe oxide/Fe 1.381 1.429

Ionic fraction 0.1 0.1

(Fe+Fe oxide)/Fe on resin 1.34 1.39 1.36

Concentration  Fe in water, ppb 10

Body feed rate inert material O3* kg/d/filter 0.4

* Only in February 2011-May 2011
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Figure A13-4. Activity contents in the tanks sampled compared with results for F3.  

(O3-2, sheet D Summary). 

 

 

The organic fraction (and the accumulation rate, expressed as Bq/MWhth ) is lower in this 

study than in Ref. 4. It is also lower than the values reported for F3 in Appendix 2. There is no 

obvious explanation for this. 

 

The energy exposure of the resins amounts to 25380 EFPH (Equivalent Full Power Hours), or 

2.90 EFPY (Equivalent Full Power Years). 
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Table A13-4. Summary of accumulation of C-14 in CCU resins. Results from F3, Appendix 2, are included as a comparison. (O3-2, sheet Summary). 

 

O3 

110412

O3 

110818

O3 

111031

O3 

120217

O3 

120717

O3 

121003

O3 

130103

O3 

130306

O3 

130604

O3 

130827

O3 12 

140114

O3 13 

140221

O3 14 

140419

O3 15 

140501

O3 16 

140829

O3 Sum 

090913-

140829

F3, Mass 

Balance 

Ref. 4 + 

BFF + ds-

corr.*

Equivalent Full Power Hours (EFPH) 2109 3047 1723 1871 1891 1805 1720 1640 1178 2775 1276 899 1221 160 2065 25380 31800

Equivalent Full Power Years (EFPY) 0.24 0.35 0.20 0.21 0.22 0.21 0.20 0.19 0.13 0.32 0.15 0.10 0.14 0.02 0.24 2.90 3.63

Body-Feed Factor (BFF) 1.16 1.17 1.13 1.13 1.15 1.13 1.12 1.12 1.11 1.12 1.09 1.09 1.10 1.05 1.09 1.12 2.08 2.08

Dry Solids Correction Factor in Sample 1.16

Organic Fraction 1.9% 0.94% 1.4% 1.1% 0.84% 0.72% 0.94% 1.7% 1.1% 1.2% 1.0% 2.4% 2.2% 1.2% 2.5% 1.4% 1.7% 24%

Total accumulation in CCU 0.72% 1.2% 2.6% 2.7% 1.5% 2.3% 2.7% 2.5% 2.2% 2.0% 2.8% 3.0% 5.3% 4.2% 2.4% 2.3% 2.6% 1.7%

Organic accumulation in CCU 0.014% 0.011% 0.035% 0.028% 0.013% 0.017% 0.025% 0.042% 0.025% 0.024% 0.028% 0.073% 0.115% 0.049% 0.061% 0.032% 0.044% 0.40%

Resin kg dw 540 630 720 720 630 720 720 720 540 1080 630 450 630 180 910 9820

Total Bq/MWhth 1.33E+02 2.24E+02 4.86E+02 4.92E+02 2.77E+02 4.32E+02 4.93E+02 4.63E+02 4.06E+02 3.78E+02 5.09E+02 5.58E+02 9.75E+02 7.70E+02 4.47E+02 4.15E+02 6.12E+02 3.11E+02

Inorganic Bq/MWhth 1.30E+02 2.22E+02 4.79E+02 4.87E+02 2.74E+02 4.29E+02 4.88E+02 4.55E+02 4.02E+02 3.73E+02 5.03E+02 5.45E+02 9.54E+02 7.61E+02 4.36E+02 4.09E+02 6.01E+02 2.37E+02

Organic Bq/MWhth 2.57E+00 2.09E+00 6.54E+00 5.19E+00 2.33E+00 3.13E+00 4.63E+00 7.80E+00 4.60E+00 4.51E+00 5.17E+00 1.35E+01 2.13E+01 9.00E+00 1.12E+01 5.95E+00 1.06E+01 7.43E+01

Tot. std. dev. 10% 10% 10% 10% 10% 10% 10% 11% 10% 10% 10% 10% 10% 13% 11% 2.9% 4.9%

Inorg. std. dev. 10% 10% 10% 10% 10% 10% 10% 11% 10% 10% 10% 10% 10% 13% 11% 2.9% 4.9%

Org. std. dev. 30% 30% 38% 38% 21% 32% 15% 12% 28% 22% 34% 42% 21% 27% 24% 8.1% 7.2%
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Table A13-5. Example of record-keeping for CCU powder resins. The data in the column “MWth” are not relevant for the calculations.  

(O3-1, sheet O3 20110412). 

Avfallet O3 - Provtagning C14 i jonbytarmassor (332)
Ifylles vid provtagning (kemi)

Provdatum: 2011-04-12

Prov ID: Prov 1

Från tank 342 TB41 Inkopplingsintervall:

Värden för (Temp) och (MWth) anges som ett snitt sett över respektive 332 jonbytares inkoppligstid "Dygn".  

Start-datum
Slut-

datum

332 O3

Filter

324 O3

Filter

Mängd 

Jb-

massa 

324

Mängd

jb-massa

332

Mängd 

inert-

massa 

332

342

Filter

Mängd    

jb-massa 

342

Mängd 

inert 

massa 

342

Extra 

dosering 

av Jb-

massa 

tilll TB41

Typ av 

massor       

MB-400    

Finex 

875PM   

UP2 W

Summa 

332 

massor i 

342 TB41

Summa 

342 

massor i 

342 TB41

Summa 

324+332

+ 342 

massor i 

342TB41

ÅÅMMDD ÅÅMMDD CB1-CB7 CC1 Dygn oC MWth Kg Kg Kg

CB11, 

21, 71 

CD12, 22 Kg Kg Kg Kg Kg Kg

091218 100518 CB6 - 122 35 15253 0 90 0 0 0 0 0 F875 90 0 90

091017 100518 CB4 - 122 30 14924 0 90 0 0 0 0 0 F875 90 0 90

100622 101115 CB1 - 61 35 23093 0 90 29 0 0 0 0 F875 119 0 119

091004 110220 CB5 - 272 33 19630 0 90 0 0 0 0 0 F875 90 0 90

090913 110308 CB3 - 224 33 19800 0 90 55 0 0 0 0 F875 145 0 145

091219 110310 CB7 - 279 33 20132 0 90 55 0 0 0 0 F875 145 0 145

0 0 0

Summa 679 0 679

Prov-ID C-14 O3-1

pH 5.53

Konduktivitet 1.65

Mängd massa i prov 1.5

Massa/vätska 13.64%

332 O3

CB1-CB7

Gångtid/Medel 

Temp/Medel 

Term.effekt

Kommentar fr. Författare:
Provflaskan var större än de 
andra. 11 cm kropp, 4 cm hals. 
Vätskenivån var 8 cm



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

173 

 

 

 
Table A13-6. Example of complete calculation for one sample/tank contents. The data in the column “MWth” are not relevant for the calculations.  

(O3-2, sheet O3 110412). 

 

Avfallet O3 - Provtagning C14 i jonbytarmassor (332)
Ifylles vid provtagning (kemi)

Provdatum: 2011-04-12

Prov ID: Prov 1

Från tank 342 TB41 Inkopplingsintervall:

Värden för (Temp) och (MWth) anges som ett snitt sett över respektive 332 jonbytares inkoppligstid "Dygn".  

Start-

datum
Slut-datum

332 O3

Filter

324 O3

Filter

Mängd Jb-

massa 324

Mängd

jb-massa

332

Mängd 

inert-

massa 332

342

Filter

Mängd    

jb-massa 

342

Mängd 

inert 

massa 

342

Extra 

dosering 

av Jb-

massa tilll 

TB41

Typ av 

massor       

MB-400    

Finex 

875PM   

UP2 W

Summa 

332 

massor i 

342 TB41

Summa 

342 

massor i 

342 TB41

Summa 

324+332+ 

342 massor 

i 342TB41

ÅÅMMDD ÅÅMMDD CB1-CB7 CC1 Dygn oC MWth Kg Kg Kg

CB11, 21, 

71 CD12, 

22 Kg Kg Kg Kg Kg Kg

2009-12-18 2010-05-18 CB6 - 122 35 0 90 0 0 0 0 0 F875 90 0 90

2009-10-17 2010-05-19 CB4 - 122 30 0 90 0 0 0 0 0 F875 90 0 90

2010-07-21 2010-11-15 CB1 - 61 35 0 90 29 0 0 0 0 F875 119 0 119

2010-05-18 2011-02-20 CB5 - 272 33 0 90 0 0 0 0 0 F875 90 0 90

2009-09-13 2011-03-08 CB3 - 224 33 0 90 55 0 0 0 0 F875 145 0 145

2009-12-19 2011-03-10 CB7 - 279 33 0 90 55 0 0 0 0 F875 145 0 145

0 Summa 139 Conservative! 0 0

2009-09-13 2011-03-10 Summa 679 0 679

Summa 679 0 679

Start Stopp

Start, cum 

MWHt

End, cum 

MWHt

Filter, 

MWht

Filter H2O, 

m3

BodyFeed 

days

BodyFeed 

kg ID O3 110412

2009-12-18 2010-05-18 192279 5647780 7.79E+05 1.04E+06 0 0 Inert body feed, kg 0

2009-10-17 2010-05-19 0 5723967 8.18E+05 9.56E+05 0 0 Corr. Prod., kg 130

2010-07-21 2010-11-15 8907237 11342143 3.48E+05 3.80E+05 0 0 Bff 1.16

2010-05-18 2011-02-20 4941064 15676186 1.53E+06 1.52E+06 19 8 Effective energy, MWht 8.22E+06

2009-09-13 2011-03-08 0 16636203 2.38E+06 2.66E+06 35 14 Total water mass, kg 9.75E+09

2009-12-19 2011-03-10 221375 16801635 2.37E+06 3.20E+06 37 15

0.00E+00

0.00E+00 x, kg dw/kg condensate 6.96E-08

Sum 8.22E+06 9.75E+06 36

Start BF Slut BF

2011-02-01 2011-06-01

Doshast. 0.4 kg/d/filter

332 O3

CB1-CB7

Gångtid/Medel Temp/Medel 

Term.effekt
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APPENDIX 14 
Mass Balance for CCU Resins from F1 & F2 

A14.1. Introduction 
All calculations for F1 and F2 are included in an excel-book. It can be found as Attachment 

File F12-3 to this report. Reference to the various sheets will be made at tables, figures etc.  

 

 
Figure A14-1. Overview of handling of spent powder resin at F1 and F2. 

88
(A-5, Pict. 8) 

 

In the Condensate Clean-up system (CCU) of F1 and F2 (10 filters per unit), 80 kg powder 

resin (carboxylic resin in cation part) + 10 kg of inert material is loaded per filter and operated 

for periods usually ranging from 6 to 16 weeks. 

 

When the resin is exhausted, it is flushed to two temporary tanks in the unit, 342T42 and T43. 

These tanks are mixed by air bubbling. From these tanks, the resin is transferred in a shielded 

transport vessel (T80 with a stirrer) via tank 343T2 (with a stirrer) to tank TC56 (with a 

stirrer) in the Waste Building at F3. A schematic overview is given in Figure A14-1. 
  

From the storage tank TC56 (continuously stirred) resin is brought to a dryer/evaporator, 

where the concentration of dry solids is increased to a proper value before solidification in 

bitumen. The dryer/evaporator also receives concentrate from the evaporation of waste 

waters, i. a. floor drains. In connection with this transfer, a sample is withdrawn. It is also 

possible to take a sample without a transfer for solidification. (This text is also included in 

Appendix 1). 

 

 

A14.2. Storage Tank Inventories and Mass Balance 

A14.2.1. F1-342T42&T43 Original Data 
The record describing the additions and removals of resin was delivered as an excel-book in 

Attachment File F12-2 covering the time period from January 2007 to early January 2013. 

The excel-sheet contains dates for back-flushing of spent resin from each unit and the 

destination tank (T42 or T43), the amount of resin (kg dw), the inventory of each tank and 
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Sampling of Condensate Clean-up Ion 
Exchangers in Forsmark 1 and 2 BWR

Ion exch. in 
condensate
system; F2

Storage tank 
in F3 waste

building TC56

Heat drying
/evaporation

Temporary
storage tank in 

unit (back-
flushing tank)

There are totally 10 filters  in parallell per unit. The ion exchange resin is dis-
carded with an interval of some 6-16 weeks. 
The resin is flushed to a temporary storage tank (back-flushing tank) in the unit. 
From this tank, the resin is pumped to either of the storage tanks in unit F1 WHB 
(342T42 and T43; with air bubbling). In campaigns, the resin is pumped via 
343T2 to a shielded transport vessel T80 with a stirrer and brought to the Waste 
Building at F3, where it is dumped into a storage tank TC56.  After mixing by 
stirring, resin is withdrawn to a dryer/ evaporator and mixed with evaporator
concentrate to obtain a proper concentration of dry solids before
bitumenisation.  The dry solids contents is determined from a sample , which
also is used for analysis . A mass balance may be established from the inflow
and outflow from tank TC56.

