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Serpent
Kristina Moberg

The Monte Carlo code Serpent has been used to model the material flows and
isotope compositions for a lead cooled fast reactor. The demonstration sized training
reactor ELECTRA was chosen for the investigation, and different fuel cycle scenarios
were studied. The scenarios differed in  operation length (3 months, 1 year or 5
years) and recycling technique (single and double PUREX or GANEX).

The simulations gave detailed information on the changes of the isotope composition,
activity and decay heat.   The analysis of the generated waste also showed that the
choice of recycling method had great impact on the final storage time of the waste
from the reprocessing. Performing double GANEX recycling, as compared to single
PUREX, reduced the storage time by a factor of about 3500.

The results can be used for future work related to even more detailed studies of
material flows and for designing an appropriate safeguards system. 
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Sammanfattning på svenska 

Den blykylda snabbreaktorn, LFR (Lead-cooled Fast Reactor), är en av sex Generation IV-koncept 
under utveckling. Kärnbränslet i en LFR, samt i andra snabbreaktorer, kan upparbetas och 
återvinnas många gånger innan det sänds till slutförvar, vilket möjliggör ett mycket effektivare 
utnyttjande av bränslet. För ett kommersiellt GenIV-system fordras utöver en reaktor även 
anläggningar för mellanlagring, bränsleåtervinning, och bränsleproduktion. GenIV-systemen är 
tänkta att kunna möta teknikmål inom fyra områden: hållbarhet, ekonomi, säkerhet samt ökat 
fysiskt skydd och minskad spridningsrisk för det nukleära materialet.  

Syftet med detta examensarbete är att undersöka materialflöden, egenskaper och isotop-
sammansättningar för en blykyld demonstrationsreaktor. Motivationen till det är att det i 
dagsläget är oklart hur dessa kommer att se ut och informationen är avgörande för vidare 
studier samt för att kunna detaljdesigna systemet.   

Den tilltänkta demonstrationsreaktorn ELECTRA (European lead-cooled training reactor), som i 
dagsläget är designad för att fungera som ett nukleärt batteri, dvs utan bränslebyten. Effekterna 
av att ersätta denna enda bränsleladdning med en avancerad bränslecykel har undersökts med 
hjälp av Monte Carlo-koden Serpent, som kan göra utbränningsberäkningar och modellera 
isotopsammansättningarna i bränslet. 

I de olika scenarierna varierades tiden som reaktorn var i drift (3 månader, 1 år eller 5 år) samt 
den upparbetningsteknik som användes för att göra nytt bränsle (PUREX eller GANEX, i en eller 
två omgångar).  PUREX är en vedertagen och kommersiellt använd teknik, som ger rena 
strömmar av plutonium och uran, viket försvårar kärnämneskontrollen. GANEX är en metod som 
är under utveckling och som ska kunna utvinna alla aktinider i bränslet samtidigt.  

Simuleringarna gav detaljerad information om hur isotopsammansättningen, aktiviteten och 
restvärmen förändrades. Analysen av det genererade avfallet visade att valet av 
upparbetningsmetod hade stor inverkan på slutförvarstiden av avfallet från upparbetningen. Att 
använda dubbel GANEX-återvinning, istället för enkel PUREX-återvinning, minskade 
slutförvarstiden med en faktor på omkring 3500.  

Resultaten kan användas för framtida arbeten relaterade till mer detaljerade studier av 
materialflödena och för att designa därtill passande system för kärnämneskontroll.  
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Abbreviations 

ABR– Advanced Burner Reactor  
FBR – Fast Breeder Reactor 
FP – fission products 
GENIUS – Generation IV research in the universities of Sweden 
Gen IV – Generation IV  
GIF – Generation IV Forum 
HEU – High Enriched Uranium 
IAEA – International Atomic Energy Agency 
LFR – Lead-cooled fast reactor 
LWR – Light water reactor 
MA – Minor actinides 
MOX – Mixed oxide fuel 
P&T – Partitioning and transmutation 
PWR – Pressurized water reactor  
UO2 – Uranium oxide fuel 
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1 Introduction 

1.1 Background 

The lead-cooled fast reactor, LFR, is one out of six Generation IV concepts under development. 
The spent nuclear fuel in the LFR, and other fast reactors, can be reprocessed and recycled 
multiple times before being sent to a final repository, and thereby allows for a more efficient 
use of the fuel. For commercial Gen IV reactors, associated facilities for recycling and fuel 
fabrication are required. The vision is that they will meet the technology goals within four areas; 
sustainability, economics, safety and reliability, as well as proliferation resistance and physical 
protection.  

1.2 Purpose 

The objective of this master’s thesis work has been to examine the material flows, properties 
and isotope compositions for a lead cooled fast reactor in the size of a demonstration facility. 
The reason is that it is not yet clear what the material flows will look like in such a fuel cycle, and 
the described information is essential to further studies as well as to the design of the system.  

GENIUS, GENeration IV research In the Universities of Sweden, is a national research 
collaboration between Uppsala University, KTH and Chalmers, aiming at the development of 
technology for operation of Generation IV nuclear reactors.  The project, which is focused on the 
lead-cooled fast reactor, is divided into three focus areas; Safety and security, Fuel development 
and Materials research. Within the frames of GENIUS, a case-study has been done to examine 
alternatives for recycling of the used nuclear fuel.  

A planned demonstration reactor, originally designed as a battery type reactor, has been chosen 
for the investigation and the effects of replacing the single loading of fuel with an advanced fuel 
cycle has been examined.  

1.3 Disposition 

Power generation with both light water reactors and fast reactors is described in chapter 2, 
followed by an overview of Generation IV reactor systems with focus on the lead-cooled fast 
reactor. In chapter 3, the chosen demonstration reactor, Electra, is presented. In chapter 4 there 
is a description of the used nuclear fuel recycling techniques, with some commentary on the 
assumptions done for this study. The simulations are done in the Monte Carlo reactor code 
Serpent, and a description of the implementation of the reactor in the code and the investigated 
scenarios are found in chapter 5. Chapter 6 presents a selection of the results, and the 
conclusions of the work are found in chapter 8. All the results are visualized as graphs and 
included in the appendix. Appendix 1 and 2 are intended for the interested reader and contain 
the Serpent code used as well as a broader range of results from the simulations.  
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1.4 Useful terms 

This chapter explains some of the terms that are frequently used in the thesis. 1 

Cross section 

The likelihood of interaction between particles is quantified as the cross section, describing the 
probability of a specific reaction to take place. The probability is measured in barns; 1 barn 
equals 10-24 cm2.  

Atom and mass numbers 

The atom number is the number of protons in the nucleus, determining which element it is. The 
mass number is the total number of particles, both protons and neutrons, in the nucleus. Nuclei 
within the same element, but with different mass numbers are called isotopes. 

Neutron categorization 

Neutrons that have the same energy as their surroundings are called thermal neutrons, since 
their energy is in the form of thermal energy. This corresponds to energies up to approximately 
0.025 eV. Neutrons are called fast neutrons if their kinetic energy exceeds 1 MeV. There are, 
however, further categorizations of neutrons in the region above, below and between these 
energies, not mentioned in this report.  

Fissile and fertile nuclei 

The term fissile nuclei refer to the nuclei that are able to undergo fission with thermal neutrons.  
Fertile nuclei are the nuclei that can be converted into fissile nuclei by neutron absorption. In 
Gen IV context, where a considerable fraction of the neutrons are fast, the concepts of fissile 
and fertile nuclei become less interesting, since the fast neutrons carry enough energy to cause 
fission also in fertile nuclei.  

Fission products and actinides 

In an operating reactor, fission products and actinides are created.  The fission products are the 
result from the fission of the nucleus. These typically have a mass number between 70 and 160. 
The actinides are the elements with atom number 89 to 103. A subgroup to the actinides is the 
transuraniums, consisting of all elements heavier than uranium.  

