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Summary 
After OPLA and CORA, OPERA (OnderzoeksProgramma Eindberging Radioactief Afval), 
begun in 2011, is the third Dutch research programme to have been undertaken on the 
topic of geological disposal of radioactive waste . After  at least 100 years of  storage in 
above-ground facilities, g eological disposal is foreseen for the High-Level Waste (HLW) and 
Low- and Intermediate -Level Waste (LILW) described in this report.  
 
It is important to collect the information necessary for geological disposal when the waste 
is generated. If not properly collected and documented upon generation, it will be difficult 
to trace back information about the waste a t the time of disposal .  The outline of a concept 
for disposal in clay [Verhoef,  2014a] describes the waste packages, intended emplacement 
of waste packages, and the underground facility  located in a deep Boom Clay (Rupel) 
formation . To assess the performance of the facility, the potential rate of release of 
radionuclides from the waste has to be determined . The release of radionuclides from the 
waste matrix depends on how and where radionuclides are present in the was te package 
and in what matrix. In this report, the waste intended for disposal is characterised in order 
to determine the potential release from the packages. The report  may also assist in setting 
criteria for the acceptance of waste and requirements for t he accompanying information.  
 
For the characterisation, the waste is grouped into  so-called waste families.  Families are 
groups of radioactive waste from the same origin, of similar nature, and having identical or 
closely related  conditioning characteristics , while belonging to the same category of the 
current waste classification . The grouping into families facilitates calculating the source 
term, but is necessarily a simplification. Criteria for grouping the waste include the 
available information on the content or degradation mechanisms and the potential 
contribution to the source term ( e.g. grouping of small volumes of waste).  
 
For each of these families a standardised description  is derived. On the one hand, the  level 
of deta il in the description  matches the requirements of other tasks within OPERA , and on 
the other hand it reflects the available information . The standardised description includes: 
the origin of the waste, the number of packages, characteristics of the waste container 
(dimensions, steel or concrete type), the waste matrix (chemical composition of the 
waste), the  radionuclides per waste container, how these radionuclides are expected to be 
present in the waste matrix and , if relevant , the expected heat output i n 2130.  
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1. Introduction  

1.1.  Background 

Radioactive substances and ionizing radiation are used and generated in medicine, industry, 
agriculture, research, education and electricity production. As a consequence, these 
activities generate radioactive waste. The current policy in the Netherlands is that 
radioactive waste be collected, treated and stored by COVRA ( Centrale Organisatie Voor 
Radioactief Afval ), the Central Organisation for Radioactive Waste . After an interim 
storage period of at least 100 years, radio active waste is prepared for disposal. There is a 
world -wide scientific and technical consensus that geological repositories represent a safe 
disposal option for radioactive waste.  
Geological disposal is the emplacement of radioactive waste in deep underground 
formations. The goal of geological disposal is the underground containment of the  
radioactive waste and isolation from our living environment in order to avoid the exposure 
of future generations to ionis ing radiation originating from the waste. In 2014 the outline 
of a concept for disposal in clay was revised [Verhoef,  2014a]. The description of the 
inventory of the waste to be disposed in this concept is  classified into Low- and 
Intermediate -Level Waste (LILW), (Technically Enhanced) Naturally Occurring Radioactive 
Materials ((TE)NORM), and heat-generating as well as non-heat-generating High-Level 
Waste (HLW). This waste classification has been used in the Netherlands since 1985 [EA, 
2014: p.24].  
 

1.2.  Objectives 

In this report, the waste is grouped into families . Families are groups of radioactive waste 
from the same origin, of similar nature, and having identical or close ly related  conditioning 
characteristics while belonging to the same category of th e current waste classification. 
For each of these families, a standardi sed composition is derived, of which the level of 
detail matches the requirements of other tasks within OPERA and reflects the available 
information. The decisions taken to derive the se standardised compositions have been 
described in order to allow for the reproduction of  the compositions.  
The aim of this report  is to provide the researchers within OPERA with the necessary 
information about the waste types , enable  them to  carry out their research work, and 
eventually  to feed the safety assessment. It is important to collect th is information when 
the waste is generated  and processed. If not properly collected and documented upon 
generation and treatment, it will be difficult to tr ace back information about the waste at 
the time of disposal.  A second aim is, therefore, to assist COVRA in setting criteria for the 
acceptance of waste and requirements for the accompanying information.  
 