Solidifiction in 
bitumen

Transport in 
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(”kula”)

Evaporator
concentrate
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taken before a batch

is sent to drying

Storage tank in 
F1 WHB  
342T43

Storage tank in 
F1 WHB 
342T42 

Ion exch. in 
condensate
system; F1

Temporary
storage tank in 

unit (back-
flushing tank)

Filter

Backflush Tank
T42/T43

T2 Lead shielded 

transport vessel
Sampling point

DryerAir 

mixing

Stirring
Constant 

stirring

Sample point of

Ref 4.

The weight estimation is 105 kg/filter 

including inert mass and particles.

F12: The Resins’ Way to Sampling

TC56

Recirculation

of tank before

sampling

.
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amounts removed to the F3 WHB for solidification. Figure A14-2 shows the tank inventories 

together with the additions of resin at the back-flushings (“added”) in the diagram. 

 

The sums of the additions and removals into cumulative curves, together with the tank 

inventories, yield the diagram in Figure A14-3. A calculated mass balance, including the 

removals and the tank inventories is also included in the diagram. It can be seen that in the 

first half of the diagram, the curves for the cumulated additions and the mass balance closely 

follow each other. However, in July 2009, there is a sudden drop in the mass balance curve, 

caused by a corresponding drop in the inventory curve for T42. A close inspection of the 

Excel sheet revealed some comments when the tank inventories were zero. These comments 

are displayed in Table A14-1. After July 2009, there is an almost constant difference of some 

10 000 kg between the cumulated additions and the mass balance.  

 

 
Figure A14-2.Back-flushings of spent CCU resins (“added”) and inventories in the storage 

tanks. Not updated with 2012 data. (F12-3, sheet D A14-2). 

 

A14.2.2. F1-342T42&T43 Data Corrected for Resin Use 

 
Table A14-1. Comments from the excel-sheet with tank inventory data for the data points with 

zero tank contents. (F12-3, sheet NOLLNINGAR). 

 

To clarify this discrepancy, a compilation of the amounts of CCU powder resin being used in 

the years 2007-2011 was prepared in Table A14-2.  
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Date T42 T43 Comment Commented by Comment

T42 och T43 zero 

contents 2007-05-07 2940 2340

The inventory was set to 

zero by introducing negative 

values for the back-flushing.

Christer 

Owenius

uttransport 11 

st kulor

T43 zero contents 2009-04-02 1590

The inventory was 1590 

before being manually 

zeroed

Johan 
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 T43 tom och 
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diff 1590kg =ca 
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T42 zero contents 2009-07-07 10395 No comment  on difference
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Figure A14-3. Inventories in the storage tanks for spent CCU resins, together with cumulated 

additions and removals. A mass balance curve is included together with a regression line for 

the cumulated additions of resin. Not updated with 2012 data. (F12-3, sheet D A14-3). 

 

 

 
Table A14-2. Amounts of CCU resins used in the years 2007-2011.In the value for 2011 the 

value for December is missing. (F12-3, sheet supply). 

 

A cumulation of the resin use as a function of time was compared with the regression line for 

the cumulated back-flushings; see Figure A14-4. The back-flushings are slightly higher than 

the cumulated resin use. However, there should also be a 10 % addition of inert filter material 

in the filters, so that curve will be slightly higher than the back-flushings. Figure A14-4 

strongly suggests that the zeroing of the contents in T42 in July 2009 is just a typing mistake. 

Removing this zero value, yields new curves in Figure A14-5. The balance line now closely 

follows the cumulated line for back-flushed resins. 

 

A14.2.3. F1-342T42&T43 Corrected Data Aligned with F3-342TC56 
Now, the next step is to compare the removals of resin from T42 and T43 with the additions 

to tank TC56 in the Waste Handling Building at F3. Figure A14-6 shows the removals from 

T42 + T43 and the additions to TC56 according to the records. The figure shows all the 

recorded removals and additions, as well as the accumulated amounts. From the beginning of 

2009 and until mid-June 2009 there is a reasonable agreement between removals and 

additions. After mid-June 2009, there is a growing gap between the accumulated curves.  

y = 21,844x - 853406
R² = 0,9991
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Balance (inventory + cum. removal)

Linjär (T42+T43 cum. addition)

Resin use 2007 2008 2009 2010 2011

F1, kg/year 4305 4830 4410

F2, kg/year 3780 4095 2835

F1+F2, kg/year 6970 8085 8925 7245 6635
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In Figure A14-7, the accumulated removals from TC56 have been added. By the date 2010-

05-20, the accumulated removals exceed the accumulated additions. This discrepancy persists 

as long as the record keeping lasts, i.e. until mid-November 2010. 

 

 
Figure A14-4. Comparison of cumulated amounts of back-flushed CCU resins (from the 

regression curve in Figure A14-3) and the use of fresh CCU resins, with and without 10 % 

inert material added. (F12-3, sheet D A14-4). 

 

 
Figure A14-5. Corrected inventories in the storage tanks for spent CCU resins, together with 

cumulated additions and removals. A mass balance curve is included together with a 

regression line for the cumulated additions of resin. (F12-3, sheet D A14-5). 

 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

kg
 d

w

F1+F2: Comparison of  CCU Resin   Amounts

Cumulative, resin

Cumulative, resin+inert

Regression, addition 
T42+T43



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

179 

 

 
Figure A14-6. Removals fromTC42+T43 and additions to TC56 according to records. 

 (F12-3, sheet D A14-9). 

 

 

 

 
Figure A14-7. Removals fromTC42+T43, additions to and removals from TC56 according to 

records. (F12-3, sheet D A14-7). 
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Figure A14-8. Removals fromTC42+T43, additions to and removals from TC56 according to 

records. The additions have been corrected at 2010-04-01. (F12-3, sheet D A14-8). 

 

 

 
Figure A14-9. Removals fromTC42+T43, additions to and removals from TC56 according to 

records. The additions have been corrected at 2010-04-01 and 2010-09-03 to bring them in 

agreement with the removals from T42+T43. (F12-3, sheet D A14-9). 

 

Obviously, several batches of resin have not been recorded as added to TC56. Figure A14-8 

shows the accumulated contents of TC56 when 2860 kg dw (11*260 kg dw) have been added 

as a correction on 2010-04-01. This correction brings the accumulated additions to TC56 in 

reasonable agreement with the accumulated removals from T42-T43 until September 2010. At 

this time, there is a new discrepancy between the removals from T42+T43. A further addition 
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of 1648 kg dw brings the two curves to coincide, Figure A14-9, which also includes the 

recorded level in TC56. Even if the level is not directly proportional to the contents of resin, 

there is a qualitative agreement with the additions and removals, making the corrections 

reasonable. 

 

A14.3. Discussion 
The mass balance for the storage tanks T42+T43 in the Waste Handling Building of F1 seems 

to be reasonable, given that the zero value in July 2009 is disregarded. Each back-flushing is 

assumed to contain 105 kg dw, which is a rough estimate, based on 80 kg resin, 10 kg inert 

material. The rest is accumulated corrosion products. Cf. Table A1-1, where a value of 106 to 

107 kg was calculated. Based on the recorded inventories when the tanks were emptied, the 

uncertainty is estimated to be in the range 10-20 %. 

 

The tanks T42 and T43 were simultaneously emptied on 2007-05-07. This date sets the 

starting point for the accumulation of C-14 in the resins. The resin is located in T42 and T43 

at F1 and in TC56 at F3. The only place where resin is sampled is in TC56 in connection with 

removals for solidification. The long hold-up times in the tanks T42 and T43 and TC56 (cf. 

Figure A14-5 and Figure A1-3) means that it is not possible to use the sampling in TC56 to 

make any reliable calculations of the inventory of C-14 in T42 +T43.  

 

Figure A1-3 shows a strong variation in the concentrations of C-14 in the resins. With the 

sampling scheme used, it is impossible to decide whether the decrease in concentration has 

occurred in the filter during operation, in T42+T43 or in TC56. 

 

Since T42+T43 are mixed by air bubbling, it seems reasonable that the decrease has occurred 

in these tanks. Indeed, there is one observation supporting the removal of C-14 from 

T42+T43: Airborne releases of C-14 during reactor shut-down
89

.  

 

The additions to and the inventory in TC56 based on the records form the WHB at F3 seem to 

be underestimated. The calculations in Appendix 1, using the inventory of TC56 will include 

the corrections discussed above. 

 

 

 

 

  

                                                 
89

 Christina Lillfors-Pintér. Report from visit to FKA 2011-11-30. 



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

182 

 

  



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

183 

 

APPENDIX 15 
Preliminary Tests to Determine Formic Acid in CCU 

and BTRS Resins 

 

A15.1. Introduction 
A classical method to decompose formic acid into carbon monoxide and water is treatment 

with concentrated sulfuric acid. It has been suggested (Ref. 16) that treatment with hot 6 M 

sulfuric acid in presence of Fe2O3 should decompose formic acid on the resins into carbon 

monoxide and water. The set-up used is shown in Figure A15-1. 

 

The set-up differs from the ordinary extraction procedure, but the result will not be different. 

Summing the activity in bottles 4:1 and 4:2 will correspond to the activity in bottle 4. 

 

 
Figure A15-1. Experimental set-up for the determination of formic acid in resins. The arrows 

show the flow direction. Bottle 1 contains 1.7M H2SO4 and bottles 2-5 contain 2M NaOH. The 

manometer (not shown) is placed between the catalyst and the valve to the right of the 

catalyst. FM1 and FM2: Flow meters. 

 

A15.2. Extraction 
1-1.2 g resin is put into the Erlenmeyer flask together with a stirring magnet (same as for 

normal wet extraction, described in Appendix 9). 

The pressure is lowered to 0.8 bar before nitrogen gas flow is started.  

A15.2.1. Cold Acid Strip for 30 min 
Bottles connected: 1, 2, 3, 4:1 and 5 

17 ml 6M H2SO4 is added. The stirring is started and when a proper bubbling is obtained, the 

timer is started.  

 

A15.2.2. Hot Acid Strip for 60 min 
Bottles connected: 1, 4:1 and 5 

8 ml 6M H2SO4 is added the heater is turned on at 250ºC.  

 

Chemicals 
(Separatory funnel) 

Catalyst          
Cool
er 

1 2 3 4:1 4:2 5 

FM 1 

FM 2 
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A15.2.3. Wet Oxidations: three times 60 min 
Bottles connected: 1, 4:2 and 5 

20 ml K2S2O8, followed by 2 ml 4% AgNO3 and 3 ml water are added. 

 

A15.3. Liquid Scintillation Counting 
The counting was performed as described in Appendix 9. 

 

A15.4. Results 
 

The results from the tests are summarized in Table A15-1. 

 

Table A15-1. Results from tests to determine formic acid in resins. (A-11, Sheet Hform). 

 

The tests were performed on three BWR CCU samples and one sample from PWR BTRS. 

The BWR CCU samples gave a high fraction of formic acid, while the BTRS sample gave a 

very low fraction of formic acid.  

 

A possible explanation for the low yield of formic acid may be the absence of iron oxides, 

since the BTRS resins have a position in the system where iron and iron oxides have already 

been separated. Another possible explanation may be that part of the C-14 in BTRS resins are 

present as elementary carbon; see Figure A20-1, right part. 

 

  

Sample O3-3 O12-33 Prov 3* BTRS**

Fractions

Conc. 

Bq/kg

Std. 

Dev.

Det.Lim., 

Bq/kg

Conc. 

Bq/kg

Std. 

Dev.

Det.Lim., 

Bq/kg

Conc. 

Bq/kg

Std. 

Dev.

Det.Lim., 

Bq/kg

Conc. 

Bq/kg

Inorganic 1.37E+06 2.0% 7.92E+02 1.87E+05 2.1% 7.92E+02 7.66E+05 2.0% 7.68E+02 2.10E+04

Formic Acid (FA) 1.37E+04 4.2% 7.95E+02 7.66E+03 6.4% 7.95E+02 1.31E+04 4.3% 7.70E+02 2.99E+03

Other Organics 1.69E+03 22% 7.95E+02 6.48E+02 58% 7.95E+02 1.13E+04 4.7% 7.70E+02 1.96E+05

Total organic 1.54E+04 4.5% 8.31E+03 7.5% 2.44E+04 3.1% 1.99E+05

Total C-14 1.39E+06 1.9% 1.95E+05 2.0% 7.90E+05 1.9% 2.20E+05

Total org. fract. 1.1% 4.3% 3.1% 90%

FA fraction 1.0% 3.9% 1.7% 1.4%

FA/tot.org. 89% 92% 54% 1.5%

* Sample from F12; no more data available

** Boron Thermal Regeneration System;  from R3 and R4
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APPENDIX 16 
Accumulation of C-14 in One CCU Filter: F1-332C1 

Sample from Back-flushing Tank 
 

One sample was obtained from the Back-flushing tank with the data shown in Table A16-1. 

This sample was intended as a comparison sample, since it was collected in a similar position 

as the samples analyzed in Ref. 4.  

 

The “Filter Factor” accounts for the number of CCU filters in parallel. The accumulation has 

been assumed to be uniformly distributed between the filters. The accumulation amounts to 

7.7 % of the production, which is the highest recorded value for any CCU resin sample. 