Rector poison 

In a thermal reactor, some isotopes created can act as a neutron absorber; there is a high 
probability that the nucleus will absorb a neutron, without a following fission and energy 
release. These isotopes are called reactor poison, since they temporarily decrease the reactivity 
in the reactor.  

Fuel properties 

                                                           
1 Stacey, 2001 
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When discussing the fuel properties, the expressions Pu vector and later actinide vector are 
used. The Pu vector contains a blend of plutonium isotopes given by the properties of the 
reprocessed fuel, i.e. the mass number varies while the atom number is unchanged. The actinide 
vector refers to a blend of actinides, where both atom and mass numbers may vary. 

Activity and decay heat 

The number of decays that take place per time in a sample is called the activity, and it is 
measured in Bq (decays/s). Each decay results in a release of energy, which is called decay heat 
and it is measured in W.  

Radiotoxicity 

When reviewing the long-term harmfulness of spent nuclear fuel, a common measure is the 
radiotoxicity. Radiotoxicity is the product of the nuclide activity and its effective dose coefficient. 
The latter is a measure of how harmful a nuclide is, taking into account the type of radiation and 
where it is absorbed in the human body. Since the effective dose coefficient is measured in 
Sv/Bq, and activity in Bq, which gives that the radiotoxicity of the spent nuclear fuel inventory is 
given in Sv/tHM (Sievert per ton heavy metal, where the heavy metal refers to the fuel).  

 

Figure 1. Radiotoxicity of spent fuel from a light water reactor, LWR, compared to the amount of uranium ore 
needed to create the fuel. 2  

                                                           
2 IAEA, 2008 
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2 Nuclear power reactors 

2.1 Power generation with light water reactors 

In a light water reactor (LWR), the main fuel is the 235U isotope, complemented by 239Pu, which is 
built up in the core while the reactor is in operation.  

The cross sections for fissioning 235U and 239Pu are significantly larger at energies below 1 eV, so-
called thermal energies, than for energies above 1 eV.3 This can be seen in Figure 2. 

 

Figure 2. Cross sections for fissioning 235U and 239Pu. 4 

Neutrons that have been emitted from a fission process have an average energy of 2 MeV.5 In 
order to slow the neutrons down to thermal energies where the cross section for fission is 
larger, a moderator is needed. In the LWR-case, the moderator is constituted of water, and also 
functions as a coolant. Light water reactors and other reactors that utilize a moderator are 
therefore called thermal reactors. 

The build-up of plutonium in the LWR is caused by fast neutrons being absorbed by fertile 
nuclei. This can happen directly or indirectly. Directly through the process when 240Pu converts 
to 241Pu upon neutron absorption. Indirectly when 238U absorbs a neutron and converts to 239U 
which then beta decays to the fissile nucleus 239Pu.6  

In thermal reactors only a small amount of natural uranium, corresponding to the 235U content, 
is used to generate electricity. The amount of 235U is determined by the enrichment which is 
usually 3-5 % in commercial reactors. Most of that will be burnt before the fuel is discarded. 
Additional energy can, however, be released in the fission process of heavier fissile isotopes 
which are built up during operation as well as from the splitting of fertile nuclei by fast neutrons. 
All in all only about 5% of the fuel material is used in a thermal reactor, before the spent nuclear 

                                                           
3 NNDC Sigma, 2011 
4 NNDC Sigma, 2011  
5 KSU, 2005, p. 55 
6 WNA, Fast Neutron Reactors, 2010 



11 
 

fuel is sent to a waste storage.7 The process where the fuel is used only once before it is 
disposed of is denoted an open fuel cycle.8  

One way to retrieve more energy from the fuel is the classical closed fuel cycle, commercially 
used since the 1980’s, where the fuel is reprocessed and some of the uranium and plutonium is 
reused in a mixed oxide fuel, MOX. The reprocessing technique used to create MOX fuel is 
PUREX, described in chapter 4.1. By this recycling, the total energy extracted from the fuel can 
increase by 22%. This also decreases the amount of waste, and reduces the need to mine new 
uranium.9 Within commercial reprocessing, the different uranium or plutonium isotopes are not 
separated from each other and the MOX fuel can also contain reactor poison. The result is that 
in the classical closed fuel cycle, the fuel can only be recycled once, and the core in a LWR 
reactor can only consist of a third of MOX, or less; the remaining must be UO2 fuel.  

2.2 Fast reactors 

A fast neutron reactor has no moderator and is operated with mainly fast neutrons. Instead of 
using 235U as the main fuel, a blend of plutonium or high enriched uranium, HEU, is used. The 
cross section for fissioning 239Pu is similar to that of 235U, but plutonium releases around 25 % 
more neutrons in each fission than uranium does. This gives more neutrons than what is needed 
to uphold the chain reaction, making it possible to have a larger portion of fertile nuclei in the 
fuel. The fertile nuclei will absorb the surplus of neutrons from the fission, so that the amount of 
neutrons in the core remains on the desired level.10  

A fast reactor can be constructed to actually increase the amount of fissile material during 
operation, i.e. have a conversion ratio between fissioning nuclei (“burning”) and creating new 
fissile materials (“breeding”) that is larger than 1. These reactors are called Fast Breeder 
Reactors, FBR. Though fissile materials are needed for the startup on an FBR, it could be 
refueled with only fertile materials such as depleted uranium from enrichment plants. These 
reactors are designed to make fuel for other, non-breeding, reactors, or in worst case for 
nuclear weapon fabrication.10 

If the conversion ratio is lower than 1 the reactor is a burner. Generally, the aim with using 
burner reactors is to fission the actinides and minimizing the radiotoxicity in the waste. These 
reactors are called Advanced Burner Reactors, ABR.11 Burner reactors can therefore be used to 
get rid of nuclear weapons material, waste from LWRs, and other controversial materials. 
Naturally, breeding takes place also in burner reactors, and it can be refueled with both fertile 
materials for breeding and undesirable materials for burning, depending on the conversion 
ratio. 

                                                           
7 Hannum et al., 2005 
8 OECD Nuclear Energy Agency, 2007 
9 WNA, 2011 
10 WNA, 2010 
11 Hoffman, Yang, Hill, 2006 
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It should be noted however, that fast reactors are not necessarily either breeders or burners. If 
the conversion rate is exactly, or very close to, 1 the reactor is said to be self-sustainable; it 
produces as much new fissile material as it consumes.  

It is envisaged that breeder and burner 
reactors are to be used in symbiosis with 
each other or other reactor concepts, as 
using only breeding reactors will increase 
the Plutonium burden in the world, and 
using only burning reactors will be 
unsustainable in the long-run. An ideal 
system could include both FBRs and ABRs in 
such a proportion that the FBRs run on  
bulk storage of depleted uranium, while the 
ABRs burn up the built up actinides from 
FBRs, spent fuel from reactors with open 
and classic closed fuel cycles, as well as 
weapon materials. This will result in a 
reactor system that requires minimal 
mining and enrichment, and produces 
waste that needs to be stored less than 
thousand years.12 An earlier adaption of the 
symbiotic fuel cycle is the use of fast 
reactors along with the thermal reactors of 
today, where plutonium, uranium and 
minor actinides are recycled and reused. 
This results in the same type of waste as 
above, but demands some mining and 
enrichment, as described in Figure 3. 13 

The idea of reactors with fast neutrons is not new, about 20 civilian fast reactors have already 
been operated and this has collected over 400 reactor-years of experience in the field. In fact, 
the world’s first electricity generating nuclear reactor was the American Experimental Breeder 
Reactor 1, EBR1, which operated between 1951 and 1963. A lot of work has been done on 
sodium-cooled fast reactors in France; the commercial fast reactor Superphénix, SPX, operated 
during the years 1985-98. It was developed from the smaller test reactor Phénix, 1973-2009, 
and both were breeder reactors. Two examples of planned fast reactor projects are the actinide-
burning sodium-cooled ASTRID (Advanced Sodium Technological Reactor for Industrial 

                                                           
12 Wallenius, 2011, private communication 
13 Generation IV International Forum, 2002, p. 14 

Figure 3. Flowchart over a symbiotic fuel cycle, including 
both thermal and fast reactors.  
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Demonstration) in France and the lead-cooled MYRRHA (Multipurpose Hybrid Research Reactor 
for High-tech Applications) in Belgium. 14 

When the discarded fuel from a light water reactor is removed from the reactor and sent to final 
storage it contains long-lived actinides, making it radiotoxic for a long period of time. The fast 
reactor would instead utilize the advanced closed fuel cycle15, where uranium, plutonium and 
minor actinides is recycled. In each cycle the actinides are separated from the spent fuel and 
recycled, while the fission products becomes a waste that only needs a couple of hundreds of 
years to reach as low radiotoxicity as natural uranium, compare the FP-curve with the curve for 
the radiotoxicity for the total spent fuel in Figure 1. 