1.3.  Realisation  

A workshop was organised with experts of NRG, Brenk Systemplanung and COVRA in order 
to define a suitable set of waste families . As groundwork for the workshop, COVRA 
prepared a suggestion ñ based on the available information ñ for the families  to be 
considered in OPERA. Criteria for grouping the waste include available information on the 
content or degradation mechanisms a and the potential contribution to the source term 
(grouping of small volumes of waste) .  

                                            
a The degradation mechanisms studied in OPERA do not cover all wastes. Knowledge about 
degradation of the waste matrix is essential to determining the source term. Therefore, only waste 
families for which the degradation is investigated within OPERA or in an  appropriate alternative, e .g. 
EU research project Carbon-14 Source Term (CAST), are considered . 
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The following three questions were used to assess whether a composition in sufficient 
detail could be made for each family:  

¶ What information is necessary for disposal? 

¶ What (traceable) information is available?  

¶ What assumptions need to be made for OPERA? 
GKN has provided additional information  of decommissioning waste from nuclear power 
plants and has reviewed the waste families  relevant for nuclear power plants .  
 

1.4.  Explanation of contents 

The relevant available knowledge regarding the radionuclides in the waste and their origin s 
is presented for each waste family . This report is a follow -up to the reports produced by 
OPERA concerning waste inventory . It provides  description s of the waste amounts [Verhoef,  
2014a], the radionuclides [Hart,  2014] and the waste matrix [Meeussen,  2014] in order to 
fill in  the missing details . The next chapter  describes the choices and assumptions made 
when determining  the characteristics of each waste family that are relevant to disposal in 
2130. For clarity, t he subsequent headings of the chapters list the waste for disposal as it 
is classified in the Netherlands. The identified waste families are categorised according to  
this waste classification.  
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2. Methodology 
 
An assessment of the safety and feasibility of the geological disposal of waste requires a 
characterisation of the radioact ive waste intended for  disposal. To assess potential 
releases (i.e., the source term) , one needs to know what  radionuclides are present in the 
waste matrix  and the disposal package. This chapter describes how the waste inventory 
and characterisation for determining the source term was developed.  
 

2.1.  Waste families  

For the purposes of characterisation, waste is grouped into so -called waste families. 
Families are groups of radioactive waste from the s ame origin which are similar in nature 
and which have identical or close ly related  conditioning characteristics while belonging to 
the same category of the current waste classification . This grouping into families 
facilitates calculat ion of  the source term , but is necessarily a simplification. Criteria for 
grouping the waste  include the available information on the content or degradation 
mechanisms and the potential contribution to the source term b. Figure 2-1 below depicts 
the different families considered  in this report.  
For each of these families a standardi sed description  has been derived. On the one hand, 
the level of detail in the description  matches the requirements of other tasks within OPERA , 
and on the other hand it reflects the available informati on. The standardised description 
includes: the origin of the waste (the generation and processing), the number of packages, 
characteristics of the waste container (dimensions, steel or concrete type), the waste 
matrix (chemical composition of the waste), t he radionuclides per waste container, how 
these radionuclides are expected to be present in the waste matrix and , if relevant , the 
expected heat output in 2130.  
 

2.1.  Information sources  

The t raceability of the standardised descriptions is important for any review or 
reproduction of the research, both as a starting point  for future research and to support 
public  confidence in the outcomes of the work. In the descriptions, therefore, the 
underlying sources, methodologies, choices and assumptions are documented along with 
the information supplied. When the source documentation did not clearly describe the 
data or how it was ob tained, where possible the authors were contacted. These contacts 
proved useful in finding other information sources and/or estimating the reliability of the 
information (sources).  
 
Every year, the volume and activity of the different types of waste  in storage are published 
on the COVRA website. COVRA maintains an internal database on all Low- and 
Intermediate -Level Waste (LILW) stored at its facilities. The database contains all 
information provided by the waste generators to COVRA. The information is primarily 
collected for transport, storage and processing purposes and includes activity of 
radionuclides and dose rates. For information about chemical composition , EURAL codes 
are used. EURAL is the European system for waste classification that was implemented by 
the (chemical) waste directive [EU,  2001].  