  

 
Table A16-1. Concentrations and accumulation on one single CCU filter, F1-332C1  

16 April—7 July, 2010. “Filter Factor” accounts for the number of filters in parallel in the unit. 

 (F12-1, sheet F1Backspolntank). 

 

 
Figure A16-1. Concentrations in resin samples from F12. (F3-1 sheet D conc sum F12).  

 

Batch Start Date End date

Total, 

Bq/kg dw

Inorg, 

Bq/kg 

dw

Org, 

Bq/kg 

dw Org, % SD tot, %

SD 

inorg, %

SD org, 

%

x, kg CCU 

resin/EFPY

xa CCU 

anion 

eq/EFPY

FKAX-17 2010-04-16 2010-07-07 1.16E+07 1.15E+07 8.14E+04 0.71% 4.5% 4.6% 24% 0.41 0.61

F1-332C1

Filter Factor 10.00 Resin Uncertainty 10%

Produc-tion Start End MWhth

Calc. 

Produc-

tion Bq 

total

Total 

resin 

mass, kg Total Bq Inorg, Bq Org Bq

% of 

produc-

tion

Total 

Bq/MWhth

Inorg 

Bq/MWhth

Mean/ Sum 2010-04-01 2010-06-30 6.39E+06 1.57E+11 105 1.21E+10 1.20E+10 8.55E+07 7.7% 1.90E+03 1.89E+03

% organic 0.70%

%  standard deviation 11% 11% 26%

1E+3

1E+4

1E+5

1E+6

1E+7

1E+8

2005 2006 2007 2008 2009 2010 2011 2012 2013

C
o

n
c,

 B
q

/k
g 

d
w

F12  Sample Concentrations in Resins from TC56 (incl. TC58)
and F1 Back-flush Tank

Total, Bq/kg dw

F1, Backflushing tank, Total, Bq/kg dw
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Figure A16-1 shows the concentration of all resin samples from F12. The concentration in the 

sample from the Backflushing tank is 1.16E7 Bq/kg dw, which should be compared with the 

highest value recorded in TC56 (actually in the temporary storage tank TC58, coming from 

F1 WHB), 4.40E6 Bq/kg dw. From this sample and the corrected values obtained in Ref. 4, 

5.54E6 Bq/kg dw, for a sample from the same tank, it is obvious that C-14 is removed from 

the resin in the storage tanks T42 and T43, or in the transfer process to TC56 and in TC56 

itself.  
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APPENDIX 17 
Correction of Organic C-14 by Sample Combustion 

 
The Combustion correction factor (see also Appendix 10) is defined by 

organicnetto

organicnettocombustionnetto

a

aa
f




 

 
where a is organic activity (Bq) in the sample from the extraction and the combustion 

experiments, respectively. The net activity is obtained by subtracting the background from the 

gross value. It is assumed that the activity collected from combustion is organic
90

. The 

complete data from the combustion experiments can be found in Attachment file A-10. 

 

Model 1: If the net value for combustion is negative, it is set = 0 and the factor f is calculated. 

This means that there is no correction for combustion. This is most likely an underestimation 

of the correction factor. 

 

Model 2: The detection limit (DL) value for a bottle is about 0.9 Bq. Substituting all values 

below the DL/2 by DL/4 in the formula yields a likely value for the Combustion correction 

factor. The standard deviation is calculated from the standard deviations in the results from 

the extraction and combustion experiments, respectively. 

 

Table A17-1. Summary of the combustion experiments and correction factors. (A-10, sheet 

COMB). 

 

The table shows that the PWR samples (R2, R3 and R4) have detected values for the 

combustion experiment, the lowest values of f and the lowest standard deviation. The PWR 

                                                 
90

 Some inorganic anions may stabilize anion resins at elevated temperatures (up to 150 ⁰C). B Torstenfeldt, 

SKB. Pers. Comm. May 2013. 

Sample

Net 

activity in 

bottle 

from 

extrac-

tion, Bq

Sigma 

extrac-

tion, 

Bq

Net 

activity in 

bottle 

from 

combus-

tion, Bq

Sigma 

com-

bus-

tion, 

Bq

Net 

sum, Bq

Det. 

Lim. 

(DL) 

bottle, 

Bq

Selecte

d 

value, 

Extrac-

tion, Bq

Selec-

ted 

value, 

Combus-

tion, Bq

Model 

2 minus 

1 SD

Model 

1: 

Comb./

Extr.

Model 

2: 

Comb./

Extr.

Model 

2 plus 

1 SD

Std.dev

, (SD)

C_F3_332_10B2_1 101103 26 0.91 0.12 0.53 26 1.0 26 0.25 0.956 1.000 1.009 1.063 0.053

C_F3-332-10B1_1 101102 15 0.71 -0.04 0.57 15 1.1 15 0.26 0.941 1.000 1.017 1.094 0.077

C-F12-332-09B2 3.1 0.51 -1.35 0.53 3 1.0 3 0.25 0.770 1.000 1.080 1.389 0.310

C_F12_332_09B3_1 101102 3.8 0.52 -0.34 0.54 4 1.0 4 0.25 0.810 1.000 1.068 1.325 0.258

C-2-O12-10:3 2.3 0.44 -0.26 0.57 2 0.9 2 0.24 0.695 1.000 1.104 1.513 0.409

C-2-O12-19:3 36 1.04 -0.33 0.57 36 0.9 36 0.24 0.962 1.000 1.007 1.051 0.044

C-2-O3-1:3 5.0 0.50 0.17 0.57 5 0.9 5 0.24 0.856 1.000 1.047 1.238 0.191

C-2-O3-2:1 7.4 0.54 -0.23 0.57 7 0.9 7 0.24 0.899 1.000 1.032 1.164 0.132

C-2-R1-2010-B6:3 4.8 0.57 0.22 0.57 5 0.9 5 0.24 0.833 1.000 1.049 1.265 0.216

C-2-R1-2010-B7:3 11 0.90 -0.03 0.57 11 0.9 11 0.24 0.889 1.000 1.022 1.155 0.133

C_R2_334_08_5 101101 4304 84 97 1.07 4400 2.5 4304 97 0.995 1.022 1.022 1.050 0.028

C-2-R2-2011-4 4518 88 144 3.15 4663 0.9 4518 144 1.004 1.032 1.032 1.060 0.028

C_R3_334_08_1 4407 86 55 1.47 4462 1.0 4407 55 0.985 1.013 1.013 1.040 0.028

C_R3_334_09_101028 3140 61 107 2.49 3246 1.0 3140 107 1.006 1.034 1.034 1.062 0.028

C_R4_334_08_5 101101 6426 125 107 2.95 6533 1.2 6426 107 0.989 1.017 1.017 1.044 0.028

C_R4_334_09_1 101026 6944 134 68 1.76 7012 1.0 6944 68 0.982 1.010 1.010 1.037 0.028

C-2-R4-2011-2 6857 133 129 2.85 6985 0.9 6857 129 0.991 1.019 1.019 1.046 0.028

Mean all samples 1.01 1.01 1.03 1.06 0.03

Mean BWR samples 1.01 1.00 1.04 1.07 0.03

Mean PWR samples 1.01 1.02 1.02 1.03 0.01

Max BWR 1.10 1.00 1.10 1.10

Max PWR 1.03 1.03 1.03 1.03

Min BWR 1.01 1.00 1.01 1.01

Min PWR 1.01 1.01 1.01 1.01



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

188 

 

mean value ranges between 1.01 and 1.03 with a mean value of 1.02 and a standard deviation 

of 0.01. 

 

For the BWR samples, Model 2 values ranges between 1.01 and 1.10 with a mean value of 

1.04 and a standard deviation of 0.03. Since the activities involved in BWR samples are less 

than for PWR samples, the standard deviation is higher for the BWR samples. 

 

 
Figure A17-1. Graphical summary of the combustion experiments and correction factors.  

(A-10, sheet D COMB). 

 

Since the BWR samples are powder resins, they have an appreciably larger surface area than 

the bead resins used in PWR. All BWR powder resin samples used in the combustion 

experiments experienced a weight loss of about 50 % in the extraction experiments
91

. 

Therefore, it is likely that the BWR resins have released the organic activity in the acid, 

oxidizing extraction at least to the same extent as the PWR resins do. 

 

Consequently, a value of 1.05 for the Combustion correction factor has been chosen for all 

resin types
92

, which is in agreement with Ref. 4; see also Table A17-2. 

 

 
Table A17-2. Summary of combustion correction factors.  

(A-10, sheet COMB). 

  

                                                 
91

 The PWR bead resins lost almost no weight. 
92

 FKA dried resin samples are reported in Appendix 21. 

0,80

0,85

0,90
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1,00

1,05

1,10

1,15

1,20

1,25

1,30

1,35

1,40

1,45

1,50

1,55 Combustion Correction Factors with Uncertainties

Model 2 minus 1 SD

Model 1: Comb./Extr.

Model 2: Comb./Extr.

Model 2 plus 1 SD

Std.dev, (SD)

Sample types Mean 

Std. 

Dev.

Number of 

samples

Mean all samples 1.03 0.03 17

Mean BWR samples 1.04 0.03 10

Mean PWR samples 1.02 0.01 7

Selected value 1.05
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APPENDIX 18 
Releases of C-14 from Spent Resins in Storage 

Tanks and Resin Dryers 
 

A18.1. Introduction 
The following question has been asked: Are the samples taken from the spent resins 

representative for what goes into the waste containers? 

 

Appendix 11 gives an overview of the handling and sampling of the resins prior to 

solidification or packaging. 

 

At O1 and O2 the sampling is done in the well mixed collection tank immediately before the 

resin is transferred to concrete tanks where they are dewatered.  

 

At O3 the sampling is done in the well mixed collection tank immediately before the resin is 

transferred to concrete tanks where they are dewatered. 

 

At R1 the sample is taken from the well mixed storage tank at regular intervals, but not 

necessarily in connection with concrete solidifications. 

 

For the PWR units R2, R3 and R4 the sample is taken from the transport vessel before it is 

emptied into the storage tank in the WHB. In this tank the resin is regularly (frequently) 

mixed by air bubbling before it is taken to concrete solidification. 

 

For F1, F2 and F3 the sample is usually taken when the resin slurry is sent to the resin dryer. 

From the dryer it is sent to high temperature solidification in bitumen.  

 

 

A18.2. R2, R3 and R4 Resins in the WHB of R1 
Figure A18-1 shows the release rate of C-14 from the stack at R1. All parts of the unit, 

including the WHB, are vented through this stack. It is obvious that the release rate decreases 

when the unit is shut down. Since R1 only has a very simple delay system for the ejector off-

gases (sand tanks with together some 250 m
3
 void volume), it is unlikely that there are any 

significant traps for C-14 during shutdown. Since the accumulation in RWCU and SFP resins 

is very low in BWR units (Ref. 4), the releases of C-14 during shut-down most likely originate 

from spent resins in the WHB. 

 

Figure A18-2 zooms in on the period with a long shut-down, March 2009 - March 2010. Fig 

A18-3 shows the measured release rate during shut-downs in R1, where all release data with 

rector power>0 % have been removed. The diagram also has lines for average release rate 

during shut-down for the years 2002-2013 and for the long shutdown in 2009-2010. This 

latter shut-down is of extra interest, since there were very little or no CCU resins in the 

storage tanks; see Figure A18-4. Even if there has been added resin to the tank, the resin has 

not been exposed to power operation. 
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Figure A18-1. Airborne release rate of C-14 from R1 and reactor power (24 hours mean). Ox 

means inorganic and red means organic. (R1-5 sheet D ut orig). 

 

 
Figure A18-2. Airborne release rate of C-14 from R1and reactor power (24 hours mean) in 

2008-2013. ). Ox means inorganic and red means organic. (R1-5 sheet D ut 2009-2013). 
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Figure A18-3. Airborne release rate of C-14 from at shut-down in 2002-2013. ). Ox means 

inorganic and red means organic. (R1-5 sheet D ut SD). 

 

 

 
Figure A18-4. Spent CCU resin in the storage tank T41 in R1 WHB. (R1-5 sheet D T41A). 
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Table A18-1. Summary of average production rates of C-14 in the Ringhals units 2002-2012 

(left section) and release rate of C-14 from R1 during shut-down periods (right section).  

(R1-5 sheet Rel rate). 

 

Table A18-1 shows the mean values for the release rate of C-14 (during shut-down of R1) for 

the whole period 2002-2013 and for 2009-2010, respectively. These release rates have been 

compared with the production rates in the units R1-R4 (left part of the table).  

 

For the whole period, where resins from all four units are expected to contribute, the release 

rate during shut-down corresponds to 1.1 % of the Average production rate in the period. 

Applying the release rate in 2009-2010 on the PWR units yields a release rate of 0.83 % of the 

production rate. The organic fraction in the releases is some 15 %, which is higher than during 

normal operation (1-5 %). These data indicate that there is a certain release of C-14 from the 

storage tanks for spent resins. This also implies that the calculated amounts of C-14 in the 

waste containers (4.1 % of the production) may be overestimated by some 20-30 %.  