2.3 Generation IV reactor concepts 

While nuclear power plants in Sweden today are categorized ad being of the Generation II type, 
further developed Generation III reactors are constructed around the world. The research 
society however, is focused on the next generation of nuclear energy systems which are, by 
visible logic, called Generation IV.  The Generation IV International Forum, GIF, is a collaboration 
that focuses on establishing what the next generation of nuclear reactors should be like. GIF 
consists of 13 members; 12 countries and The European Atomic Energy Community, Euratom, of 
which Sweden is a part.16 What define the concept of Generation IV are eight technology goals, 
divided into four areas.17  

• Sustainable nuclear energy 
Gen IV systems must meet environmental objectives, such as minimizing air pollution, 
making the systems available for a long time and utilizing the fuel more efficiently.   
Gen IV systems must also reduce the burden of managing the nuclear waste. This is 
done both by minimizing the amount of waste and by shortening the time during which 
the nuclear waste is hazardous.  
 

• Competitive nuclear energy 
Traditionally, nuclear power plants have been associated with both large financial risks 
and large investments. For Gen IV systems to be able to compete with other energy 
sources the life-cycle cost must be lower than for other alternatives. Lowering building 
costs is one part of this, another is to make the life-cycle costs lower by making the 
systems long-term available. Energy production cost could be lowered by producing e.g. 
district heating or connecting the power plant to hydrogen or desalination plants.  
 
 
 

                                                           
14 WNA, 2010 
15 OECD Nuclear Energy Agency, 2007 
16 Generation IV International Forum, 2011 
17 Generation IV International Forum, 2002, p. 1-7 
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• Safe and reliable systems 
By including passive safety features, the reactor designs will be improved with regards 
to risks of core damage, and to possible consequences of such damages. Accident 
management will be improved, both in regard to technology and human performance, 
thus reducing the need for off-site emergency response. Along with making the safety 
systems transparent and understandable for non-experts, this will increase the 
confidence of the public in the safety of nuclear power.  
Reliability refers to the consistency of operation; if nuclear power is to increase its share 
of the energy mix, the energy source must be dependable at all times.  
 

• Proliferation resistance and physical protection 
When creating new nuclear energy systems, there is a unique opportunity to design 
these to withstand external threats from the beginning, compared to today’s systems 
where new safety features have been added on. The new facilities will be equipped with 
security systems against natural disasters and accidents, new advanced systems against 
deliberate threats such as sabotage or terrorism, as well as increased diversion 
resistance for nuclear material. 

In 2002, six reactor concepts were chosen by GIF for further research and development. These 
are: 

• Lead-cooled fast reactor systems, 

• Gas-cooled fast reactor systems, 

• Molten salt reactors, 

• Sodium cooled fast reactor systems, 

• Supercritical water cooled reactor systems, and 

• Very high temperature reactor systems. 

Further information on these nuclear energy systems can be found in the Generation IV 
Technology Roadmap18. 

 

2.3.1 The Lead-cooled Fast Reactor, LFR 
There are different visions of how lead-cooled fast reactor systems will be designed. One idea is 
to create battery-type reactors, sized 50-150 MWe, which could be transportable and run for 15-
20 years until refueling is needed. Another is to build large plants at 1200 MWe, possibly with an 
energy demanding industry close by.   

The coolant can be either pure lead or a lead-bismuth eutectic, LBE. Pure lead has a higher 

boiling point than LBE, permitting a higher outlet temperature from the reactor (up to 800°C 

compared to 550°C with LBE) and therefore enabling high-temperature demanding applications, 

                                                           
18 Generation IV International Forum, 2002 
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such as hydrogen production. On the other hand, it also has a higher melting point, increasing 
the risk of freezing in the coolant loop. Pure lead is less corrosive than LBE, easing the 
development of the new pump materials that will be needed to build pumps that can withstand 
the erosion that a lead coolant loop make up.19 

For all designs, the coolant will be flowing through the core either by natural or by forced 
circulation, i.e. with the aid of pumping devices. Natural circulation can be achieved due to 
lead´s large absolute expansion coefficient; the temperature difference between core and heat-
exchanger causes density differences that are large enough to drive the lead around the coolant 
loop.20  

Figure 4 shows the typical concept for a full-size LFR.  

 

Figure 4. A LFR system, as a general concept 21 

  

                                                           
19 Generation IV International Forum, 2002 
20 Wallenius, Suvdantsetseg, Fokau, 2011 
21 Generation IV International Forum, 2002, p. 27 
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3 Electra 

In order to exemplify the developed Gen IV techniques, the lead-cooled test reactor Electra 
(European lead-cooled training reactor) 22 may be used. Electra is a low power reactor intended 
for education and training purposes. One of the design objectives is to achieve complete decay 
heat removal by self-circulation of the lead coolant, while ensuring enough power density to 
keep the coolant in a liquid state.  

3.1 Fuel 

To ensure that the coolant can self-circulate, without the use of pumps, the pressure drop from 
flowing through the core must be minimal. Therefore a compact design is necessary. Due to this 
design and the hard energy spectrum, the fuel must be based on either plutonium or HEU to 
reach initial criticality. Since the use of HEU is prohibited for non-proliferation reasons, the core 
will be loaded with plutonium based fuels. The CONFIRM project (Collaboration On Nitride Fuel 
Irradiation and Modelling)23 have indicated that (Pu,Zr)N fuel  have good neutron economy and 
high fission gas  retention properties , which makes it a plausible candidate for the Electra core. 

24 While natural nitrogen consists of mainly 14N and only 0.015% 15N, the nitrogen used for 
Electra is planned to be enriched to 90% 15N, since this decreases helium gas production during 
operation.25  

It is envisaged that the (Pu,Zr)N-fuel in the original Electra design will be manufactured from 
spent PWR uranium oxide fuel with a total burnup of 43 GWd/tHM, resembling typical spent 
fuel available at the Swedish interim storage for spent nuclear fuel (CLAB). The PWR fuel will be 
reprocessed and fabricated into (Pu,Zr)N-fuel and then stored two more years before being 
loaded into the Electra core26. The extra storage time after the reprocessing gives the initial fuel 
vector realistic levels of Am, which is a product from beta decay of 241Pu. 

The Electra fuel is foreseen to consist of 42% ZrN and 58% plutonium, expressed in terms of the 
total mass, and have a density of 9.44 g/cm3. The initial isotope composition of the plutonium, 
i.e. the initial fuel vector, is presented in Table 1.  

Isotope 238Pu 239Pu 240Pu 241Pu 242Pu 241Am 

Mass fraction [%] 2.01 30.0 13.8 6.82 4.62 0.699 
Table 1. Mass fractions of plutonium isotopes in the Pu-vector for the Electra fuel 

The plutonium isotope composition changes during the fuel cycles, while the composition of the 
ZrN-part remains the same in all simulations.  

                                                           
22 GENIUS, 2010 
23 CONFIRM, 2008 
24 Bernardini, 2010 
25 Wallenius, Suvdantsetseg, Fokau, 2011 
26 Wallenius, Fokau, 2009 
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3.2 Properties of the reactor 

A suitable core geometry has been determined based on the properties of the intended fuel in 
Monte Carlo simulations 27. The core is hexagonally shaped, and consists of 397 fuel rods. The 
active core height is 30 cm, and combined with gas plenums and end pellets, the total core 
height is 48 cm. An illustration of a cross section of the core in the Serpent code can be seen in 
Figure 5.  