                                            
b This means that small volumes of different wastes have been grouped into one family (e.g. 
compacted waste), where the impact on the source term was limited.  
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Figure 2-1. Different waste families in the waste inventory. The number of packages intended 
for disposal and the expected activity for each waste package  at disposal in 2130 are included .  
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In the current research programme, only radionuclides are considered. It is expected that 
hazardous chemical elements will be taken into account in future  research on geological 
disposal of this radioactive waste  in other research programmes. The chemical composition 
of the waste ( i.e., the matrix) is useful in assessing release and degradation mechanisms. 
The information that can be derived from the EURAL codes is not sufficient to make such 
assessments.  
 
For a number of waste streams ñ including HLW, depleted uranium , spent ion exchangers 
and other liquid waste from nuclear power plants , and waste resulting from producing 
molybdenum for medical purposes  ñ guaranteed parameters are agreed upon delivery to 
COVRA. Where available, the guaranteed parameters  have been used in the body text of 
this report ,  and other and derived values have been listed in Appendices. However, in most 
cases the separate documents are confidential and not able to be published publicly . The 
info rmation used for the inventory from these documents is listed in the References. The 
number of waste transports and amounts of stored HLW waste, including their activity and 
also distinguished in numbers of (classified) waste containers , are published every year on 
COVRAõs website. 
 
In addition to keeping a waste inventory, COVRA also periodically estimates future waste 
streams, based among others on extrapolation of the current rates and (long -term) 
contracts with waste generators. These int ernal predictions are used to plan new storage 
capacity on time and to calculate waste fee s. The expected future streams also form the 
basis for the number of waste packages per family in this report.  
 

2.2.  Selection of radionuclides  

One of the boundary condit ions in the Dutch safety strategy is that all radioactive waste be 
stored above ground for a period for at least 100 years [Verhoef,  2014c:p.6].  The 
contribution to the activity of the waste is considered negligible at the time of disposal for 
radionuclide s with a half -life :  

¶ shorter than 10 years, due to the long -term storage period; and 

¶ longer than 1×1010 years; this  half -life is similar to primordial radionuclides  (except 
for uranium isotopes ). 

 
To begin with, the (alphabetical) list of radionuclides from the  COVRA database for LILW is 
used in this document ; radionuclides with a half -lif e of longer than 10 years and shorter 
than 1×1010 years have been selected, including: 

¶ radionuclides with daughters that meet the above  half -life criteria;  and 

¶ so-called key nuclides, radionuclides  used to obtain the missing radionuclides (see 
2.3).  

 
Radionuclides in the HLW with a half -life of more  than 10 years ñ including their daughters 
ñ have been added to this alphabetical list.  
 

2.3.  Obtaining missing radionuclides  

Usually waste generators and waste producers report radionuclides that can easily be 
measured using gamma spectrometry, e.g. 137Cs and 60Co, and contribute most to the dose 
rate of the waste  upon delivery to COVRA. These nuclides are relevant for transport, 
treatment and storage but not necessarily for disposal. A methodology for  complet ing 
missing radionuclides is to consider 137Cs as a representative for fission products and 60Co 
for activation products (key-nuclides), as well as using scaling factor s (correlations 



 

OPERA-PG-COV023  Page 7 of 39  

between the key -nuclides and the other nuclides) . Methodologies to derive these scaling 
factors as well as a number of scaling factors themselves are available for waste from 
nuclear power plants [IAEA, 2009a].  
 
In a nuclear plant, f ission of actinides results in fission products. Most fission products 
decay during plant  operation  or storage prior to disposal . In this r eport,  the scaling factor 
applied is derived from the chain yield distribution of fission products in the isobars 
provided in the Karlsruher Nuklidkarte [Magill, 2012]. Isobars with a chain yield greater 
than 0.045% indicated for the thermal fission of 235U have been taken into account. The 
radionuclides that result from fission and which are relevant for the geological disposal of 
Dutch waste are shown in Figure 2-2. 
 