 

 

A18.3. O1 and O2 
The WHB at O1 handles spent resins from O1 + O2. The ventilation air from the storage 

tanks for spent resin is released through the stack in O1
93

. When O1 is shut down, the airborne 

releases of C-14 must originate from the storage tanks for spent resins, analogous with R1. 

 

O1 also has a simple delay system for the ejector off-gases, which is very unlikely to 

accumulate significant amounts of C-14. Figure A18-5 shows the release rate of C-14 from 

O1 in the years 2002-April 2013. The release rate is shown as inorganic (oxidized, CO2) and 

reduced (organic, CH) as well as the sum (tot). In addition, the reactor power is also 

displayed. There are two longer periods when O1 was shut down; 2002 and Nov. 2011-Apr 

2013. However, the stack sampling for C-14 was intermittent in 2002, so that period has been 

excluded. It has been assumed that all releases originate from O2 resins during shutdown of 

O1. 

 

Figure A18-6 shows the release rate and reactor power for the period July 2011-June 2013. It 

can be seen that here are short periods where O1 operated.  

 

Table A18-2 summarizes the release rate from November 2011- mid-April 2013. The first line 

also includes some periods with reactor operation. The second line contains only samplings 

with the reactor in the no-operational state. The third line contains the difference between the 

two first lines, giving the contribution from reactor operation. It has been compared with the 

                                                 
93

 Karl-Erik Ingemansson OKG, personal communication, June 2013. 

Unit

Production 

rate, 

Bq/MWht

Production 

2002-2012, 

MWht

Production 

2002-2012, 

Bq

Average 

production 

rate, Bq/s Unit

Release rate 

during shut-

down

Inorg.      

C-14, 

Bq/s

Organic    

C-14, 

Bq/s

Total       

C-14, 

Bq/s

Orga-

nic 

fraction

R1 2.35E+04 1.72E+08 4.05E+12 1.17E+04 Mean 2002-2013 3.81E+02 6.69E+01 4.48E+02 15%

R2 1.49E+04 1.82E+08 2.72E+12 7.85E+03 2009-2010 2.03E+02 3.28E+01 2.36E+02 14%

R3 1.59E+04 2.42E+08 3.84E+12 1.11E+04 Fraction of production rate

R4 1.43E+04 2.28E+08 3.25E+12 9.37E+03 Inorg. Org. Total

R1-R4 6.86E+04 1.39E+13 3.99E+04 R1-R4 Mean 2002-2010 0.95% 0.17% 1.1% 15%

R2-R4 4.51E+04 9.82E+12 2.83E+04 R2-R4 2009-2010 0.72% 0.12% 0.83% 14%
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calculated production, shown in Table A18-3. There is a good agreement between these two 

values for the reactor production.  

Figure A18-5. Airborne release rate of C-14 from O1and reactor power (24 hours mean) in 

2002-2013. CO2 means inorganic and CH means organic. (O12-6 sheet D O1). 

 

 
Figure A18-6. Airborne release rate of C-14 from O1and reactor power (24 hours mean) in 

November 2011-April 2013. CO2 means inorganic and CH means organic.  

(O12-6 sheet D O1 SD). 

0

50

100

150

200

250

300

1E-2

1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

02-01-01 03-01-01 04-01-01 05-01-01 06-01-01 07-01-01 08-01-01 09-01-01 10-01-01 11-01-01 12-01-01 13-01-01

R
-p

o
w

e
r,

 %
; O

rg
an

ic
 f

ra
ct

io
n

, 
%

B
q

/s

O1 Stack Release Rate of C-14
CO2-Bq/s

CH-Bq/s

Tot-Bq/s

R-power, %

Org fraction

0

50

100

150

200

250

300

1E-2

1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

11-07-01 11-09-30 11-12-30 12-03-30 12-06-30 12-09-29 12-12-29 13-03-31 13-06-30

R
-p

o
w

e
r,

 %
; O

rg
an

ic
 f

ra
ct

io
n

, 
%

R
e

le
as

e
 r

at
e

, B
q

/s

O1 Stack Release Rate of C-14

CO2-Bq/s CH-Bq/s

Tot-Bq/s R-power, %

Org fraction



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

194 

 

 
Table A18-2. Summary of measured airborne releases from O1 of C-14 in the period 

November 2011-April 2013. The releases as a fraction of the calculated production in O2 has 

also been calculated. CO2 means inorganic and CH means organic. (O12-6 sheet Summary). 

 

 

 
Table A18-3. Energy production in O1 and O2 and calculated production of C-14 in 

November 2011- mid-April 2013. (O12-6 sheet Summary). 

 

The release while the reactor is shut down must originate from the resins produced in O2.The 

amount of C-14 released is calculated as a fraction of the calculated production in O2 and 

amounts to 4.5 %. The C-14 in the resins packed in concrete tanks for storage is on the 

average 0.49 % (Appendix 3). It means that the total uptake in the CCU resins is about 5 % of 

the production. However, it seems as about 90 % of this uptake is released during the storage 

and air bubbling in the WHB. 

 

A18.4. Assessment 

A18.4.1. O1, O2 and O3 
For O1, O2 and O3 the samples are representative for what goes into the concrete tanks, since 

the release from the storage tanks occurs before the sampling. The releases at shut-down also 

strongly indicates that C-14 is released from the stored resin in the tanks; most probably in 

connection with air bubbling. 

 

A18.4.2. R1 
For R1 the samples are also representative, despite the observed release. The representative-

ness is due to the frequent sampling of the resins in the storage tank. It is unlikely that 

concrete solidification should give a volatilization of carbon dioxide or organic acids at the 

high pH in the concrete slurry, even if it reaches a temperature of 120-130 ⁰C during the 

hardening of the concrete. 

 

C-14 Release C-14 calc. Prod No-op. release,

Start End

Inorganic 

Bq

Organic 

Bq

Total     

Bq O1, Bq O2, Bq

 Fraction of O2 

production

2011-11-01 2013-04-15 9.93E+09 1.23E+10 2.23E+10 Incl. O1 reactor op.

2011-11-01 2013-04-02 8.77E+09 1.20E+10 2.08E+10 O1 no operation

2011-11-01 2013-04-15 1.17E+09 3.40E+08 1.51E+09 2.53E+09 4.41E+11 From reactor operat.

2011-11-01 2013-04-15 1.98E+10 4.5% Release -calc. O1 prod.

Accumulation in CCU after release to air, from Table 6 0.49%

Fraction released of originally accumulated C-14 90%

Power production, 

MWhth

O1 O2

2011-11-01 --2011-12-31 0 2.36E+06 Estim. from op. data

2012 1.01E+05 1.55E+07 From monthly report

2013-01-01--2013-04-15 6.27E+03 4.22E+06 Estim. from op. data

Sum 1.07E+05 2.21E+07

EFPY 0.009 1.40

Prod. Rate, Bq/MWhth 2.36E+04 2.00E+04

Production, Bq 2.53E+09 4.41E+11
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A18.4.3. R2, R3 and R4 
For the resins from the PWR units R2, R3 and R4 the observed release occurs after the 

sampling. It is likely that the solidified resins contain some 20-25 % less C-14 than the 

calculations from the samples indicate. 

 

A18.4.4. F1, F2 and F3 
Measurements in a ventilation duct from the WHB indicate a significant release of C-14 

(Ref. 8) during the drying and the solidification in bitumen. These measurements and analyses 

of dried resin samples are discussed in Appendix 21. 

For F1, F2 and F3 the major fraction is volatilized during the drying; see Appendix 21 for 

details. Therefore, the values for wet resins are not representative for the solidified resins. 
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APPENDIX 19 
Barsebäck CCU Accumulation: A Recalculation 

A19.1. Introduction 
The reasons for recalculating the accumulation of C-14 in CCU are the following:  

 Calculating a grand mean from all samples available 

 Include standard deviations from the samples and the resin amount 

 Include Body-Feed Factor (1.20)
94

 and dry substance correction factor (ds, 1.16, Appendix 6) in the calculations. 

 The method differs slightly from the methods used in Ref. 3 and 4 

 

 

A19.2. Calculations 
Table A19-1 shows input data from Ref. 3 and 4 with the corrections mentioned above. Furthermore, a grand mean of all concentrations has been 

calculated from all four samples analyzed. The resulting standard deviations are the maximum of the standard deviations in the analyses and the 

scatter between the samples. 

 

 
Table A19-1. Recalculation of the analyses of the Barsebäck CCU samples

95
. (B-2, sheet Conc). 

                                                 
94

 Same as originally calculated for O1+O2, (1.07), but later increased to 1.20 to account for inert masses added. See Table A28-1. 
95

 The samples were collected from dewatered resins in concrete tanks. 

Sample

Inorg 

Bq/kg 

ww

Sigma 

rel

Det.lim. 

Bq/kg 

ww

Organic 

Bq/kg 

ww

Sigma 

rel

Det.lim. 

Bq/kg 

ww

Organic 

corr. 

Factor

corr. 

Organic, 

Bq/kg 

ww

Dry sub-

stance

Org. 

fraction

Total 

Bq/kg 

ww

Total 

Bq/kg 

dw

Dry 

substan-

ce cor-

rection

Total, 

Bq/kg 

dw

Inorg  

Bq/kg 

dw

Org 

Bq/kg 

dw

Org. 

fraction

SD Tot, 

rel

SD Inorg, 

rel

SD Org, 

rel

Ref. 3 3 3 3 3 3 4 3+4 4 calc 3+4 3+4 App. 6 calc calc calc calc calc calc calc

B-1:1 1.00E+05 4.0% 4.14E+02 1.29E+03 19% 4.68E+02 1.36 1.75E+03 37% 1.3% 1.02E+05 2.75E+05 1.16 3.19E+05 3.15E+05 4.04E+03 1.3% 4.6% 4.0% 19%

B-1:2 9.30E+04 3.9% 5.08E+02 1.19E+04 5.9% 6.64E+02 1.36 1.62E+04 37% 11% 1.09E+05 2.95E+05 1.16 3.42E+05 3.05E+05 3.73E+04 11% 4.1% 3.9% 5.9%

B-2:1 1.42E+05 4.0% 5.76E+02 1.47E+04 5.7% 7.54E+02 1.33 1.96E+04 47% 9.1% 1.62E+05 3.44E+05 1.16 3.99E+05 3.62E+05 3.63E+04 9.1% 4.3% 4.0% 5.7%

B-2:2 7.84E+04 4.1% 6.45E+02 1.42E+04 7.4% 8.44E+02 1.33 1.89E+04 47% 15% 9.73E+04 2.07E+05 1.16 2.40E+05 2.05E+05 3.50E+04 15% 4.3% 4.1% 7.4%

Mean 1.17E+05 2.80E+05 3.25E+05 2.97E+05 2.82E+04 8.7% 18% 19% 50%
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Table A19-2 (left). Summary of energy production in the Barsebäck Units. (B-1, sheet BKAB energy). 

Table A19-3 (right). Calculation of the annual accumulation in CCU in one unit at Barsebäck. (B-2, sheet Summary). 

C-14 production rate, Bq/MWhth (=O2) 2.00E+04

Waste type B.07 Analysis From xa-correlation

B1+B2 Value

Std. Dev., 

% Value

Std. Dev., 

%

Total Bq/kg dw 3.25E+05 18% 1.60E+06 9.0%

Inorganic Bq/kg dw 2.97E+05 19% 1.57E+06 12%

Organic Bq/kg dw 2.82E+04 50% 3.29E+04 21%

Organic fraction 8.7% 2.1%

Body-Feed Factor, BFF 1.20

Annual resin use per unit, kg dw 5190 10%

Annual average production, MWhth 1.17E+07

Calculated C-14 production, Bq/year 2.34E+11

Total accumulation, Bq/year 2.03E+09 20% 9.98E+09 13%

Inorganic accumulation, Bq/year 1.85E+09 22% 9.78E+09 16%

Organic accumulation, Bq/year 1.76E+08 51% 2.05E+08 23%
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A19.3.Sampling and Energy Production 
The samples were collected from already filled concrete tanks. It was not possible to relate the resins to a specific operating period. Therefore, 

the concentrations were used to calculate the annual accumulation from the annual use of dry CCU resin. To recalculate the accumulation to % of 

production and Bq/MWhth, the following procedure was used: Table A19-2 shows a summary of the energy production from the Barsebäck units. 

The average annual production has been calculated for each unit and for both units. The values obtained are almost identical.  

 

A19.4. Calculating the Accumulation from the xa-Correlation 
Since there were very few samples collected, an alternate method to estimate the accumulation is to use the xa-correlation described in Appendix 

22, using Eq. (A22-1). The calculations are shown in Appendix 28.The correlation assumes that the spent CCU sulfonate resins have not been air 

bubbled
96

. The total accumulation has been calculated from the xa-correlation. The organic part has been calculated, using the organic fraction 

obtained in the analyses. This is considered conservative, since a low total concentration often has a higher organic fraction than a high total 

concentration. The results from this correlation are included in Table A19-4. 

 

A19.5. Summary and Discussion 
Table A19-3 shows the calculation of the accumulation expressed as % of production and as Bq/MWhth. The results are summarized in 

Table A19-4, together with the results from O1+O2 and the previously calculated values from Ref. 4. A 10 % standard deviation for the resin 

amount has also been included. 