 

Figure 5. Cross section of the compact hexagonal Electra core (pink area in the center), surrounded by circular 
absorber/reflector drums, consisting of a half cylinder of boron carbide (in purple) and a half cylinder of steel (in 
green). The drums contain the shut-down assemblies, made of 37 boron carbide absorber pins (purple). 

The active core is the compact hexagon shown in the centre of the figures. In the dense core, 
there is no space left for either control rods, or coolant channels. The control rods are instead 
placed right outside the core, inside the absorber/reflector drums. These control rods are used 
only for shutting down the reactor; only the drums are used to operate the reactor.  

The rotating drums follow the design of the Advanced Test Reactor in Idaho28, where one half of 
the cylinder consists of the neutron absorbing material boron carbide and the other half of steel, 
giving the core some extra shielding and acting as neutron reflectors. By rotating the absorber 
part of the drum away from the core, the reactivity loss from the burnup of the fuel is 
compensated for.  

                                                           
27 Wallenius, Suvdantsetseg, Fokau, 2011 
28 INL, 2009 
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Both the shut-down assemblies and the absorbing part of the drums consist of enriched boron 
carbide.  Since these materials are buoyant in the lead coolant, the shut-down assembly is 
placed below the core.29 

 

Figure 6. Full view of Electra, from above (left) and from the side (right). The shut-down assemblies are withdrawn, 
i.e. removed, in the figures.  

The nominal power of Electra is 0.5 MWth, and that power can be entirely removed by natural 
circulation. With a forced flow of the coolant, i.e. including pumps in the coolant circuits, the 
power can be raised to approximately 2 MWth.30 

 

  

                                                           
29 Wallenius, Suvdantsetseg, Fokau, 2011 
30 Wallenius, private communication, 2011 
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4 Recycling of spent nuclear fuel 

The idea to re-use some of the spent fuel from a nuclear reactor has been around since the first 
reactors were built.  

The initial objective was to extract plutonium from reactors dedicated to produce weapons 
grade materials, and later to extract more energy by using the fuel one more time in the form of 
MOX fuel.  The process of recovering uranium and plutonium from spent nuclear fuel is referred 
to as reprocessing. 

The future reprocessing techniques are foreseen to be so refined that virtually all other 
actinides are recovered in addition to uranium and plutonium; this is referred to a recycling the 
spent nuclear fuel. The waste would then consist of, in principle, only fission products. 

4.1 PUREX 

The PUREX, Plutonium Uranium Redox Extraction, process was developed during the Manhattan 
project, as a means to extract plutonium and uranium from spent nuclear fuel31. When PUREX 
was developed it was considered a strength that it produced pure streams of plutonium and 
uranium separately, so that the plutonium could be used for nuclear weapons production. 
Today this is instead highly undesirable from a nuclear safeguards point of view. 

PUREX reprocessing uses a liquid-liquid extraction process. The technique uses two liquids that 
are immiscible with each other. One liquid is water based, i.e. an aqueous phase, and it is very 
acidic in order to dissolve the fuel. The other liquid is organic, i.e. behaves like oil, and will 
separate from the aqueous phase and lay on top of it. The organic phase consists mostly of a 
diluent, in which an extractant is solved. For the PUREX process this extractant is called TBP, tri 
butyl phosphate. 32 

With great simplification, the two liquids are mixed, whereby the extractant comes in contact 
with the fuel that is dissolved in the aqueous phase. The liquids are separated, e.g. with a 
centrifuge, and the desired atoms (uranium and plutonium) leave the aqueous phase and are 
extracted into the organic one. 33 

The commercial PUREX method has a 99.9% separation rate, i.e. it is able to separate 99.9% of 
the uranium and plutonium from the solution.  

                                                           
31 Anderson, Asprey, 1960 
32 Aneheim, 2010, p. 9-15 
33 Löfstöm-Engdahl, Aneheim, private communication, 2011 
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4.2 GANEX 

The abbreviation GANEX stands for Group ActiNide EXtraction, referring to that not only 
uranium and plutonium, but all the actinides are extracted simultaneously. This way, a material 
stream of pure plutonium will never exist, and that is desirable from a safeguards point of view.   

There are a few different varieties of the GANEX method, all with the ambition to extract all 
actinides as a group. The method referred to in this report is developed at Chalmers, and just 
like PUREX it is a liquid-liquid extraction process. It uses another extractant, a group of 
molecules called BTBP, bis-triazin-bi-pyridine. Different combinations of BTBP molecules are 
investigated, in order to find an extractant with optimized properties in, among others, 
separation ability, solubility, kinetics of extraction and stability towards irradiation.34  

Though the method is still in its developing phase, it is the chosen recycling method in this 
study. Since the commercial reprocessing plants of today have a recovery rate of 99.9%, it is 
presumed that GANEX will also reach this level of recovery before being implemented on a large 
scale. Therefore this recovery rate is used in the analysis.  

There are however a few other issues to solve before any recycling can be done for the (Pu,Zr)N 
fuel used in Electra:35 

• ZrN based fuels have, in many aspects, excellent properties when residing in an 
operating reactor but can cause problems in recycling, since they are hard to dissolve. 
This is the focus of studies performed at the Paul Scherrer Institute, PSI.36 
 

• While natural nitrogen consists of mainly 14N and only 0.015% 15N, the nitrogen used for 
Electra is planned to be 90% enriched in 15N, since this reduces helium gas production 
during operation. When recycling the fuels, the 15N must also be recycled, and cleared of 
the radioactive isotopes that are built up in the reactor.  
 

• For GANEX it may be an issue with the high levels of plutonium in the fuel. When the 
dissolved fuel is mixed with the extractant, this might cause plutonium precipitation. 
The simplest way to solve this would be to make a PUREX reprocessing before the 
GANEX step, to remove most of the plutonium. Unfortunately, this would also cause an 
undesirable pure plutonium stream. Alternatively, the aqueous phase can be diluted 
until the plutonium levels are low enough to work with, with the side effect that some 
actinides might be so diluted that the separation rate is lowered.   

                                                           
34 Aneheim, 2010, p. 17-19 
35 Löfstöm-Engdahl, Aneheim, private communication, 2011 
36 Streit, 2011  
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5 Method 

5.1 Implementation of the Electra core in the Serpent simulation 
code 

The Monte Carlo reactor physics calculation code Serpent37 is used for the simulations. The 
developers at VTT Technical Research Centre, the applied technology research organization I 
Finland, describe Serpent “A continuous-energy Monte Carlo reactor physics burnup calculation 
code”. The version of Serpent used for this work is version 1.1.14 from November 16, 2010.38  

The advantages of Serpent are that it is very fast compared with other Monte Carlo codes, and 
at the same time able to perform complicated three-dimensional full core calculations. The 
burnup calculations can be very detailed, down to assembly-level. Burnup calculations are 
generally quite heavy and time-demanding, and the Serpent programmers have made an effort 
to reduce the calculation times. The drawback is a very high demand of memory.  

When designing a core or a reactor in Serpent, the geometries are based on so-called pins, 
which are infinite cylindrical shapes, where the user can add layers of different radii. To create 
the geometry of a core or a reactor, these pins are assigned start and end points, and placed in 
grids to constitute the repetitive pattern that is typical for a nuclear reactor core. The design for 
a full-size reactor is a complicated geometry, and to create Electra, the geometry for the reactor 
is set using grids within larger grids.  

In this study, a simpler geometry is used instead; the full core is replaced with a single fuel rod. 
This is done because assigning a certain power or power density, when using grids within grids, 
returns an incorrect fuel mass. The fuel rod is given periodic boundaries; when a neutron leaves 
the boundaries on one side of the assigned area around the fuel rod, it immediately shows up 
on the opposite side again. This makes the single fuel rod appear as an infinite core. As the 
original core is so dense and well shielded, the behaviour of the original and infinite core can be 
regarded as similar.  