 
 
Figure 2-2. Yield from thermal fission U -235 and relevant for disposal of Dutch waste  

 
In determining t he activity of key radionuclide s 60Co and 137Cs in the waste, the references 
collected as shortly as possible after the wasteõs generation were used. Neutron activation 
of fission products , e.g. 81Kr, 145Pm and 152Eu, is not included , and therefore the re are still 
radionuclides missing in the inventory . It is cumbersome to include neutron activation by 
hand, yet it can easily be incorporated by updat ing the nuclear library used to calculate 
the radionuclide inventory.  Where the activity of the radionuclide was derived using the 
key-nuclide method, the key n uclide and the relative yield are reported  in Appendix 1. The 
fission yields were taken from  the Karlsruher Nuklidkarte [Magill, 2012].  Completion of 
missing radionuclides was performed for spent research reactor fuel . For processed HLW 
(vitrified residues  and compacted metallic waste) , it was used when the processing 
methodology of the waste gave sufficient reason to assume the presence of these 
radionuclides. For molybdenum waste (LILW waste arising from processing uranium targets), 
the reasons for their pre sence are also described. Chemical properties determine the 
separation of the radionuclides  into different product and waste streams. This was used to 
complete the inventories, e.g. it follows that when 137Cs is present in waste, 135Cs must be 
present as well.  
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Information from the two IAEA documents listed below has been used to complete the 
inventory for radionuclides resulting from neutron activation of (additives and impurities 
in) materials and to obtain the necessary knowledge about how the radionuclides are 
expected to be present in the waste matrix : 

¶ Application of ion exchange processes for the treatment of radioactive waste and 
management of spent ion exchangers [IAEA, 2002]; and  

¶ Determination and use of scaling factors for was te characterisation in nuclear 
power plants [IAEA, 2009a]. 

 
 
 

2.4.  Assumed decay period  

To calculate the radionuclide inventory at the time of disposal ,  an average decay time of 
130 years is assumed. This average decay time is calculated by subtracting the average 
production time  (2000) from the start time of disposal (2130).  
 
Generation of HLW intended for disposal in the Netherlands started in the sixties (except 
for spent research reactor fuel that was sent back to USA until 1988 [Dodd, 2000:p.29] ). 
The Dodewaard nuclear power plant stopped its operations in 1997. The Borssele nuclear 
power plant , which started in 1973 , was planned to stop operations in 2003 [EL&I, 
2011:p.133]. As a result ,  generation of HLW was foreseen up to 2015 [EL&I, 2011:p.134]. 
The average production time would be in the ô80s, and an average and rounded decay 
period for HLW of about 150 years could be assumed. The two lifetime extensions of the 
Borssele nuclear power plant , first up to 2014 and later 2034, as well as longer operation 
of the two research reactors , have shifted the average production time forward to around 
the turn of the century . Hence the average decay period of 130 years is assumed.  
 
Using the average decay time , a standardised inventory of radionuclides per waste 
container at the time of disposal in 2130 has been derived for each waste family . The 
inventories are included  in Appendix 1.  
 

2.5.  Assumed half -lives of selected radionuclides  

There are many sources in which the half -lives of radionuclides can be found. It is beyond 
the scope of this report to assess which half -lives are ôcorrectõ. Rather, the author it ative 
Karlsruhe Nuclide Chart has been used, which is periodically  updated by Nucleonica and 
the JRC for the European Atomic Energy Community. In this report, half -lives and decay 
chains as described in the 8th edition of the Nuclide Chart [Magill, 2012] were used to 
derive the 2130 radionuclide inventories in Appendix 1. The half-lives were compared with 
the Isotope Browser from the IAEA Nuclear Data Section in November 2015. In Appendix I, 
the deviation between these two sources is shown for the selected radionuclides with a 
half -life of more than 10 years. With the exception of  135Cs, 209Po, 146Sm, 121mSn and 126Sm, 
the deviation in half -lives between these two sources is less than 10%.  
 

