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Abstract 

Some advanced fuel cycle scenarios have been previously calculated with the COSI6 code in order to 
determine the potential impact of partitioning and transmutation (P&T) technologies on spent nuclear fuel 
management in Finland. The focus has been on the transuranic inventories and decay heat production in 
the final repository, the latter of which was assumed to be the restricting factor for the repository capacity. 
As an extension to these calculations the proliferation resistance considerations were added to the fuel 
cycle scenarios in the present study. The simulations were again performed with COSI6 and one of the 
objectives was to investigate its applicability to proliferation resistance analysis. 

The calculated scenarios comprised a reference scenario and fuel cycle scenarios aiming at plutonium 
and minor actinide incineration through P&T. The reference scenario comprised the currently operating four 
light-water reactors (LWR) with the combined capacity of ~2 800 MWe and the ones under construction or in 
preparation, with additional ~4 400 MWe. The last of these units will be closed around 2090 and no new 
LWRs will be built thereafter. In the basic P&T scenario, some of the retired capacity is replaced with 
sodium-cooled fast reactors (SFR) and a gradual nuclear phase-out is assumed in 120 years. 

Proliferation resistance is a broad subject comprising several factors such as government policy, 
facility security and nuclear material properties. The present study concentrates on the technical features 
of the nuclear material streams and inventories at each time step. The main factors of interest with this 
focus are fissile materials, heat producers and even plutonium isotopes due to their role as major 
spontaneous neutron source. These figures do not directly provide comparable information about the 
related proliferation risk, so several methods have been developed to convert them into single comparable 
risk values. One of them is the Charlton’s method that is based on the multi-attribute utility analysis. It was 
utilised in the present study as far as applicable with COSI6. 

Introduction 

The once-through fuel cycle has been adopted as the currently valid policy for the spent nuclear fuel 
management in Finland. The preparations to open the geologic repository at Olkiluoto have progressed 
both technically and administratively and the first nuclear waste capsules could be deposited into the 
repository soon after 2020. As there are no plans to initiate recycling of the spent fuel in the foreseeable 
future, a significant amount of waste will be disposed before any kind of reprocessing could be started, as 
far as no drastic delays to the final disposal schedule is assumed. 

However, the current yet uncertain plans suggest that nuclear power is going to play an important role 
in the Finnish electricity generation far into the future, leading to the continuous issue of spent fuel 
management. Furthermore, it will be possible to retrieve the disposed spent fuel before the repository caves 
are sealed. We may therefore assume in purely academic fuel cycle studies – like the present one – that all 
the spent fuel resulting from the operation of the Finnish power plants can be recycled. 
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When partitioning and transmutation technologies are introduced, the question of proliferation 
resistance of the system becomes more relevant than in the currently valid once-through strategy including 
no reprocessing. The present study concentrates purely on the technical barriers of the material at various 
steps of the cycle. At this moment with no information about any technical or administrative details related 
to the hypothetical nuclear energy system it is impossible to evaluate the risks that depend on the quality of 
the safeguard measures and the political environment. 

Overview of the simulated scenarios 

The current nuclear power production fleet in Finland consists of two VVERs with 488 MWe output 
(Loviisa-1 and -2) and two Nordic BWRs (Olkiluoto-1 and -2) producing 880 MWe each. They started 
their commercial operation within a rather short time period around 1980. A 1 600-MWe EPR is under 
construction to become Olkiluoto-3, in addition to which two major units are under consideration: 
Olkiluoto-4 and Hanhikivi-1 (FH-1). These units were granted the decision-in-principle, or the political go-
ahead, in 2010 by the parliament, but since then both of these projects have been subjected to a new 
political consideration after the power utilities behind the projects have been bound to diverge essentially 
from their original plans. Decisions are expected during the autumn of 2014, but the fate of the projects is 
open at the moment of writing the present study. 

Regardless of these uncertainties, it is assumed in the reference scenario of this study that both of the 
planned units will be built in the near future. The current and expected fleet of nuclear power plants in 
Finland is expressed in Table 1 as modelled in the simulations. The uncertainties related to the construction 
and operating schedules are assumed to cause negligible deterioration to the results. Larger inaccuracies are 
due to the assumptions of for example constant power and removal burnup throughout the whole operating 
history. 