 

Table A19-4 summarizes the accumulation of C-14 in the CCU resins. It also contains the values for O1+O2 and original and corrected values 

from Ref. 4.  

The recalculated total accumulation is about 50 % higher than the corrected value from Ref. 4. On the other hand, the organic accumulation is 

almost the same. The reasons for these differences are the correction factors (BFF and ds) and how the mean values are calculated. The 

accumulation of inorganic and organic is higher than in O1+O2, which is reasonable, since Barsebäck did not air-bubbling the storage tanks. Ref. 

4 did not include standard deviations in the calculated accumulation. The large standard deviations in the B1+B2 values are mainly due to the 

                                                 
96

 Lars Wiklund, BKAB, via Lars Håkansson, BKAB. Pers. Comm. 2012-04-12. 
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scatter in the few concentration values measured. The lower uncertainties in the O1+O2 values are mainly due to the larger number of samples 

analyzed. 

The accumulation from xa-correlation is higher than obtained from the analyses. One explanation for this may be that the sampling was 

performed from the top of CCU resins filled in a concrete tank, where some C-14 may have been volatilized. The xa-correlation may be 

considered as an upper limit of the accumulation. 

 

 
Table A19-4. Summary of the accumulation of C-14 in Barsebäck 1 and Barsebäck 2. (B-2, sheet Summary). 

 

 

 

 

 

B1+B2 

analyses

B1+B2       

xa-corre-

lation

B2, Ref. 4

+ BFF 

+ ds-corr. O1+O2 B2, Ref. 4

xa-value (average B1+B2 1992-2005) 0.20

Organic fraction 8.7% 2.1% 16% 5.2% 16%

Total accumulation in CCU 0.87% 4.3% 0.50% 0.49% 0.40%

Inorganic  accumulation in CCU 0.79% 4.2% 0.42% 0.47% 0.34%

Organic  accumulation in CCU 0.075% 0.088% 0.080% 0.026% 0.064%

Total Bq/MWhth 1.73E+02 8.54E+02 1.06E+02 1.03E+02 8.53E+01

Inorganic Bq/MWhth 1.58E+02 8.36E+02 8.93E+01 9.74E+01 7.16E+01

Organic Bq/MWhth 1.50E+01 1.76E+01 1.70E+01 5.29E+00 1.36E+01

Total Std. Dev. 20% 13% 2.3%

Inorganic Std. Dev. 22% 16% 2.3%

Organic Std. Dev. 51% 23% 9.5%
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APPENDIX 20 
Which Chemical Species of C-14 Could Be Expected 

in the Systems? 

A20.1. Introduction 
One way to demonstrate the stability of chemical species is to calculate potential-pH diagrams 

from thermodynamic data. Figure A20-1 shows two potential-pH diagrams, (also called 

Pourbaix diagrams) for the system carbon-water at 300 ⁰C and 25 ⁰C. The border line 

between two species indicates equal chemical activity of the species; for dissolved species, 

the chemical activity usually is close to its concentration. 

 

 
Figure A20-1. Potential-pH diagrams (Pourbaix diagrams) for carbon compounds in water. 

The rectangular areas indicated represent the conditions in various parts of a PWR plant. 

Left: RC during operation at 300 ⁰C. Right: RWCU during operation and RC, RWCU, BTRS 

and SFP during shut-down at 25 ⁰C. See footnote below for actual temperatures.  

From Yim and Caron, Ref. 11. 

 

A20.2. PWR 

A20.2.1. Power Operation 
The Pourbaix diagrams in Figure A20-1 are approximating the temperatures

97
 in PWR RC 

during operation (left part), in RWCU during operation and in RC, RWCU and SFP during 

shut-down (right part). The diagrams come from Yim and Caron (Ref. 11). The diagrams have 

rectangles indicating the combinations of redox potential and pH for the different operating 

conditions
98

. Ref. 12-15 have similar information as Ref. 11. 

                                                 
97

 RC operating temp.: 290-330 ⁰C. RWCU operating temp.: 45 ⁰C. SFP temp: 25-45 ⁰C, depending on cooling 

water temp. and residual power in the stored fuel. RC, RWCU and SFP shutdown temp.: 25-45 ⁰C. 
98

The following calculation programs have been used for calculation of pH and redox-potential: BORIS (pH 

only), EPRI ChemWorks and SGW4Studsvik. Input data have been obtained from the Ringhals Chemistry Data 

Base. 

1

1 PWR RC operation 300 ⁰C

Kw

HCO2
-

H2CO3  (H2O +CO2)

4

5

25 ⁰C

4 PWR RWCU operation.   R2 in 2012
5 PWR RC, RWCU & SFP shut-down 25 ⁰

CO3
2-

HCO3
-(H2O+CO2)
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Left diagram Rectangle 1: In RC during operation, the stable species are methane, methanol 

and formate ion. During operation, the pH is close to 7.40 in the Ringhals PWRs. During 

start-up and shut-down it may be lower, but usually not below 6.50. Accordingly, formate ion 

is stable for most of the cycle. 

 

 
Figure A20-2. Li-concentration, pH-values in RC (300 ⁰C) and RWCU (45 ⁰C) as a function 

of boron concentration. The pH at 25 ⁰C is included for a comparison with the Pourbaix 

diagram in Figure A20-1. Target pH in RC: 7.40. (R234-2, sheet D Sum). 

 

 
Figure A20-3. Organic acids in the Reactor Coolant of Ringhals 4. The detection limits are: 

oxalate 0.8; formate 1.1 and acetate 1.2 ppb. (R234-3, sheet D R3). 

 

Right diagram, Rectangle 4: In RWCU during operation the stable species is methane. In the 

beginning of the fuel cycle, the pH-value is around 6.50. As the concentration of boric acid 

decreases during the fuel cycle, the pH is increasing. In the end of a fuel cycle with coast- 
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down operation, the pH may approach 10; see Figure A20-2. In the final part of the fuel cycle, 

elemental carbon and hydrogen carbonate may also exist.  

 

A20.2.2. Shutdown Conditions 
At shutdown, with the reactor system open to the atmosphere and connected to the Spent Fuel 

Pools, (SFP), the chemical conditions correspond to the Rectangle 5 in the right diagram. 

Under these conditions, inorganic species of C-14 are dominating. Since “carbonic acid” 

decomposes into carbon dioxide and water, inorganic C-14 will be released to the atmosphere.  

 

A20.2.3. Comparison with Analytical Data 
Figure A20-3 shows that in the reactor coolant of R4 the anions of simple organic acids have 

been found; formate, acetate and oxalate. Since the RC water sampled has been cooled to the 

same temperature as the RWCU, it is likely that the organic anions also exist in the RWCU
99

. 

Attachment File R234-3 has data from all three PWR units showing the presence of the 

simple organic anions. 

 

 

  
Figure A20-4. Ringhals 4, 2006. Concentration of C-14 species in  

the Reactor Coolant (RC). (From Ref. 4). 

 

In the last part of the previous cycle, (June and July) there is appreciably more inorganic 

species, which is consistent with the rightmost part of the Rectangle 4 in Figure A20-1. 

 

Figure A20-4 shows the results from analyses of C-14 the RC in Ringhals 4 (Ref. 4). The 

sampling was made at the same temperature as in the RWCU system. The central part of the 

diagram is the annual refueling shut-down. The rightmost part is the beginning of a fuel cycle, 

where the concentrations of organic “liquid” species (non volatile at room temperature) 

dominate over inorganic species (carbonate system), which is consistent with the information 

in the Pourbaix diagrams above.  

                                                 
99

 Even if the acid anions are not thermodynamically stable at the temperature in the RWCU and in the sampling 

line, they may have been “frozen” a to quasi stable state. 
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In the central part of Figure A20-4, during the refueling shut-down, the concentrations of 

organic and inorganic C-14 are much lower than during operation, which is consistent with 

Rectangle 5 in Figure A20-1. 

 

A20.2.4. Distribution of Organic and Inorganic C-14 in the RWCU Resins 
from R2 in 2012 
The resins generated in 2012 had an unusually high fraction of organic C-14. Figure A20-5 

shows the power history and the boron concentration in RC. The cycle started in early April 

2012, had a shut-down in Jun-July and then operated for two months until mid-September. 

The boron concentration is shown in the inset of Figure A20-5. The boron concentration 

values during power operation were between 900 and 400 ppm. The corresponding pH-values 

in the RWCU at 25 ⁰C are 6.8 to 7.0 (from Figure A20-2). In the Pourbaix diagram for the 

RWCU, this pH-interval is in the area where organic species dominate. Therefore, in the first 

few months of a fuel cycle, it is reasonable that there would be more organic than inorganic 

C-14 on the resins.  

 

 
Figure A20-5. Ringhals 2, 2012. Operational period and boron concentration in RC.  

 

 

 

A20.2.5-Saturation of the RWCU Resin with Respect to Organic C-14 
Figure A20-6 shows the concentration of non-volatile organic C-14 compounds in the Reactor 

Coolant (RC) and the RWCU outlet (CS). For the major part of the cycle, the concentration in 

RC (=RWCU inlet) and CS (RWCU outlet) is almost the same, indicating a saturation of the 

resin with respect to this type of C-14 compounds (Ref. 4). Whether these species are anionic 

(organic acids) or non-ionic (e.g. alcohols) cannot be concluded.  

 



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

205 

 

 
Figure A20-6. Ringhals 4, 2006. Concentration of non-volatile organic C-14 in the Reactor 

Coolant (RC) and the RWCU outlet (CS). For the major part of the cycle, the concentration in 

RC (=RWCU inlet) and CS (RWCU outlet) is almost the same, indicating a saturation of the 

resin with respect to this type of C-14 compounds (From Ref. 4). 

 

 

 

A20.3. BWR 

 
Figure A20-7. Potential-pH diagrams (Pourbaix diagrams) for carbon compounds in water. 

The rectangular areas indicated represent the conditions in various parts of a BWR plant. 

Left: RC during operation at 300 ⁰C under NWC and HWC. Right: RWCU and CCU during 

operation and RC, RWCU and SFP during shut-down at 25 ⁰C. See footnote below for actual 

temperatures. From Yim and Caron, Ref. 11. 
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A20.3.1. Pourbaix Diagrams 
Figure A20-7 shows two potential-pH diagrams for the system carbon-water at 300 ⁰C and 25 

⁰C. A border line between two species indicates equal chemical activity of the species; usually 

the activity is close to its concentration. 

 

The diagrams are approximating the temperatures
100

 in BWR RC during operation (left part), 

in RWCU and CCU during operation and in RC, RWCU and SFP during shut-down (right 

part). The diagrams come from Yim and Caron (Ref.11). The diagrams have rectangles 

indicating the combinations of redox potential and pH for the different operating 

conditions
101

. Ref. 12-15 have similar information as Ref. 11. 

 

Left diagram Rectangles 2 (NWC), 3 and 3a (HWC): In RC during operation, the only stable 

species are carbonic acid (or carbon dioxide + water) and hydrogen carbonate ion under NWC 

and HWC. In some parts of the system, formate ion may be stable under HWC. During 

operation, the pH is close to 5.7. However, impurities (e.g. from decomposition of ion 

exchange resins) may alter this value up or down. 

 

Right diagram, Rectangle 6 (RWCU, CCU operation): Hydrogen carbonate is the only stable 

species. The pH-value during operation is around 7.0, but may be altered by impurities.  

 

Right diagram, Rectangle 7 (RC, RWCU, SFP shutdown): Hydrogen carbonate is the only 

stable species. The pH-value during shut-down is around 6.6, due to the equilibrium with 

atmospheric carbon dioxide. 

 

Even if no organic species are thermodynamically stable in the BWR systems, they have been 

observed on ion exchange resins. The explanation for this is probably small amounts of 

organic impurities in the process water, stemming from either humic acids in the make-up 

water or degradation products from ion exchange resins
102

. However, the fraction of organic 

compounds is lower in BWR resins than in PWR resins, which is in qualitative agreement 

with the information in the Pourbaix diagrams. 

 

 

 

 

 

 

 

 

 

                                                 
100

 RC operating temp.: 286 ⁰C. RWCU operating temp.: 45 ⁰C. CCU temp.: 35-72 ⁰C, depending on unit and 

cooling water temp.  SFP temp: 25-45 ⁰C, depending on cooling water temp. and residual power in the stored 

fuel. RC, RWCU and SFP shutdown temp.: 25-45 ⁰C. 
101

The following calculation programs have been used for calculation of pH and redox-potential: BORIS (pH 

only), EPRI ChemWorks and SGW4Studsvik. Input data have been obtained from the Ringhals Chemistry Data 

Base. 
102

 The C-14 in the process water may undergo isotopic exchange or hot-atom reactions with these organic 

compounds. 
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A20.4. Summary 
Table A20-1 gives a summary of thermodynamically stable species and some other species 

detected in analyses.  

 

 
Table A20-1. Summary of thermodynamically stable species in reactor systems at various 

operating conditions (x) and species detected in analyses (*, **; ***). See footnotes 76 and 

79 for actual temperatures in the various systems. (A-2, sheet Species). 