The nominal power of the full Electra core is 0.5 MW, and from that the power density 
7.39E-3 kW/g is calculated, which is the power density that is used in all simulations. The 
modified code of the single fuel rod can be found in appendix 9, for one of the tested cases. 

                                                           
37 PSG2 / Serpent, 2011 
38 http://montecarlo.vtt.fi/updates/update1.1.14.htm 
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Figure 7. One Electra fuel rod. Starting from the center, it consists of fuel material, insulator pellets, gas plenums 
and end caps. 

The fuel rod is implemented according to the original drawings of Electra. The lower gas plenum 
is larger than the upper; apart from that the fuel rod is symmetric. The largest part in the center 
(in pink) is the fuel, ended by two insulator pellets (in brighter pink) which consists of only ZrN. 
The following gas plenums (in pale yellow), have the purpose of giving room to fission products 
seeping out of the fuel pellets. The whole rod is enclosed in a wrapper tube, made of steel. At 
the tips of the rod, the rod is sealed off with two end caps, consisting of the same cladding 
material as the wrapper tubes. 39 

5.2 Fuel cycle alternatives 

In this study, twelve fuel cycle scenarios are investigated by varying two parameters; the length 
of reactor operation and recycling method.  

A fuel cycle is defined as the time from one core loading until the next, and an operation cycle is 
the time from starting the reactor until shutting it down again. Three different operation cycle 
lengths are used; three months, one year and five years.  

One fuel cycle includes two years cooling of the fuel before startup, corresponding to the time 
needed for transportations and fuel handling. This results in a reasonable amount of 241Am in 
the core. The reactor then operates with full power for three months, one year or five years. To 
let the decay heat wear of, the fuel is then left to cool off for five years before it is taken to a 
recycling plant, where it is reprocessed either with the PUREX or GANEX method and then taken 
back to the reactor, thus completing a cycle. The generated waste, consisting mostly of fission 
products, is removed during the recycling step. 

The fuel cycle is visualized in Figure 8, where the operation cycle time is shown by the three 
arrows between “Reactor is started” and “Reactor is stopped”. 

                                                           
39 Wallenius, Suvdantsetseg, Fokau, 2011 
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Figure 8. The fuel cycle. From the time that the fuel is ready, two years pass until the reactor is started. The 
operation time is one of the changing parameters. When the reactor is stopped, it rests for five years before it can 
be moved to a reprocessing plant. The reprocessing method is the other parameter that changes the simulations. 
The reprocessing is the step that produces waste.  

The chosen recycling methods are PUREX and GANEX, as described in chapter 4. By applying 
these recycling methods either one or two times, the recovery rate becomes either 99.9% or 
99.9999%. This gives four different recycling alternatives; single PUREX, double PUREX, single 
GANEX and double GANEX.  

The recycling processes are shown in Figure 9. By sending the spent fuel to PUREX reprocessing, 
all fission products, MA and 0.1% (or 0.001%) of plutonium are sent to the waste. Very small 
amounts of uranium are also built up, but they are not extracted in this work. In the GANEX 
case, all actinides are considered to have the same separation rate of 99.9%, and the remaining 
0,1% join the fission products in the waste. During the separation, 100% of the fission products 
are calculated to go into the waste, leaving no traces in the new fuel. In the PUREX reprocessing, 
his also counts for the MA.  

The double reprocessing means that after the first round, the material which would be 
considered as waste is sent back to another round of reprocessing. Note that the output from 
the reprocessing is called a “Pu vector” or “actinide vector” since they have a different isotope 
composition than in the last cycle. 
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Figure 9. The four recycling options. The recaptured materials are shown in red boxes and the waste is shown in 
blue ellipses.  

Table 2 shows the number of fuel cycles that are simulated for each of the twelve fuel cycle 
alternatives. 20 cycles are chosen for detailed studies of the operation cycle time of one year, as 
well as for studying single PUREX processing for the three months and five years operation 
cycles. For the remaining cases, 10 cycles are considered sufficient to determine whether or not 
there exist any fundamental differences compared to the one year operation cycle time.  

[no. of fuel cycles] 3 months 1 year 5 years 

PUREX 20 20 20 

Double PUREX 10 20 10 

GANEX  10 20 10 

Double GANEX  10 20 10 
Table 2. Number of fuel cycles simulated for each recycling scenario 

For this study, all simulations start out with the fuel described in section 3.1. In each cycle there 
are four measuring points where the total isotope composition of the fuel is obtained. These 
four measuring points are: at reactor loading; at reactor startup after two years; at reactor 
shutdown after three months, one year or five years; and at reactor discharge after another five 
years. Note that the measurement points correspond to the four steps in fuel cycle in Figure 8.  
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5.3 Analysis   

In the study, two types of output files from the Serpent code are used. One is the main output 
file which is written as a Matlab m-file, and includes all results that are calculated by default, 
such as e.g. parameters for burnup calculation. The other type of file is the bumat-file, for “burn 
up materials”, which is a list of all isotopes in the fuel, given as mass fractions.40 

Seven parameters are regarded from the main output file; actinide activity; fission product 
activity; total activity; actinide decay heat; fission product decay heat and total decay heat. The 
isotope composition in the bumat-files gives the contents of the waste and the new fuel for the 
next cycle. 

To create plots of how the radiotoxicity changes over time, the Matlab program RadTox41 is 
used. The main object of the program is to easily compare radiotoxicity in waste from different 
partition and transmutation, P&T, scenarios with each other. In this study, however, only the 
radiotoxicity calculations and plotting functions are used. The input to the RadTox program is a 
list where the concentrations of the isotopes are given as g/tHM. In the RadTox program, 78 
isotopes are specified with half-life and effective dose coefficient, which is all that is needed to 
plot the radiotoxicity. There is also a reference level, which shows the radiotoxicity of the 
amount of natural uranium that would be needed to produce a ton of UO2 fuel. The enrichment 
for the reference UO2 fuel in this study is 4 %.  

 

  

                                                           
40 Leppänen, 2010, 
41 Holm, 2011 
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6 Results 

This chapter includes graphs over the isotope composition of the fuel, the activity and decay 
heat in the core, the waste volumes from the reprocessing and the radiotoxicity of the waste. 
The figures in sections 6.1 - 6.3 have “number of cycles” on the x-axis, showing the values from 
the same four measuring point in each cycle. In section 6.4 the x-axis is changed to a logarithmic 
timescale. 

As the scenarios with one year cycle time was chosen for detailed studies, and no fundamental 
differences exist for the shorter or longer operation times are visible, all results shown in this 
chapter are from the one year cycle time. Figures of results from the other scenarios can be 
found in appendix 10.  

6.1 Isotope composition of the Electra core 

The isotope composition in the fuel is calculated as the fuel is taken from the reprocessing plant. 
Figure 10 shows how the plutonium content of the fuel changes with the number of cycles for a 
cycle length of one year and single PUREX reprocessing.  

Each bar shows the share of the plotted isotope as a part of the whole (Pu,Zr)N fuel mass. Note 
that the Pu vector only sums up to 58% of the whole fuel, and that the bars from each cycle 
therefore add up to just 58%. The last subfigure shows the content of the isotopes that are not a 
part of the original fuel, but are built up during operation. In the PUREX cases, this means that 
subfigure f) only consists of other plutonium isotopes plus the 241Am added from the original 
fuel, since all other actinides, fission products and ZrN are removed. For the GANEX cases this 
fraction is of course larger. 
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Figure 10. Plutonium isotopes in the fuel from the reprocessing of each cycle, where the fuel is made by a single 
PUREX reprocessing and the cycle length is one year. Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 
242Pu and f) represents actinides built up during operation.  

 

 

a) b) 

c) d) 

e) f) 
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Figure 11 shows how the isotope composition changes per cycle when single GANEX is used. 