2.6.  Assumed waste matrices  and packages at the time of disposal 

Waste is stored at COVRA under controlled conditions, including a stable temperature,  air 
humidity control ( on average < 60% for LILW), and a dry storage environment. Heat-
generating HLW is stored in an argon atmosphere and cooled by natural convection. It is 
therefore assumed in this report  that the aging effect s of conditioned waste duri ng storage 
are limited . Consequently, for the waste matrix and packages , the same chemical and 
mechanical properties are expected after processing and at the time of disposal. This is 
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certainly true for depleted uranium, which is conditioned after storage prior to disposal. A 
possible exception is the carbonation of  the first outer centimetres  of concrete  used for 
the conditioning of LILW. Carbonation is a slow process that occurs when calcium 
hydroxide in the  cement reacts with carbon dioxide from the air and forms calcium 
carbonate. Considering the long storage times , the pH of the concrete pore water can fall 
from ca. 13 to below 10 at the time of disposal as a result of this process.  
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3. Heat -generating  HLW 
Heat-generating HLW consists of the vitrified waste from the reprocessing of spent fuel 
from the two nuclear power reactors in the Netherlands (Borssele and Dodewaard), the 
spent fuel of the two research reactors (Petten and Delft) ,  and the spent uranium targets 
of molybdenum production.  

3.1.  Vitrified waste  

3.1.1.  Origin of waste and number of packages 

In the Netherlands , the spent fuel from nuclear power plants (NPP) is reprocessed. 
Reprocessing involves extract ing fissile materials (uranium and plutonium) for recycling to 
reduce the volume of high -level waste.  
 
The main process for reprocessing is Plutonium Uranium Refining Extraction (PUREX), in 
which spent fuel is dissolved in nitric acid and  tri -butyl -phosphate is used to extract the 
actinides [Gruppelaar,  1998]. Volatile fission products, e.g. Xe, Kr and I , can be diverted to 
secondary waste streams. Also, gaseous products can be formed during fuel dissolution , 
because of which radionuclides , e.g. 14C, are not  present in this vitrified waste [Davis, 
1977]. The High-Level Liquid Waste (HLLW) contains fission products. Actinides and traces 
of plutonium and uranium are present in the liquid as well . HLLW is poured with a melted 
glass frit into a stainless steel container. The result is vitrified waste. Reprocessing also 
generates non-heat-generating HLW, the compacted hulls and ends, see section 4.1.   
 
The choice to reprocess or not is left to the plant operator  (waste generator) . There are 
two NPPs in the Netherlands, in  Dodewaard and in Borssele; both decided to reprocess 
their fuel . Direct disposal of spent nuclear power fuel is therefore no  longer a 
consideration. 
 

¶ Dodewaard was a Boiling Water Reactor that started operation s in 1969. Dodewaard 
was shut down in 1997 [EA, 2014: p.29]. All spent fuel was reprocessed in the UK by 
BNFL (Sellafield). A total of 28 canisters of v itrified waste were returned to the 
Netherlands in 2010. This represented all waste from the complete  operational life 
of Dodewaard. This number also includes the vitrified waste canisters  that were 
exchanged for hulls and ends.  

 

¶ Borssele is a pressurised Water Reactor that started its operational life in 1973 and 
will operate  until 2034 [EA, 2014: p.65].  The spent fuel is reprocessed in France by 
AREVA (Cogéma [EZ, 1997:p.4]). All waste from reprocessing should be returned to 
the Netherlands before the end of 2052 [EA, 2014: p.15-16]. The total number of 
vitrified waste canisters for the complete life cycle of the plant is estimated at 450.  

 

3.1.2.  Waste container and matrix  

The technical specifications of this waste are laid down i n contracts with the reprocessing 
facility  (waste producer) . Examples of these specifications are a  maximum in actinide mass, 
activity of some radionuclides, and glass composition. Waste is stored in the Netherlands 
that has been processed in France and in England. As for the waste matrix , guaranteed 
compositions of glass are presented in Table 3-1. In France, the fission products, zirconium, 
actinides and metal particles are included in the parameters related to the glass 
composition as oxides. In the UK, the guaranteed fission product and actinide oxides 
content are a minimum of 7.5 wt% and a maximum of 19 wt% with respect to the glass 
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weight . Figure 3-1 shows the schematics for this waste from France: Colis Standard de 
Déchets-vitrified (CSD-v).  
 