Reactor type BWR PWR

Operational 

state Power operation

Shut-

down All Power operation

Shut-

down All

Thermody-

namically 

stable 

species

300 ⁰C 

RC

25 ⁰C 

RWCU, 

CCU

25 ⁰C 

RC, SFP, 

RWCU

Airbor-

ne re-

leases

300 ⁰C  

RC

25 ⁰C  

RWCU

25 ⁰C 

RC, SFP, 

RWCU

Airbor-

ne re-

leases

C x

H2CO3, CO2 x x * x *

HCO3
- x x x x

HCOO-
(x) x **

CH3OH x

CH4 *** x ***

*  Measured as "oxidized species" in stack monitoring

** Analytically identified in Ringhals PWRs together with acetate and oxalate

*** Measured as "reduced species" in stack monitoring

( ): With  HWC in parts of the system where the redox-potential is below - 0.5 V
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APPENDIX 21 
Results from Dried Resin Samples from F1+F2 and 

F3 
 

A21.1. Introduction 
The resins from the units F1, F2 and F3 are dried

103
 before being solidified for deposition in 

the final repository SFR1. To establish the remaining C-14 activity in the dried resins, a few 

samples of dried resins were withdrawn from the dryer from each of the tanks TD42 and 

TC56. Reference samples were also taken before the drying started. It was a time consuming 

procedure, since the dryer had to be cooled down and opened to retrieve samples. 

 

When the samples had been extracted according to the procedures in Appendix 9, the resins 

were also combusted to establish the remaining C-14, which conservatively will be considered 

as organic. The results from the combustion experiment are summarized in Table A21-1. The 

correction factors for the organic fraction in the extraction experiments were higher for these 

samples than for samples that had not been dried. Only two samples have been combusted. 

 

 
Table A21-1. Results from the combustion of dried samples. For F12-12:1 the negative values 

for the inorganic fraction are replaced by a ¼DL (Detection Limit), according to the criterion: 

given in Appendix 10. The combustion fraction is calculated relative to the organic amount in 

the extraction. All C-14 from the combustion is conservatively assumed to be organic. The 

yellow-marked values are adopted as best estimates. The values, 1.31 and 1.14, are above the 

maximum values obtained for BWR samples after extraction (1.10, Table A17-1).   

(F12-9, sheet Comb). 

 

A21.2. Dried resins from F12 
Table A21-2 shows a summary of the results for dried samples of carboxylate powder resins 

from F12. The reference sample F12-1 already has the ordinary combustion correction for wet 

samples. The upper part of the table shows the uncorrected values. The middle part shows the 

values corrected by combustion. The lower part shows the residual activity as a percentage of 

the reference sample. It can be seen that the inorganic fraction is removed more extensively 

than the organic; however, the total remaining activity is only 0.22 %. 

                                                 
103

 Drying conditions: Initially at 100 °C and at an underpressure of -1.3 kPa. When 150 ºC is reached, the 

mixing with bitumen starts. The drying time for carboxylate resins from F1+F2 is some 14 days, compared to 9-

10 days for sulfonate resins from F3. 

Extraction Combustion Correction factor org. Extraction

Sample Tot, Bq Inorg, Bq Org, Bq Det. Bq DL, Bq

Fract 

det.

Fract. 

¼DL Det.  ¼DL

SD 

Det.

SD 

¼DL

F12-12:1 2.32E+00 2.54E-01 2.07E+00 6.40E-01 8.54E-01 0.31  1.31  15%  

F3-13:3 8.02E+00 2.36E-01 7.78E+00 1.10E+00 8.53E-01 0.14  1.14  4.2%  
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Table A21-2. Results from dried resin samples from F12. (F12-9, sheet F12dry). 

 

 

A21.3. Dried resins from F3 
 

 
Table A21-3. Results from dried resin samples from F3. The reference samples were mixed, 

since each sample was too small for a separate analysis. (F12-9, sheet F3dry). 

 

Not corrected for extraction residual

Sample

Org. 

comb. 

Factor

Tot, 

Bq/kg

Inorg, 

Bq/kg Org, Bq/kg % org

Std.dev 

tot

std.dev. 

Inorg

std.dev. 

Org

F12-13 1 3.55E+06 3.22E+06 3.30E+05 9.3% 1.3% 6.0% 64%

F12-12 1.31 6.05E+03 7.01E+02 5.35E+03 88% 18% 107% 15%

F12-14 1.31 6.42E+03 7.50E+02 5.67E+03 88% 18% 110% 14%

Corrected for extraction residual

Sample Kokill

Tot, 

Bq/kg

Inorg, 

Bq/kg Org, Bq/kg % org

Std.dev 

tot

Std.dev. 

Inorg

Std.dev. 

Org

F12-13 Reference 3.55E+06 3.22E+06 3.30E+05 9.3% 1.3% 6.0% 64%

F12-12 Dried 7.70E+03 7.01E+02 7.00E+03 88% 18% 107% 15%

F12-14 Dried 8.18E+03 7.50E+02 7.43E+03 88% 18% 110% 14%

Mean Dried 7.94E+03 7.25E+02 7.22E+03 91% 18% 109% 15%

Residual after drying Tot Inorg Org % org

Std.dev 

tot

Std.dev. 

Inorg

Std.dev. 

Org

F12-12 Dried 0.22% 0.022% 2.1% 88% 18% 107% 66%

F12-14 Dried 0.23% 0.023% 2.3% 88% 18% 110% 66%

Mean Dried 0.22% 0.023% 2.2% 91% 18% 109% 66%

Not corrected for extraction residual

Sample

Org. 

comb. 

Factor

Tot, 

Bq/kg

Inorg, 

Bq/kg Org, Bq/kg % org

Std.dev 

tot

Std.dev. 

Inorg

Std.dev. 

Org

F3-11 1 1.07E+06 1.01E+06 6.12E+04 5.6% 5.9% 3.7% 43%

F3-12 1.14 1.55E+04 1.71E+03 1.38E+04 88% 29% 33% 33%

F3-13 1.14 2.15E+04 1.69E+03 1.98E+04 92% 7.5% 47% 5.5%

F3-14 1.14 2.11E+04 1.95E+03 1.92E+04 91% 4.5% 30% 3.9%

F3-15 1.14 1.65E+04 5.92E+02 1.59E+04 96% 5.6% 98% 5.8%

Corrected for extraction residual

Sample Kokill

Tot, 

Bq/kg

Inorg, 

Bq/kg Org, Bq/kg % org

Std.dev 

tot

Std.dev. 

Inorg

Std.dev. 

Org

F3-11 Mixed Reference 1.07E+06 1.01E+06 6.12E+04 5.6% 5.9% 3.7% 43%

F3-12 Dried 130906 1.74E+04 1.71E+03 1.57E+04 88% 29% 33% 33%

F3-13 Dried 130908 2.43E+04 1.69E+03 2.26E+04 92% 7.5% 47% 5.5%

F3-14 Dried 130908 2.38E+04 1.95E+03 2.18E+04 91% 4.5% 30% 3.9%

F3-15 Dried 130912 1.87E+04 5.92E+02 1.81E+04 96% 5.6% 98% 5.8%

Mean Dried 2.10E+04 1.48E+03 1.96E+04 93% 13% 43% 14%

Residual after drying Tot Inorg Org % org

Std.dev 

tot

Std.dev. 

Inorg

Std.dev. 

Org

F3-12 Dried 130906 1.6% 0.17% 26% 88% 30% 33% 54%

F3-13 Dried 130908 2.3% 0.17% 37% 92% 9.5% 47% 43%

F3-14 Dried 130908 2.2% 0.19% 36% 91% 7.4% 30% 43%

F3-15 Dried 130912 1.8% 0.059% 30% 96% 8.1% 98% 43%

Mean Dried 2.0% 0.15% 32% 93% 15% 43% 45%
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Table A21-3 shows a summary of the results for dried samples of sulfonate powder resins 

from F3. The reference sample F3-11 already has the ordinary combustion correction for wet 

samples. The upper part of the table shows the uncorrected values. The middle part shows the 

values corrected by combustion. The lower part shows the residual activity as a percentage of 

the reference sample. It can be seen that the inorganic fraction is removed more extensively 

than the organic; the total remaining activity is 2.0 %. The remaining concentration is some 2 

to 3 times higher than for the carboxylate samples from F12
104

.  

 

 

A21.4. Summary of Tests with Dried Resins 
 

Table A21-4 shows the concentrations in the dried resins, compared with the mean 

concentrations from the mass balance calculations for units F1+F2 and F3, respectively. The 

remaining total activity is between 0.2 % and 2 % with an organic fraction of about 90 %. The 

lower residual concentrations in the resins from F1+F2 compared to the resins from F3 might 

depend on the longer drying time (See footnote in section A21.1).  

 

These results are based on fairly few samples, but they give a strong indication that the dried 

resins have released the main part of their C-14 activity to air. This conclusion is supported by 

measurements of C-14 in the ventilation system in the F3 WHB (See below and Appendix 18).  

 

 
Table A21-4. Summary of results from dried resin samples from F12 and F3. 

 (F12-9, sheet Comp). 

 

A21.5. Comparison with Dryer Release Measurements from 
the F3 WHB 
 

FKA has measured the releases from the F3 WHB resin dryer (Ref. 8). Table A21-6B shows 

data for the moulds (kokiller) manufactured during the measurement period, March 2013-

April 2014. 

                                                 
104

 The higher concentration is probably a result of less efficient drying than for sulfonate resins. Carboxylate 

resins temporarily stored in tanks TC56 and TC58 could not be dewatered as efficiently as the sulfonate resins 

from the normal storage tank TD42, prior to drying. Annelie Jansson, FKA, personal communication, November 

2015. 
 

F12: 2 dried 

samples, 

Bq/kg dw

F12: Mass 

Balance 

Mean, 

Bq/kg dw

F12: Mean 

residual

F3: 4 dried 

samples

F3: Mass 

Balance 

Mean

F3: Mean 

residual 

after drying

Total, Bq/kg dw 7.94E+03 1.44E+06 0.55% 2.10E+04 2.85E+06 0.74%

Inorg, Bq/kg dw 7.25E+02 1.42E+06 0.051% 1.48E+03 2.80E+06 0.053%

Org, Bq/kg dw 7.22E+03 2.49E+04 29% 1.96E+04 4.94E+04 40%

Org fraction 91% 1.7% 93% 1.7%

Tot. Std.dev. 18% 13% 13% 5%

Inorg std.dev 109% 13% 43% 5%

Org. std.dev 15% 14% 14% 7%
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Table A21-6A summarizes the measured release from resin drying. Table A21-6C summarizes 

the amounts of CCU resins solidified from tanks TD42 and TC56. 

 

Table A21-5 shows the calculated mean concentration in the solidified resins, assuming that 

all C-14 released comes from the dried resins
105

. The mean concentration is 6.68E6 Bq/kg dw, 

and is higher than the average concentrations of 1.44E6 and 2.85E6 Bq/kg/dw from the mass 

balances in Appendix 1 and 2 for F12 and F3, respectively
106

.  

 

 

 
Table A21-5. Comparison of releases from resin drying and analysis of wet resins. 

(F3-3, sheet Summary). 

 

 

The maximum concentrations measured in wet resins are some 30 % lower than the 

concentration calculated from the releases. The highest concentration in F12 resins have been 

measured in samples from the back-flushing tank in the unit, 1.16E7 Bq/kg. There are no 

analyses available for F12 CCU resins in the handling chain from F12 to the F3 WHB. 

 

The reference samples for the dried samples (Tables A21-2 and -3) had concentrations 3.55E6 

and 1.07E6 Bq/kg dw. The average concentration calculated from the releases from the dryer 

is significantly higher. The only measured concentration equal or greater than the calculated 

average concentration is the sample from the back-flushing tank in F1. However, it is unlikely 

that such a high concentration would reach the storage tanks in the F3 WHB. Most likely, 

there is an overestimation of the average concentration from the release measurement. The 

flow measurement in the vent line from the dryer may be the reason for this. 

 

The analyses of dried samples demonstrate that the drying reduces the concentration of C-14 

in the CCU resins. The concentration calculated from the releases seems to be too high, due to 

some uncertainties in the sampling or the air flow measurements.  

 

Contributions from other sources such as degassing in the storage tanks, when resins are back-

flushed from F3 and when the transports from F12 are transferred to the tanks have 

contributed only in March 2013-July 2013 when the stack air was sampled. Thereafter, only 

the vent from the dryer was sampled. See Table A21-6A for details. 

 

 

                                                 
105

 When the sampling was done in WHB stack (March-July 2013) some releases from storage tanks may also 

have been measured. 
106

 Some samples for the mass balances were left in the sampling position for several days, where they turned 

almost dry. Most likely, they also lost some C-14. 

Resin, kg 

dw

Activity, 

Bq

Mean 

conc, 

Bq/kg dw

Max. 

conc., 

Bq/kg dw

Conc. 

Back-

flushing, 

Bq/kg/dw Note

Drying & stack release 12684 8.48E+10 6.68E+06 TD42+TC56

Wet analysis F12 34169 4.94E+10 1.44E+06 4.40E+06 1.16E+07 *

Wet analysis F3 22555 6.42E+10 2.85E+06 4.74E+06 *

Wet analysis F12+F3 56724 1.14E+11 2.00E+06

* Some samples  probably had a  too low concentration, due to inadvertent handling
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Table A21-6A. (F3-3, sheet Releases). 