 

Figure 11. Plutonium isotopes in the fuel from the one year cycle length and single GANEX reprocessing, where a) 
represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during operation. 

 

a) b) 

c) d) 

e) f) 
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6.2 Activity of the Electra core 

The activity of the core is a default output from the Serpent simulations. It gives an indication of 
whether or not the simulations give a realistic result and are reliable. The activity also affects 
the waste management. A too high activity makes the waste difficult to handle and transport. 
On the other hand, a high activity may act as a proliferation barrier, making the waste difficult or 
impossible to remove by other means than remote handling. 

 The total activity in the core is studied for each of the twelve scenarios. The largest contribution 
of activity comes from the fission products, FP, which are created during operation in each cycle. 
The rest of the activity comes from the actinides, which are always present in the core at a 
varying level. In all activity figures, the unit on the y-axis is TBq.  

 

Figure 12. The total activity of the core, for twenty cycles with one year operation time and GANEX reprocessing. 
Activity from the actinides and from the fission products sum up to the total activity of the core.  

 

6.2.1 Fission product activity 
The studies show that the activity due to the fission products does not vary substantially 
between the different scenarios, nor between the different cycles. Figure 13 shows the resulting 
FP activity for a cycle length of one year and recycling with double GANEX and single PUREX, 
respectively. The other ten scenarios yield very similar results. 

For each cycle there are two bars in figure, though one is so small that it is hardly visible in the 
figure. The high bar corresponds to the measuring point where the FP activity is the largest, i.e. 
at the end of operation, and the lower one is for five years later, when the fuel is taken out for 
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recycling. In the two first measuring points during a cycle there are no fission products, and 
therefore no activity either.  

 

Figure 13.FP activity for one year cycle time with different reprocessing scenarios; double GANEX (left) and single 
PUREX (right) respectively.  

The lack of variation in the FP activity is an indication that the results from the simulations are 
reliable. The isotope composition is expected to be the same for all scenarios, since the amount 
of fission products is dependent on the reactor power and not the reprocessing technique, given 
that such techniques separate fission products equally well. 

 

6.2.2 Actinide activity 
The actinide activity, which means the activity from only the actinides in the core, behaves quite 
similarly in all scenarios; it decreases drastically during the first few cycles, and then steers 
towards an equilibrium level, as seen in Figure 14. 

For each cycle there are four bars, one for each measuring point. There is one difference 
between the GANEX and the PUREX case; for all GANEX cases the third bar is higher, indicating a 
larger activity at the moment the reactor is shut down. 
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Figure 14. Actinide activity from the one year cycle time with double GANEX (left) and double PUREX (right) 
reprocessing.  

In section 6.1, it can be seen that the isotope 241Pu decreases very much during the first few 
cycles, before it reaches an equilibrium level. This decrease corresponds to the decrease of 
activity that can be seen in the actinides; 241Pu, which stands for a great part of the activity, beta 
decays into 241Am, which has a much longer half-life and therefore do not contribute with as 
much activity. 
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6.3 Decay heat 

When shutting a reactor off, the core continues to generate heat for some time. This effect is 
decay heat production and the heat is measured in the unit watt (W). 

Immediately after the reactor is shut down, the power of an LFR is 5-6 % of the full power.42 In 
Figure 15, the decay heat from shutting down the reactor in the first cycle is 28000 W, which is 
5.6 % of the full power 0.5 MW, and therefore within the expected range. 

Since the power is the same for all scenarios, the total decay heat is not expected to vary much 
with recycling method or cycle time. The fission product decay heat should not vary at all, while 
the decay heat from the actinides depends of recycling methods and buildup during operation.  

 

Figure 15. The total decay heat from fuel produced with GANEX, with a fuel cycle time of one year. 

 

6.3.1 Fission product decay heat 
For the FP decay heat, the same can be said as for FP activity (see section 6.2.1); the decay heat 
levels are steady and essentially the same for all cycles. Figure 16 shows two different cases that 
display the range of obtained results. There are two bars for each cycle; from when the reactor 
is shut down and after five years of cooling. Note that the long cooling time makes the decay 
heat so low, that it is almost not visible in the figure.   

                                                           
42 Shwageraus, Hejzlar, 2009 
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Figure 16. Decay heat from the fission products, in the one year operation time scenario with GANEX (left) and 
PUREX (right) reprocessing, respectively. 

 

6.3.2 Actinide decay heat 
Regarding the activity from the actinides there is a substantial difference between the PUREX 
and GANEX cases; see Figure 17. In both cases the activity when the reactor is shut of is higher 
than at all other times in the same cycle. One should also note that first cycle in both the GANEX 
and the PUREX case are identical, since they start out with the same fuel.  

In the PUREX case the activity gradually decreases for each cycle. In the GANEX case on the 
other hand, the activity initially increases, and after a few cycles it starts to decrease.  The larger 
decay heat in the GANEX case is explained by the fact that is contains more actinides, specifically 
241Am, which during operation can absorb a neutron and beta decay into 242Cm, an isotope that 
greatly contributes to the decay heat production. The large difference between startup and 
shutdown activity in the GANEX case is also due to the higher content of actinides.  
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Figure 17. Actinide decay heat from one year operation time, with a) single GANEX reprocessing and b) single 
PUREX reprocessing. 

 

a) 

b) 
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6.4 Waste analysis 

6.4.1 Volumes of waste 
The recycling of spent nuclear fuel creates waste. The highly radioactive part of the waste 
generated for each cycle consists of all the fission products, and the share of the actinides not 
recaptured in the recycling.  

The recycling creates different types of waste. Some parts of it are associated with the large 
amounts of diluents, mentioned in section 6.2, which must be sent to final storage. Exactly how 
much diluent that is needed is difficult to predict, partly because there are additional methods 
to evaporate some of the liquid before sending it to storage. Also the metals from the 
reprocessed fuel pellets, zirconium and nitride, becomes waste and since the fuel is highly 
enriched with N-15, it would be untenable to discard it for each cycle.43

 

 The focus of the studies here is however the highly radioactive waste, containing the fission 
products and the actinides not recaptured in the recycling process. Among the general results 
are that longer operation time results in more FP and thus a larger mass of total waste. Another 
result is that the total mass of actinides in the waste is lower for GANEX than for PUREX, since 
GANEX recaptures 99.9% of the actinides, while PUREX only recaptures the plutonium. 

Results on the waste generated from cycle 10 of each scenario can be seen in Table 3. The 
headline “Total waste” refers all materials that are not sent back to the new fuel; this also 
means the zirconium and the nitride. The following three columns, denoted ”Reprocessing 
remnants”, “FP (and MA built up during operation)” and “Total actinides” are fractions of the 
first, highlighting specifically interesting aspects. 

 “Total waste” in Table 3 refers to that all the waste from one round of reprocessing, including 
zirconium, nitrogen, fission products and actinides.  “Reprocessing remnants” denotes the 
amount of isotopes that are not taken back to the fuel due to the extraction rate of 99.9% or 
99.9999% (for single and double reprocessing respectively). The remnants from PUREX are 
therefore 0.01 % or 0.0001 % (for single and double reprocessing) of the plutonium from the 
core, and the remnants from GANEX are 0.01 % or 0.0001 % of both plutonium and minor 
actinides. 

For all cases, ”FP (and MA built up during operation)” denotes the material that is completely 
removed from the spent fuel during each cycle; this corresponds to all fission products for both 
reprocessing techniques, but also contains actinides for the PUREX case. For understandable 
reasons the content of this column increases for each cycle.  

“Total actinides” collects all actinides in the waste from each reprocessing. For PUREX, this 
corresponds to all actinides from the latest cycle, since none are recycled, and for GANEX the 
amount of total actinides coincides with the amount of leftovers in “Reprocessing remnants”. 