 
Figure 3-1. Schematics of  CSD-v; dimensions in millimetre s [AREVA, 2007]  

 
Table 3-1. Guaranteed composition of the waste matri x glass stored in the Netherlands  

Compound in wt% France United Kingdom 

Minimum Maximum Minimum Maximum 

SiO2 42.4 51.7 54 65 

B2O3 12.4 16.5 21 31 

Al2O3 3.6 6.6   

Na2O 8.1 11 
12 18 

Li2O 1.6 2.4 

Fe2O3 0 4.5   

NiO 0 0.5   

Cr2O3 0 0.6   

P2O5 0 1   

ZnO 2.2 2.8   

CaO 3.5 4.8   

RuO2+Rh+Pd 0 3   

Oxides 4.2 * 18.5 *   

*(fission products  + Zr + actinides)  + metal particles  

 
The radionuclides can be assumed to be uniformly distributed in th is waste matrix. A 
matrix with a weight of about 400 kg is contained in a waste container  of about 100 kg. A 
matrix that includes radionuclides is cooled for 24 hours before the top of the container 
(the dome including the mushroom) is welded.  
 
There are no guaranteed parameters for the steel used for the waste container s. Stainless 
steel with a wall thickness of 5 mm was used in France and the UK. In the Netherlands, 
stainless steel type X12 CrNi 23.13 as per NF EN 10095 with additional specified values 
(including %CÒ 0.08) (or equivalent) is presented in the waste specification as typical.  
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The majority of the se waste containers to be disposed of have the characteristics of waste 
processed in France. It is therefore assumed that each waste container contains the same 
radionuclide content as described in Appendix  1; the waste container s differ only in glass 
composition. In Table 3-1 the guaranteed composition made in France is sufficiently 
detailed. Further details o n the glass produced by BNFL can be found in Appendix 2.   
 

3.1.3.  Radionuclides per waste container and heat output   

Appendix 1 gives a detailed inventory of radionuclides per CSD-v. I t is assumed that this 
inventory applies to both French and UK canisters. The methodology for determining the  
inventory is explained  below. 
 
Table 3-2 shows the guaranteed maximum values for uranium, plutonium, c aesium and 
strontium per waste container . These maxima are obtained from the technical 
specifications for waste processed in France [AREVA, 2007] and in the United Kingdom 
[BNFL, 2001].  
 
Table 3-2. Guaranteed m aximum values per waste container stored in the Netherlands  

Property  Unit  France United Kingdom 

Uranium  grams 4500 2000 

Plutonium  grams 110 200 

Cs-137  TBq 6600 8000 

Sr-90  TBq 4625 5500 

 
The average isotopic composition of uranium and plutonium for each waste container 
(shown in Appendix 2) and the ingrowth of daughters are used to determine the activity of 
these actinides.  The comment for the values in Appendix 1 is ômax weight and isotopicõ.   
 
In the technical specifications , values in activity typical for a waste container are also 
provided. The typical values used are given in Appendix 1, indicated as ôtypical [AREVA, 
2007]õ. For each waste container, the measured or calculated content of some 
radionuclides is provided . From a batch of 28 containers delivered to COVRA in 2012 from 
La Hague, the maximum radionuclide content is shown in Appendix 1 , indicated as ômax 
batch 28 containersõ. This batch is used as a representative inventory for disposal within 
OPERA. These containers were produced between 1995 and 2002. Some actinides and one 
fission product is not in the reported inventory. A radionuclide content for the actinid es 
227Ac, 242mAm, 243Cm, 246Cm, 247Cm, 248Cm, 244Pu, 229Th, 230Th, 232U, 234U and daughter of the 
uranium series 226Ra is reported for compacted hulls and ends (CSD-c) but not for vitrified 
waste.  
 