 

 
Table A21-6C. (F3-3, sheet Moulds). 

 

 

 

 

 

 
Table A21-6B. (F3-3, sheet Moulds). 

 

 

Table A21-6. A: Releases of C-14 from resin drying. B Moulds (kokiller) produced during the 

measurement period. C: Amounts of CCU resins solidified. 

 

 

 

Releases of C-14 from F3 WHB

Start End

Sampling 

point
C-14OX 

(Bq/s)

C-14OX 

(Bq)

2013-03-13 2013-03-15 WHB stack** 1.56E+02 2.45E+07

2013-03-15 2013-03-27 WHB stack** 1.38E+03 1.45E+09

2013-03-27 2013-04-22 WHB stack* 1.77E+03 3.98E+09

2013-04-22 2013-05-02 WHB stack* 5.46E+03 4.64E+09

2013-05-02 2013-05-08 WHB stack* 7.76E+03 4.03E+09

2013-05-08 2013-05-16 WHB stack* 4.43E+02 3.07E+08

2013-05-16 2013-06-02 WHB stack* 5.88E+03 8.63E+09

2013-06-02 2013-06-12 WHB stack* 8.45E+03 7.42E+09

2013-06-12 2013-06-20 WHB stack* 2.88E+03 1.95E+09

2013-06-20 2013-07-10 WHB stack* 7.01E+03 1.21E+10

2013-07-10 2013-07-16 WHB stack* 1.17E+04 6.29E+09

2013-07-16 2013-07-29 WHB stack* 5.00E+03 5.53E+09

2013-07-29 2013-08-05 Dryer*** 1.00E+03 6.13E+08

2013-08-05 2013-09-03 Dryer*** 5.41E+02 1.35E+09

2013-09-03 2013-09-18 Dryer*** 2.44E+03 3.16E+09

2013-09-18 2013-09-25 Dryer*** 3.06E+03 1.86E+09

2013-09-25 2013-09-30 Dryer*** 7.16E+02 3.12E+08

2013-09-30 2013-10-16 Dryer*** 4.11E-01 5.69E+05

2013-10-16 2013-11-04 Dryer*** 9.55E+02 1.57E+09

2013-11-04 2013-11-19 Dryer*** 1.74E+03 2.25E+09

2013-11-19 2013-11-26 Dryer*** 9.10E+02 5.52E+08

2013-11-26 2013-12-10 Dryer*** 3.72E+03 4.51E+09

2013-12-10 2014-01-08 Dryer*** 1.56E+03 3.90E+09

2014-01-08 2014-02-05 Dryer*** 1.53E+03 3.70E+09

2014-02-05 2014-02-17 Dryer*** 5.74E+02 5.95E+08

2014-02-17 2014-04-11 Dryer*** 7.87E+02 3.59E+09

2014-04-11 2014-04-24 Dryer*** 2.88E+02 3.22E+08

2014-04-24 2014-04-30 Dryer*** 2.26E+02 1.21E+08

Mean/Sum 2.38E+03 8.48E+10

* 30743RC901

** 30743RC903

***30743tork

Sum all 

tanks,    

kg dw

Sum 

TD42+TC56, 

kg dw

18784 12684

Kokill id Date TD42 TC56 TC43 TC41 TD57

6876 5808 1661 604 3835

14-1703 2014-04-24 0 0 0 0 200

14-1703 2014-04-24 679 0 0 0 0

14-1703 2014-04-24 0 0 0 0 0

14-1803 2014-04-29 0 0 542 0 0

14-1803 2014-04-29 0 0 0 0 0

14-1802 2014-04-29 0 0 637 0 0

14-1802 2014-04-29 0 0 0 0 0

14-1801 2014-04-14 0 0 482 0 0

14-1801 2014-04-14 0 0 0 0 0

14-1701 2014-01-31 0 0 0 0 247

14-1701 2014-01-31 0 705 0 0 0

14-1701 2014-01-31 0 0 0 0 0

13-1719 2014-01-07 0 0 0 0 217

13-1719 2014-01-07 0 708 0 0 0

13-1719 2014-01-07 0 0 0 0 0

13-1718 2013-12-21 0 0 0 0 239

13-1718 2013-12-21 690 0 0 0 0

13-1718 2013-12-21 0 0 0 0 0

13-1717 2013-12-14 0 0 0 0 336

13-1717 2013-12-14 660 0 0 0 0

13-1717 2013-12-14 0 0 0 0 0

13-1716 2013-11-28 0 0 0 0 244

13-1716 2013-11-28 0 671 0 0 0

13-1716 2013-11-28 0 0 0 0 0

13-1715 2013-11-19 0 0 0 0 277

13-1715 2013-11-19 0 644 0 0 0

13-1715 2013-11-19 0 0 0 0 0

13-1714 2013-09-19 0 0 0 0 237

13-1714 2013-09-19 677 0 0 0 0

13-1714 2013-09-19 0 0 0 0 0

13-1805 2013-08-29 0 0 0 604 0

13-1805 2013-08-29 0 0 0 0 0

13-1711 2013-07-18 0 0 0 0 242

13-1711 2013-07-18 0 636 0 0 0

13-1711 2013-07-18 0 0 0 0 0

13-1710 2013-07-10 0 0 0 0 262

13-1710 2013-07-10 0 694 0 0 0

13-1710 2013-07-10 0 0 0 0 0

13-1709 2013-06-15 0 0 0 0 251

13-1709 2013-06-15 0 612 0 0 0

13-1709 2013-06-15 0 0 0 0 0

13-1708 2013-07-04 0 0 0 0 163

13-1708 2013-07-04 0 768 0 0 0

13-1708 2013-07-04 0 0 0 0 0

13-1707 2013-05-18 0 144 0 0 0

13-1707 2013-05-18 724 0 0 0 0

13-1707 2013-05-18 0 0 0 0 0

13-1706 2013-05-03 0 226 0 0 0

13-1706 2013-05-03 605 0 0 0 0

13-1706 2013-05-03 0 0 0 0 0

13-1705 2013-04-23 719 0 0 0 0

13-1705 2013-04-23 0 0 0 0 240

13-1705 2013-04-23 0 0 0 0 0

13-1704 2013-03-25 0 0 0 0 230

13-1704 2013-03-25 768 0 0 0 0

13-1704 2013-03-25 0 0 0 0 0

13-1703 2013-03-14 0 0 0 0 211
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A21.6. Summary of Dried Resins from F3 
 

Table A21-7 shows a summary of the remaining accumulation of C-14 in dried resins from 

F3, based on the four samples analyzed, together with the results from the mass balance for 

wet resins (see Appendix 2). 

 

 
Table A21-7. Comparison of accumulation of C-14 in CCU resins at F3 from this study. 

(F3-1, sheet Summary dried). 

 

 

 

A21.7. Summary of dried resins from F1+F2 
 

Table A21-8 shows a summary of the remaining accumulation of C-14 in dried resins, based 

on the two samples analyzed. It presents the results from two different calculations; one for 

wet resins (see Appendix 1) and one for dried resins. 

 

0. Recalculates the mass balance from Model 1 to the concentration of dried resin samples, 

using the mean concentration from the mass balance. 

1. Mass Balance over T42, T43 and TC56, using all samples from TC56 (in 2012 also TC58) 

Dried resins* 

Mass 

balance  

TD42

Sept 2009-

Dec 2012

Mass 

balance  

TD42  

Sept 2009-

Dec 2012

Ref. 4 + 

BFF + ds-

corr.

Equivalent Full Power Hours (EFPH) 31800 31800

Equivalent Full Power Years (EFPY) 3.63 3.63

Body-Feed Factor, Average (BFF) 2.08 2.08 2.08

Dry Solids Correction Factor in Sample 1.16

Residual after drying:

Organic fraction 93% 1.7% 24%

Total accumulation in CCU 0.031% 2.6% 1.7%

Organic  accumulation in CCU 0.029% 0.044% 0.40%

Resin, kg dw 22555

Total  accumulation, Bq/MWhth 7.45E+00 6.12E+02 4.05E+02

Inorganic accumulation, Bq/MWhth 5.25E-01 6.01E+02 3.08E+02

Organic accumulation, Bq/MWhth 6.92E+00 1.06E+01 9.72E+01

Total Std. Dev. 15% 4.9%

Inorganic Std. Dev. 43% 4.9%

Organic Std. Dev. 17% 7.2%

* Based on four samples
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Table A21-8. Comparison of accumulation of C-14 in CCU resins at F1+F2 from this study. 

The leftmost column with results is based on dried resins.  

(F12-1, sheet Summary dried). 

 

 

 

Calculation Model 0 1

Classification

Recalc. to 

dried resins

Best 

estimate

Dried Mass 

balance  

TC56+   

T43+T42    

****

Mass 

balance  

TC56+   

T43+T42

Equivalent Full Power Hours, F1 40057 40057

Equivalent Full Power Hours, F2 33356 33356

Equivalent Full Power Years, F1 4.57 4.57

Equivalent Full Power Years, F2 3.81 3.81

Body-Feed Factor, Average (BFF) 1.00 1.00

Dry Solids Correction Factor in Sample

Organic fraction 91% 1.7%

Total accumulation in CCU 0.0068% 0.93%

Organic  accumulation in CCU 0.0062% 0.016%

Total accumulation, Bq/MWhth 1.67E+00 2.30E+02

Inorganic accumulation, Bq/MWhth 1.53E-01 2.26E+02

Organic accumulation, Bq/MWhth 1.52E+00 3.97E+00

Total Std. Dev. 22% 13%

Inorganic Std. Dev. 110% 13%

Organic Std. Dev. 24% 14%

**** Based on two samples



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

216 

 



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

217 

 

APPENDIX 22 
A Correlation for the Accumulation of C-14 in CCU 

Resins 
 

A22.1. R1 
In unit R1 in the cycle 2013-2014, the accumulation of C-14 (as Bq/MWhth) dropped to less 

than half of the value for the previous cycles; see Appendix 4 for details. The most obvious 

factor was the decrease in CCU resin mass used compared to earlier cycles. Another possible 

factor is that the unit was running its first cycle with complete Forward Pumping (FP) of the 

hot drains. This operational mode reduces the amount of condensate to be cleaned to some 

70 % of its earlier value. Furthermore, only three out of four filters per turbine train were 

used
107

 
108

. The temperature of the water was also reduced, compared to earlier cycles. 

 

The length of the cycles for R1 has been varying, so it seems reasonable to normalize the use 

of CCU resins to the number of EFPH produced in each cycle
109

. Furthermore, it is assumed 

that C-14 is absorbed only by the anion part of the CCU resin. This is reasonable, since C-14 

only exists as anionic species in the CCU-system; Se Figure A20-7, right part. Accordingly, 

the normalization should be made using the amount of anion equivalents, yielding the 

parameter xa,
110

 having the unit anion equivalents/h. For the full discussion on the amount of 

anion equivalents in the CCU resin, see Appendix 34 in Part 2 of this report. 

 

  
Figure A22-1a. R1: Regression of the Total 

accumulation vs. the parameter xa. The Inorganic 

regression is similar. (X-1, sheet D R1 tot). 

Figure A22-1b. R1: Regression of the Organic 

accumulation vs. the parameter xa. 

(X-1, sheet D R1 org). 

 

Figure A22-1a shows large variations in the parameter xa (the lowest value is the cycle 2013-

2014) and the total accumulation as Bq/MWhth. The highest accumulation was in the very 

short cycle in 2009 (some two months).  

                                                 
107

 R. Hellström, RAB, personal communication May 2014. 
108

 Before the cycle 2013-2014 a filter was used for 42 days. During the 2013-2014 cycle, the average operating 

time was 60 days. 
109

 The production of C-14 is proportional to EFPH. For a given configuration and operational mode of a plant, 

the volume (and mass) of condensate cleaned is also proportional to EFPH. 
110

 Number of anion equivalents divided by EFPH. 
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In Figure A22-1a, a regression line fits the accumulation factor to the data points. The 

correlation function for the accumulation factor is
111

 

 

         Eq. (A22-1) 

where 

 f accumulation factor of C-14, Bq/MWhth  

 na number of anion equivalents used 

 N number of Equivalent Full Power Hours, EFPY  

 xa=na/N anion equivalents/h 

a coefficient (slope) for xa in the regression,  

(Bq/anion equivalents)/ MWth 

 

The regression coefficient, r
2
=0.91, indicates a good fit. The standard deviation in the 

coefficient a (“slope” in Figure A22-1a) is 13 %. A similar fit has been made for the 

inorganic accumulation with r
2
=0.84

112
. Figure A22-1b shows the regression for the organic 

fraction. Here the regression coefficient is lower; r
2
=0.82, but the fit is still fairly good. A 

summary of the regression results are given in Table A22-2. 

 

A22.2. O1 + O2 
How do other units look? Let us first have a look at O1+O2, where the accumulation has been 

calculated for each tank contents. Figure A22-2a shows a large scatter for xa as well as the 

accumulation. The regression coefficient is mediocre; r
2
=0.40. The organic fraction has a 

poor regression coefficient; r
2
=0.13; see Figure A22-2b. 