                                                           
43 Wallenius, private communication, 2011 
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Method and 
cycle length 

Total waste  
[g] 

Reprocessing 
remnants  
[g] 

FP (and MA 
built up during 
operation) [g] 

Total actinides 
[g] 

PUREX  

3 months 49481.58 67.3 353.39 378.3 

1 year 49630.69 67.2 492.45 387.7 

5 years 50493.18 66.3 1302.3 516.3 

Double PUREX  

3 months 49473.28 0.0639 345.02 302.6 

1 year 49622.13 0.0687 483.95 312.1 

5 years 50514.28 0.0682 1323.3 471.2 

GANEX  

3 months 49238.72 67.6 42.460 67.61 

1 year 49378.11 67.5 171.90 67.47 

5 years 50111.28 66.7 852.49 66.74 

Double GANEX  

3 months 49171.18 0.0673 42.460 0.06731 

1 year 49310.71 0.0675 171.91 0.06747 

5 years 50044.64 0.0675 852.54 0.06747 
Table 3. Waste from reprocessing the 10th cycle of each scenario, measured in grams.  

Cycle 10 was chosen as a typical cycle. It can, however, be noted that in the first cycle, the 
amount of removed FP is higher than for later cycles, due to the fact that the fuel is allowed to 
cool 2+2 years (before the reactor start up and as a first step in each fuel cycle, respectively) 
This leaves twice the time for natural decay of the isotopes, compared to all other fuel cycles, 
and results in increased amounts of 241Am and in turn also of the amount of actinides in total. 

The graphs of FP activity in Figure 13 and decay 
heat in Figure 16 indicate that the composition of 
the FP isotopes is similar between the cycles. This 
is supported by Figure 18, which displays the 
amount of 137Cs, as an example of the contents of 
the FP.  

 

Figure 18. The amount of 137Cs in the fuel discharged from 
the reactor.  
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6.4.2 Radiotoxicity of the highly radioactive waste 
The figures in this section are produced in the RadTox program44 described in section 5.3. Waste 
from cycle 10 is used as an example in all figures, in order to make them comparable. The 
graphs from other operational cycle lengths can be seen in appendix 0.  

The dashed line in Figure 19 is a reference level, which marks the radiotoxicity of the amount of 
natural uranium needed to produce 1 t of UO2 fuel with 4 % enrichment.45 It is used to find out 
after how long time the spent fuel has reached the same radiotoxicity level as that of natural 
uranium. 

 

Figure 19. Waste from cycle 10, with 1 year cycle time and a) single GANEX reprocessing, b) double GANEX 
reprocessing, c) single PUREX reprocessing and d) double PUREX reprocessing. The point where the radiotoxicity 
reaches the reference level is marked with a line to the x-axis. 

The results displayed in Figure 19 show that while there are virtually no differences in doing a 
reprocessing once or twice when studying isotope compositions or activities in the core, there 
are distinct differences in the waste produced from the reprocessing. The radiotoxicity of the 

                                                           
44 Holm, 2011 
45 Magill et al., 2003 

d) c) 

a) b) 
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waste generated from the single GANEX method reaches below the reference level quicker than 
any waste from PUREX reprocessing, but the time it takes is much closer to PUREX as to double 
GANEX recycling. The point where the radiotoxicity reaches the reference level is shown in  
Table 4. 

Reprocessing method Years  
single GANEX  35 000 
double GANEX  175 
single PUREX  650 000 
double PUREX  700 000 

Table 4. The time before the radiotoxicity reaches below the reference level. 

The  dominating contribution to the radiotoxicity for double GANEX is that of the fission 
products, which are very active shortly after discharge and reach below the reference level after 
a couple of hundred years. The fission product line is easily recognized in all radiotoxicity figures, 
since the operation always yields the same amount of fission products. As the other 
contributions to the radiotoxicity are so small, the decay time for waste from double GANEX is 
less than 200 years. 

For the PUREX waste, the americium is dominating in the beginning, but while it decays uranium 
is built up instead, resulting in increased radiotoxicity levels and storage times around 100 000 
years. For the double PUREX, the radiotoxicity reaches the reference level after 50 000 years, 
but becomes larger again as the uranium content increases. This does not occur with single 
PUREX, as the plutonium levels are higher in that waste.  
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7 Conclusions 

Electra is optimized to be a dense and very small core, and neither fuel cycles nor fuel recycling 
is planned for it today. If, however, a complete Gen IV system is to be built in Sweden, also a 
recycling facility and a fuel fabrication plant are required. The activities and processes in such 
facilities are heavily dependent on the composition and the properties of the incoming material. 
This study may serve as a first indication to what the fuel and the waste may be like in such a 
system. 

Detailed information on the isotope composition of the fuel for each cycle in each scenario has 
been calculated. This information is essential to further studies on a lead cooled fast reactor 
demonstration facility.  The results also show that the total activity agrees well with both the 
fission product activity and the actinide activity. The activity when the reactor is shut down is 
larger for the GANEX cases than for the PUREX cases, due to the fact that the fuel contains more 
actinides. After the decay time of five years the activity levels is similar for all cases. The decay 
heat production agrees well with the expected value and comes mainly from the fission 
products. The decay heat from the actinides is much larger right after shut-down for the GANEX 
cases than for the PUREX cases, due to neutron absorption and decay during operation that 
build up isotopes with a high activity. Also after the decay time the actinide decay heat remains 
larger for GANEX reproduced fuels and for PUREX fuels. 

From regarding the results of radiotoxicity calculations, GANEX reprocessing is the best recycling 
alternative, since it drastically reduces the final storage time. It is also the technique with the 
advantage that all actinides are mixed at all times, making the fuel material less attractive for 
proliferators.   

 

7.1 Outlook 

Three areas of interest stand out when reviewing the progress of the work and the results in this 
study: 

• The information on how the isotope composition changes when implementing fuel 
cycles can be used to make material flow calculations on a full GenIV LFR system, 
including reactor operation, interim storage, reprocessing and waste management. With 
the isotope composition it is also possible to investigate possible types of 
instrumentation for fuel diagnostics.  
 

• The reprocessing is based on some assumptions concerning the extraction rate and the 
possibility to reprocess fuel with such high content of plutonium. By refining the 
premises, more accurate values can be calculated.  
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• Full power in the simulations is based on the maximum power that can be removed by 
natural circulation, which is 0.5 MW. If pumps were to be included in the design, the 
power could be raised to 2 MW, with few alterations to the design. This would also 
change the material flows and operation times, and could be an interesting scenario for 
further studies.   
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9 Appendix 1– Serpent code 

Single fuel rod for Electra 

 
% 0.5 MW lead cooled training reactor  
set title "ELECTRA: European Lead Cooled Training reactor" 

pin 1        % fuel pin 
fuel  0.575  % fuel pellet outer radius 
He    0.580  % cladding inner radius 
steel 0.630  % cladding outer radius 
Lead         % coolant outside of clad 

pin 6        % end cap 
steel 0.630 
Lead 

pin 7        % gas plenum part of fuel pin 
He    0.590   
steel 0.630  
Lead 

pin 8        % insulator pellet 
ZrN   0.575  % insulator pellet outer radius 
He    0.580  % cladding inner radius 
steel 0.630  % cladding outer radius 
Lead         % coolant outside of clad 

pin 9        % dummy pin for filling of lattice 
Lead 

% SINGLE FUEL PIN 
cell 1 0 fill 1 -1 -15 14 %fuel 
cell 2 0 fill 8 -1 15 -16 %end / insulator pellets 
cell 3 0 fill 8 -1 -14 13 
cell 4 0 fill 7 -1 16 -17 %gas plenums 
cell 5 0 fill 7 -1 -13 12 
cell 6 0 fill 6 -1 17 -18 %end caps 
cell 7 0 fill 6 -1 -12 11 
cell 8 0 fill 9 -1 18 -19 %lead above and below fuel pin 
cell 9 0 fill 9 -1 -11 10 
cell 10 0 outside 1 -19 10 
cell 11 0 outside 19 
cell 12 0 outside -10 

surf 1 hexxc 0 0 0.7 
surf 10 pz   -80.0                
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surf 11 pz   -30.0             % Bottom of end cap 
surf 12 pz   -29.0             % Bottom of gas plenum 
surf 13 pz   -16.0             % Bottom of end pellet 
surf 14 pz   -15.0             % Bottom of active zone 
surf 15 pz    15.0             % Top of active zone 
surf 16 pz    16.0             % Top of end pellet 
surf 17 pz    17.0             % Top of gas plenum 
surf 18 pz    18.0             % Top of end cap 
surf 19 pz   200.0 
surf 20 pz   150.0 

plot 3 800 800 10 -40 40 -40 40 
plot 3 800 800 10 -90 90 -90 90 
plot 1  800 800  0 -220 220 -220 220 