The content of plutonium isotopes in vitrified waste appe ars to be empirically similar ,  per 
waste container, to the activity of these isotopes in this compacted waste. Their origin is 
different and therefore it cannot be presumed that the amount of these actinides is similar 
to the content of vitrified waste. Co mpared to compacted hulls and ends, the activities of 
241Am and 243Am are about 104 times larger for vitrified waste. For actinides for which no 
activity has been reported to COVRA, it is assumed that the activity in the  vitrified waste 
is 104 times greater than that in the compacted hulls and ends (except californium). 231Pa 
is not reported in reprocessed waste, but is assumed to be present in reprocessed waste 
because this radionuclide is reported for spent research reactor fuel.  
 
Except for 151Sm, for every non-volatile , longer-lived fission product indicated in Figure 2-2, 
the radionuclide content was reported; the 137Cs activity in Table 3-2 was used to complete 
the radionuclide content for 151Sm. In Appendix 1, as an example for the non-volatile 
fission products in Figure 2-2, the activity expected from the guaranteed maximum from 



 

OPERA-PG-COV023  Page 13 of 39  

137Cs activity is presented along with  the maximum found in the batch. The difference 
between the activities is less than one order of magnitude. Neutron-activated fission 
products such as 145Pm and 152Eu are expected to be present in the inventory as well but 
are not reported.  
 
At the time of disposal in 2130, the reported radionuclide content will contribute about 
90% of the total activity of the waste container. The total activity is the summation of the 
activity of radionuclides for which an activity is determined , see Appendix 1. 
 
The maximum heat production is guaranteed to be less than 2 ,000 W upon arrival on 
COVRAõs premises. The heat production upon disposal ñ after a storage period of at least 
100 years ñ is expected to be maximally 200 W for each container.  
 

3.2.  Spent research reactor fuel  

3.2.1.  Origin of waste and number of packages 

The spent fuel from research reactor s is not reprocessed. Spent research reactor fuel was 
previously sent back to the U SA [Tozser, 2014] as part of the larger US nuclear non -
proliferation policy. This ended in 1996 when a fee was required for accepting foreign 
spent fuel from so -called ôhigh-economy countriesõ,  including the Netherlands ( Foreign 
Research Reactor Spent Nuclear Fuel Acceptance Programme) [Messick, 2006]. Storing 
spent research reactor fuel in the Netherlands became the preferred option at that time .  
 
There are three research reactors that produce or have produced spent fuel for storage at 
COVRA [EA, 2014:p.6 5]:  

¶ The High-Flux Reactor (HFR) 45 MWth in Petten . The HFR is a tank-in-pool type 
research reactor . The core is composed of 33 fuel assemblies and 6 control 
assemblies. The HFR of the Institute for Energy (IE) of the Joint Research Centre 
(JRC) of the European Commission (EC) has been in operation since 1961. The 
Nuclear Research and Consultancy Group (NRG) operate the reactor. 

¶ The Low-Flux Reactor (LFR) 30kWth in Petten . The LFR started operations  in 1960 
and was shut down in 2010. The LFR is property of the Nuclear Research and 
Consultancy Group (NRG). The LFR was used mainly for the production of neutrons 
for biological and physical research.  

¶ The Hoger Onderwijs Reactor (HOR) 2 MWth in Delft .  The HOR is an open-pool type 
research reactor, using MTR-fuel assemblies and low-enriched Uranium-235 (< 20%) 
as fuel. The core is composed of 20 fuel assemblies and 4 control assemblies. The 
HOR reactor of the Interfaculty Reactor  Institute (IRI) of Delft University of 
Technology has been in operation since 1963. 

 
Following international efforts to minimi se and eventually eliminate the use of Highly 
Enriched Uranium (HEU), the conversion from HEU to low-enriched uranium (LEU) fuel  was 
completed in 2005 for HOR and in 2006 for the HFR; the LFR was closed. The conversion of 
radioisotope production targets  to low -enriched uranium  is still ongoing.  In the disposal 
concept, 1 50 ECN waste containers are intended to be disposed of [Verhoef , 2014a]. It is 
presumed that they all contain spent research reactor fuel. The number of waste 
containers containing HEU spent research reactor fuel is considered to be 30, and 120 
waste containers are assumed to have LEU spent research reactor fuel.  
 