 

  
Figure A22-2a. O1+O2: Regression of the Total 

accumulation vs. the parameter xa. The 

Inorganic accumulation is similar. 

 (X-1, sheet D O1+O2 all tot). 

Figure A22-2b. O1+O2: Regression of the 

Organic accumulation vs. the parameter xa.  

(X-1, sheet D O1+O2 all org). 

 

                                                 
111

 The justification for choosing Eq. A22-1 is the following: If you use no CCU resin at all (xa=0) there will be 

no accumulation of C-14. 
112

 The regression coefficient for the total and the inorganic accumulations are almost equal, since the inorganic 

fraction constitutes 94-99 % of the total accumulation. This applies to all the regressions presented in this 

Appendix. 
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However, if the regression analysis is made for the mean accumulation for each sampling 

campaign, the regression is good for the total accumulation, r
2
=0.93; see Figure A22-3a. The 

organic regression coefficient is lower, r
2
=0.76, but still fairly good; see Figure A22-3b. 

 

The better fit obtained with the campaign mean values may be explained by the fact that 

several individual samples lacked detected values. The value assigned to these samples, 25 % 

of the detection limit, may have contributed to the scatter among the individual samples. In 

the campaign mean values these values do not contribute significantly.  

 

  
Figure A22-3a. O1+O2: Regression of the Total 

accumulation vs. the parameter xa. Mean values 

for each sampling campaign. The value at xa=0.47 

is based on resins from O2 only. The collection 

tanks have been air bubbled. The Inorganic 

accumulation is similar.  

(X-1, sheet D O1+O2 tot). 

Figure A22-3b. . O1+O2: Regression of the 

Organic accumulation vs. the parameter xa. 

Mean values for each sampling campaign. The 

collection tanks have been air bubbled. The 

value at xa=0.47 is based on resins from O2 

only. 

 (X-1, sheet D O1+O2 org). 

 

 

A22.3. O3 
 

  
Figure A22-4a. O3: Regression of the Total 

accumulation vs. the parameter xa. The Inorganic 

accumulation is similar. No air bubbling of the 

collection tanks. (X-1, sheet D O3 tot). 

Figure A22-4b. O3: Regression of the Organic 

accumulation vs. the parameter xa. No air bubbling 

of the collection tanks. 

(X-1, sheet D O3 org). 
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Unit O3 has sampled the resins prior to transfer to concrete tanks; see Chapter A11.7. The xa-

values for O3 are lower than for R1, but in the same range as for O1+O2. The fit for the total 

accumulation is also good; r
2
=0.90; see Figure A22-4a. The fit for the organic accumulation 

is less; r
2
=0.69; see Figure A22-4b. 

 

A22.4. F1+F2 and F3 
No regression analysis is possible for the units F1+F2 and F3, since the analysis and 

calculation models used only yield one single xa-value and one accumulation value from the 

mass balance.  

 

 

A22.5. Regression Analysis of Data from R1, O3 and F3, 
with CCU Resin Use Normalized to EFPH 
Figure A22-5a shows regression for all values from the units O3, F3 and R1. The regression 

coefficient is r
2
=0.90, indicating a very good fit. The reason for choosing these units is the 

absence of an efficient air bubbling of the spent CCU resins. The only data point from F3 lies 

above the regression line, indicating that the regression may underestimate the accumulation 

in F3. The organic fit r
2
=0.79 is lower, but still good; See Figure A22-5b. 

 

  
Figure A22-5a. O3, F3 and R1: Regression of the 

Total accumulation vs. the parameter xa. The 

Inorganic accumulation is similar. 

(X-1, sheet D O3 F3 R1 tot). 

Figure A22-5b. O3, F3 and R1: Regression of the 

Organic accumulation vs. the parameter xa.  

(X-1, sheet D O3 F3 R1 org). 

 
 

A22.6. Regression Analysis of Data from O1+O2 and F1+F2, 
with CCU Resin Use Normalized to EFPH 
It was observed that the regression line total accumulation for O1+O2 also included the data 

point for F1+F2; See Figure A22-6a. The fit r
2
=0.96, is very good. However, the organic 

accumulation shows a substantially lower fit, r
2
=0.59, compared to r

2
=0.76 for O1+O2. This 

is probably due to the low organic accumulation for F1+F2; the data point lies well below the 

regression line in Figure A22-6b.  
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Figure A22-6a. O1+O2 and F1+F2: Regression 

of the Total accumulation vs. the parameter xa. 

The Inorganic accumulation is similar.  

(X-1, sheet D O1+O2 F1+F2 tot). 

Figure A22-6b. O1+O2 and F1+F2: 

Regression of the Organic accumulation vs. the 

parameter xa. 

((X-1, sheet D O1+O2 F1+F2 org). 

 

 

A22.7. Regression Analysis of Data from R1, O3 and F3, 
with CCU Anion Resin Use Normalized to Mass of 
Condensate Cleaned 

 

 
Table A22-1. Summary of condensate flow-rates, and various ways to express the parameter x 

to plot the accumulation of C-14 in CCU resins. The x-values are from the sampling periods. 

(A-2, sheet CCUupt CV). 

 

The regression results Shown in the previous sections indicate that there is a saturation of the 

CCU resins with respect to C-14. The concentrations in the resins from O3, F3 and R1 are all 

in the range 1-4E6 Bq/kg dw; see Figures A13-2, A2-4 and A4-52. 

 

Table A22-1 shows a summary for condensate flow-rates and CCU resin use per EFPH. Since 

C-14 is expected to occur as anionic species, the parameter anion equivalents per EFPH and 

per kg condensate cleaned has also been given. For O3 and F3 one summary value is given, 

while for R1 three sets of values are given: without FP, FP for one turbine train and FP for 

both turbine trains. 

 

Figure A22-7 shows the accumulation factor as a function of the parameter xc, CCU anion 

equivalents/kg cleaned condensate. The diagram shows more data points than shown in Table 
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Unit

Steam 

flowrate, 

kg/s

CCU 

flowrate, 

kg/s

Anion 

equiv./ 

kg DW

x , kg 

CCU 

resin  

/EFPH

x a , 

anion 

equiv./

EFPH

x c , anion 

equiv./ 

kg con-

densate Bq/MWhth

m3 con-

densate

/anion 

equiv. 

O3 2105 1215 1.11 0.39 0.43 1.12E-07 4.15E+02 8.96E+03

R1 2 FP 1248 942 1.33 1.09 1.46 2.51E-07 1.16E+03 3.99E+03

F3 1818 1180 1.18 0.27 0.32 7.55E-08 6.12E+02 1.32E+04

R1 1 FP 1248 1041 1.33 0.91 1.21 3.23E-07 1.09E+03 3.10E+03

R1 No FP 1248 1248 1.33 0.64 0.85 3.24E-07 6.18E+02 3.08E+03
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A22-1; actually the same points as in Figure A22-5. The regression coefficient, r
2
=0.89 is 

0.01 units lower than for the regression vs. the xa-value, and still good. 

 

 
Figure A22-7. Regression of the accumulation of C-14 in BWR CCU resins as a function of 

the parameter xc anion equivalents/kg condensate cleaned. (A-2, sheet D3 f). 

 

A22.8. Formulas for the Calculation of Historic 
Accumulation from the Correlation to EFPH Normalization 
 

The correlation for the accumulation factor is 

 

        Eq. (A22-1) 

The correlation for the accumulation of C-14 to the energy production may be written as  

 

         Eq. ( A22-2) 

which may be simplified to 

         Eq. (A22-3) 

where 

 f accumulation factor of C-14, Bq/MWhth  

Q accumulation of C-14, Bq 

 E energy production, MWhth 

na number of anion equivalents used 

 P thermal power of the unit, MWth  

 N E/P, number of EFPY  

 xa=na/N anion equivalents/h 

a coefficient (slope) for xa in the regression,  

(Bq/anion equivalents)/ MWth 

Index  a anion 

 

0

200

400

600

800

1 000

1 200

1 400

1 600

1 800

2 000

0.00E+00 1.00E-07 2.00E-07 3.00E-07 4.00E-07

A
cc

u
m

u
la

ti
o

n
 fa

ct
o

r,
 B

q
/M

W
h

th

xc, Anion equivalents/kg Condensate Cleaned 

O3, F3 & R1: Total Accumulation of C-14 in CCU Resins as a Function of 
Used Anion Equivalents/m3 Cleaned Condensate

O3
R1 No FP
R1 1 FP
R1 2 FP
F3
Regression; r2= 0.89 ; slope= 3.47E+09 ; σ= 7.6%



C-14 ACCUMULATED IN ION EXCHANGE RESINS IN SWEDISH NUCLEAR POWER PLANTS Part 1   Version. 8 Revision 7m 2016-06-10 

223 

 

This means that the installed thermal power and the amount of anion equivalents used are the 

two main factors dominating the accumulation of C-14 in CCU resins. The slope coefficient a 

may be interpreted as a correction for losses in the process and the handling of the resins.  

All equations for calculating the historical accumulation of C-14 in resins will be presented in 

Appendix 23. 

Table A22-2 shows a summary of all the regression analyses made in this Appendix. The 

coefficients a, to calculate the accumulation factor from the parameter xa are given together 

with their regression coefficients r
2
 and their standard deviations.  

 

A22.9. Summary of Results from Regression Analysis and 
Selection of Parameters for Calculation 
 

 
Table A22-2. Summary of regression results to calculate the accumulation factors from the 

regression analyses. (X-1, sheet Table). 

 

O3 and F3 shall use regression (1)
113

. For F3 this regression may underestimate the 

accumulation, so some other methods should also be used for F3. 

R1 shall use regression (2). B1+B2, not air bubbling their resins, shall use the regression (3). 

O1+O2 before the introduction of air bubbling in 2001 shall use the same set of parameters; 

regression (3). O1+O2 shall use their own set of parameters, regression (4), for resins from 

2001 onwards. F1+F2 shall use regression (8), based on O1+O2 and F1+F2 air bubbled 

resins, but with an adjusted, lower organic accumulation
114

; see Table A22-3 for adopted 

values. 

 

The regressions
115

 (6) and (7) are not used for calculations; they are included as a comparison. 

 

                                                 
113

 The number in parenthesis refers to the correlation number in the first column of Table A22-2. 
114

 Since the organic fraction in regression (7) is appreciably higher than the mean value obtained in sample 

analyses for F1+F2, the organic coefficient has been adjusted to 1.7 % of the total. 
115

 Regression (5) used all data points, just as a test. It is not included in the table. 

Regression from Coefficient a , (Bq/anion equiv.)/MWth Org. Standard deviation

Nr Unit Total Inorganic Organic  fract. Total Inorganic Organic

1 O3 8.84E+02 8.71E+02 1.30E+01 1.5% 8.8% 8.8% 18%

r
2

0.90 0.90 0.69

2 R1 7.89E+02 7.71E+02 1.83E+01 2.3% 13% 13% 18%

r
2

0.91 0.90 0.84

3 O3 F3 R1 8.23E+02 8.06E+02 1.69E+01 2.1% 7.2% 7.4% 11%

r2 0.90 0.89 0.79

4 O1+O2 batch means 2.94E+02 2.72E+02 2.23E+01 7.6% 16% 17% 33%

r
2

0.93 0.92 0.76

6 O1+O2 F1+F2 3.17E+02 2.72E+02 2.23E+01 7.1% 10% 11% 41%

r2 0.96 0.95 0.59

7 O1+O2 single samples 1.97E+02 1.74E+02 2.27E+01 12% 18% 17% 37%

r
2

0.40 0.41 0.13

8 O1+O2 F1+F2 3.17E+02 2.72E+02 5.47E+00 1.7% 10% 11% 41%

r
2

0.96 0.95 0.59
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Figure A22-8 shows the results from the regressions shown in Table A22-2. Table A22-3 and 

Figure A22-9 show the regression parameters to be used for calculations of the historical and 

future accumulations.  

 

 
Figure A22-8. Summary of regression results to calculate the accumulation factors. 

(X-1, sheet D fact). 

Table A22-3. Summary of regression results used to calculate the accumulation factors from 

the regression analyses. (X-1, sheet Table) 

 
Figure A22-9. Summary of regression results used to calculate the accumulation factors. 

(X-1, sheet D fact x u). 
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Regression from Coefficient a , (Bq/anion equiv.)/MWth Org. Standard deviation Used for

Nr Unit Total Inorganic Organic  fract. Total Inorganic Organic

1 O3 8.84E+02 8.71E+02 1.30E+01 1.5% 8.8% 8.8% 18% O3, F3

2 R1 7.89E+02 7.71E+02 1.83E+01 2.3% 13% 13% 18% R1

3 O3 F3 R1 8.23E+02 8.06E+02 1.69E+01 2.1% 7.2% 7.4% 11% B1+B2; O1+O2 before 2001

4 O1+O2 2.94E+02 2.72E+02 2.23E+01 7.6% 16% 17% 33% O1+O2 from 2001 onwards

8 O1+O2 F1+F2 3.17E+02 2.72E+02 5.47E+00 1.7% 10% 11% 41% F1+F2 with adj. org. fract. 
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