% MATERIALS 

% Fuel 
mat fuel  -9.44    burn 1      % (Pu,Zr)N fuel with 10 percent 
porosity 

           94238.12c  -2.01332E-02 
           94239.12c  -2.99803E-01 
           94240.12c  -1.38058E-01 
           94241.12c  -6.81525E-02 
           94242.12c  -4.62087E-02 
           95241.12c  -6.99000E-03 
           40000.12c  -3.30641E-01 
            7014.12c  -8.45941E-03 
            7015.12c  -8.15542E-02 

% End pellet 
mat ZrN  -6.56 
40000.09c  1.0 
 7014.09c  0.1  
 7015.09c  0.9  

% Boron Carbide 
mat boron -2.3                    % Enriched boron carbide 
5010.09c  0.900 
5011.09c  0.100 
6000.09c  0.250 

% Steel  
mat steel -8.0                    % Cladding and wrapper tube 
steel 
24050.06c -0.00710 
24052.06c -0.14229 
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24053.06c -0.01645 
24054.06c -0.00417 
26054.06c -0.03839   
26056.06c -0.62493   
26057.06c -0.01469   
26058.06c -0.00199 
28058.06c -0.08736 
28060.06c -0.03481 
28061.06c -0.00154 
28062.06c -0.00498 
% 28063.06c -0.00151 
28064.06c -0.00131 
42092.06c -0.00297 
42094.06c -0.00185 
42095.06c -0.00318 
42096.06c -0.00334 
42097.06c -0.00191 
42098.06c -0.00483 

% Coolant                         % Lead coolant 

mat Lead    -10.503 
82204.06c  -0.0061 
82206.06c  -0.1074 
82207.06c  -0.0985 
82208.06c  -0.2328 
% 83209.06c  -0.5550  

% Gas plenum 
mat He   -0.0003 
2004.06c -1.0 

mat air  -0.001  
7014.06c -1.0 

% Cross section materials 

mat Pu238   -1 
94238.12c  1.0 

mat Pu239   -1 
94239.12c  1.0 

mat Pu240   -1 
94240.12c  1.0 

mat Pu241   -1 
94241.12c  1.0 
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mat Pu242   -1 
94242.12c  1.0 

mat Am241   -1 
95241.12c  1.0 

det 1          % Detector number 1 
dm  fuelp1r1       % Flux in fuel 

set acelib "/home/kristina/jeff31.xsdata" 
set declib "/home/kristina/endf-b-vi-8_decay.dat" 
set nfylib "/home/kristina/endf-b-vi-8_nfpy.dat" 

set egrid 1e-4  

set bc 3 

set pop 1000 500 50   

set printm 1 

set pcc 0    

set powdens 0 

dep daystep 
730 

set powdens 7.39E-3 

dep daystep 
365 

dep decstep 
1825 
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10 Appendix 2 – Figures 

10.1 Isotope composition of the Electra core 

 

Figure 20. Plutonium isotopes in the waste from single GANEX reprocessing and three months operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 21. Plutonium isotopes in the waste from double GANEX reprocessing and three months operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 22. Plutonium isotopes in the waste from single PUREX reprocessing and three months operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents other Pu isotopes built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 23. Plutonium isotopes in the waste from double PUREX reprocessing and three months operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents other Pu isotopes built up during 
operation. 

 

 

a) b) 

c) d) 

e) f) 
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Figure 24. Plutonium isotopes in the waste from double GANEX reprocessing and one year operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during 
operation. 

a) b) 

c) 
d) 

e) 
f) 
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Figure 25. Plutonium isotopes in the waste from double PUREX reprocessing and one year operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents other Pu isotopes built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 26. Plutonium isotopes in the waste from single GANEX reprocessing and five years operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 27. Plutonium isotopes in the waste from double GANEX reprocessing and five years operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents actinides built up during 
operation. 

a) b) 

c) d) 

e) f) 
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Figure 28. Plutonium isotopes in the waste from single PUREX reprocessing and five years operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents other Pu isotopes built up during 
operation. 

a) b) 

c) 
d) 

e) f) 
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Figure 29. Plutonium isotopes in the waste from double PUREX reprocessing and five years operation time. 
Subfigure a) represents 238Pu, b) 239Pu, c) 240Pu, d) 241Pu, e) 242Pu and f) represents other Pu isotopes built up during 
operation. 

  

a) b) 

c) d) 

e) f) 



57 
 

10.2 Activity of the Electra core 

10.2.1 Total activity 

 

Figure 30. Total activity for three months cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX 
and d) double PUREX reprocessing 

 

a) b) 

c) d) 
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Figure 31. Total activity for one year cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX and d) 
double PUREX reprocessing 

a) b) 

c) d) 
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Figure 32. Total activity for five years cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX and d) 
double PUREX reprocessing  

a) b) 

c) d) 
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10.2.2 Actinide activity 

 

Figure 33. Actinide activity for three months cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX (in 20 cycles) and d) double PUREX reprocessing 

 

 

a) b) 

c) d) 



61 
 

 

 

Figure 34. Actinide activity for one year cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX and 
d) double PUREX reprocessing 

a) b) 

c) d) 
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Figure 35. Actinide activity for five years cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX 
and d) double PUREX reprocessing 

  

a) b) 

c) d) 
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10.2.3 Fission product activity 

 

Figure 36. Fission product activity for three months cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 

 

 

a) b) 

c) d) 
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Figure 37. Fission product activity for one year cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 

a) b) 

c) d) 
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Figure 38. Fission product activity for five years cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing  

a) b) 

c) d) 
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10.3 Decay heat 

10.3.1 Total decay heat 

  

Figure 39. Total decay heat for three months cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 

 

a) b) 

c) d) 
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Figure 40. Total decay heat for one year cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX and 
d) double PUREX reprocessing 

c) d) 

a) b) 
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Figure 41. Total decay heat for five years cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX 
and d) double PUREX reprocessing 

a) b) 

c) d) 
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10.3.2 Actinide decay heat 

  

Figure 42. Actinide decay heat for three months cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 

 

 

 

a) b) 

c) d) 
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Figure 43. Actinide decay heat for one year cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX 
and d) double PUREX reprocessing 

c) d) 

a) b) 
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Figure 44. Actinide decay heat for five years cycle time, where a) is single GANEX, b) double GANEX, c) single PUREX 
and d) double PUREX reprocessing 

  

a) b) 

c) d) 
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10.3.3 Fission product decay heat 

 

Figure 45. Fission prduct decay heat for three months cycle time, where a) is single GANEX, b) double GANEX, c) 
single PUREX and d) double PUREX reprocessing 
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Figure 46. Fission prduct decay heat for one year cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 
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Figure 47. Fission prduct decay heat for five years cycle time, where a) is single GANEX, b) double GANEX, c) single 
PUREX and d) double PUREX reprocessing 
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10.4 Radiotoxicity 

10.4.1 Three months operation length. 

Figure 48. Waste from cycle 10, with 3 months cycle time and a) GANEX reprocessing, b) double GANEX 
reprocessing, c) PUREX reprocessing and d) double PUREX reprocessing. 

a) b) 

c) d) 
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10.4.2 Five years operation length. 

Figure 49. Waste from cycle 10, with 5 years cycle time and a) GANEX reprocessing, b) double GANEX reprocessing, 
c) PUREX reprocessing and d) double PUREX reprocessing. 

 

a) b) 

c) d) 
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