3.2.2.  Waste container and matrix  

For the inventory  it is assumed that all spent research reactor fuel has the same 
characteristics as the fuel used for the HFR (a single family) .  The spent fuel from the other 



 

OPERA-PG-COV023  Page 14 of 39  

two research reactors in the Netherlands  ñ LFR in Petten and HOR in Delft ñ compare 
closely to the fuel from  the HFR. Differences include the 235U-mass per fuel and control 
element , and the number of plates per fuel assembly. These differences are not 
considered to have a large impact on the source term for spent fuel.  A distinction, 
however, is made between HEU and LEU fuel. 
 
Table 3-3 shows the main fuel characteristics of fuel used at the High Flux Reactor in 
Petten, and Figure 3-2 shows the schematics of two different spent fuel elements (HEU and 
LEU) and the ECN container.  
 
Table 3-3. Main fuel characteristics of the H igh Flux Reactor in Petten  

Characteristic  HEU LEU Source  

Fuel type  UAlx U3Si2 Ahlf, 1993 & Thijssen, 2006 

Density [g cm-3]  1 4.8 Thijssen, 2006 

Fuel thickness [mm] 0.51 0.76 
Ahlf, 1993 & Dodd, 2000 & 
NRG, 2012 

Fuel length [mm]  600 600 
Ahlf, 1993 & Dodd, 2000 & 
NRG, 2012 

Enrichment BOI [%] 93 19.75 Ahlf, 1993 & Thijssen, 2006 
235U mass in fuel / 
control element [g]  BOI 

450 /310 550 / 440 Ahlf, 1993 & Thijssen, 2006 

235U mass in fuel / 
control element [g]  EOI 

177 /119 200 / 225 Dodd, 2000 & NRG, 2012 

Max burn-up [%] 55% 70% / 60% Dodd, 2000 & NRG, 2012 

Number of plates in fuel 
/ control element  

23 / 19  20 / 17  Ahlf, 1993 & Thijssen, 2006 

Framing materials  Al 
AG3NE or 
equivalent  

Dodd, 2000 & NRG, 2012 

Waste matrix  Al Al 
Ahlf, 1993 & Dodd, 2000 & 
Thijssen, 2006, NRG, 2012 

thickness of Al cladding 
on both sides for  inner 
/outer fuel plate  

0.38 / 0.57  0.38 / 0.57  
Ahlf, 1993 & Dodd, 2000 & NRG, 
2012 

Burnable poison  
1000 mg 10B in 
Al side plates 

40 Cd wires  
(diameter 0.5 
mm) 

Ahlf, 1993 Thijssen, 2006 

BOI : Begin Of Irradiation, EOI: End of Irradiation  

 
Figure 3-1 shows that t he radionuclides are homogeneously distributed , as is the case for 
vitrified waste. In the spent research reactor fuel  the radionuclides are present in the fuel 
meat of the fuel plate in the fuel assembly.  
 
The Highly Enriched Uranium (HEU) fuel assemblies (horizontal cross section 81 mm × 77 
mm, height 924 mm) contains 23 vertically arranged, parallel, curved fuel plates with a 
height of 625 mm. Each HEU plate consists of a layer of aluminium -uranium-alloy meat 
with a thickness of 0.51 mm, aluminium cladding with a thickness of 0.38 mm for the inner 
plates, and 0.57 mm for the outer plates. The fuel meat is thicker in LEU elements, viz. 76 
mm. The length of both the HEU and LEU f uel inside the plates is 600 mm [Ahlf, 1993:p.9].  
 
The thicknesses of the outer and inner fuel plate s are respectively 1.65 and 1.27 mm for 
HEU and 1.90 and 1.52 mm for LEU. Each fuel assembly contains 2 outer fuel plates; all 
other fuel plates are inner plates. The larger thickness of fuel plates for LEU has resulted 
in fewer  fuel plates per fuel element. Figure 3-2 shows cross sections of the assembled 
HEU and LEU fuel element. The neutron absorbers 10B in an aluminium matrix for HEU and 
cadmium wires for LEU are clearly visible.  For each HEU fuel assembly, two flat side plates ,  
together containing 1,000 mg 10B, were used [Ahlf, 1993: p.9 ].  
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Figure 3-2. Schematics of  spent fuel and an ECN container ; dimensions in millimetre s [Kaa,1996 
& NRG, 2012]  

 