Table 1: The current and anticipated nuclear reactor fleet in Finland in the simulations 
without any better information, the Ol-4 unit is presumed to be EPR 

Unit Operator Power 
(MWe) Reactor Type Estimated 

Lifetime 

Average 
burnup 

(GWd/tHM) 
Loviisa-1 (Lo-1) Fortum 488 VVER V-213 1977-2027 40.6 
Olkiluoto-1 (Ol-1) TVO 880 BWR-2500 1979-2039 39.5 
Loviisa-2 (Lo-2) Fortum 488 VVER V-213 1981-2029 40.6 
Olkiluoto-2 (Ol-2) TVO 880 BWR-2500 1982-2042 39.5 
Olkiluoto-3 (Ol-3) TVO 1 600 EPR 2015-2075 45.1 
Olkiluoto-4 (Ol-4) TVO ~1 600 ? 2030-2090 45.1 
Hanhikivi-1 (FH-1) Fennovoima 1 200 VVER AES-2006 2024-2084 46.0 

Source for the average burnup information of Loviisa-1 and -2 and Olkiluoto-1, -2 and -3: the construction licence 
application of the Olkiluoto repository. The burnup figures for OL-4 and FH-1 are based on the estimate that they 
are similar to that of OL-3, but the estimate is rather conjectural. 

The basic partitioning and transmutation (P&T) scenario of the study follows the previous fuel cycle 
scenario simulations that were performed to assess the transuranic waste inventory [1] and the capacity of 
the final disposal repository [2] in Finland. It is assumed that when the LWRs of the reference scenario are 
closed near the end of the century, only fast reactors will be built thereafter. At first two large sodium-
cooled reactors (SFR) would be built to operate for 60 years, after which a similar reactor would operate 
for another 60 years. The two fast reactors would generate similar amount of power as all the four units on-
line at the moment put together. It may be worthwhile to mention that there is no official Finnish energy 
strategy stretching to that far, and the scenarios presented in this study could be as good or bad guess as 
any other scenarios. 
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The fuel cycle simulations were performed with the COSI6 code [3], developed by CEA, France. The 
simulated fast reactor model is based on the French SFR-V2B [4] concept with oxide fuel and electric 
power 1 450 MW. The core model of the concept represents a break-even core in the sense that the fissile 
inventory remains approximately constant over the irradiation period. Even if the concept does not 
represent the most up-to-date design for a large base-load fast reactor in the French plans – the state-of-the-
art concept is called CFV – the conclusions from fuel cycles’ point of view should be reasonable enough. 
A practical restriction for possible reactor concepts to be simulated was defined by the availability of the 
cross-section libraries that CESAR [5] - the fuel depletion code that COSI employs – requires. 

The following scenarios were simulated within the present study: 
• Reference (later in tables LWR ref): only the LWR fleet presented in Table 1 and a complete 

nuclear phase-out thereafter. 
• Basic P&T with plutonium recycling (Pu recycling): LWR fleet of the reference scenario 

followed by two fast reactors (1450 MWe) operating for 60 years and one similar fast reactor 
after them; only plutonium was recycled with 100 % reprocessing efficiency. 

• LWR-MOX and P&T with Pu recycling (MOX + Pu recycling): as the basic P&T with Pu 
recycling, but Olkiluoto-4 was partly fuelled with U-Pu mixed-oxide (MOX) fuel, or more 
precisely, the fuel consisted of 75 % UOX and 25 % MOX. 

• P&T with homogeneous minor actinide (MA) recycling (MA recycling): like the P&T with Pu 
recycling, but all minor actinides (Am, Np, Cm) were recycled along with plutonium; 99.9 % 
reprocessing efficiency was assumed. 

Proliferation resistance 

The earlier simulations concerning advanced fuel cycles in the future in Finland have provided some 
quantity to the anticipated transuranic inventories and repository capacity requirements following the 
transition to P&T policy. The transition would involve many issues to be considered, proliferation 
resistance being one of them. The once-through cycle with final disposal into a deep geological repository 
is generally accepted to be strongly proliferation resistant because of for example unfavourable plutonium 
isotope composition for weapon production and low fissile material concentration bound in highly 
radioactive mixture. If the spent fuel is deposited into a deep repository quickly enough with respect to the 
attenuation of the radioactivity, the hundreds of meters of rock impede the potential proliferator while the 
attractiveness of the material is slightly improved 

When partitioning and transmutation are introduced, some proliferation resistance features are 
compromised because of the need to separate the transuranic elements from the whole spent fuel matrix. 
On the other hand, multiple recycling affects the plutonium quality and it can be made less suitable for 
weapon manufacturing with proper partitioning and transmutation strategies. Several methods have been 
created to assess the proliferation risk or resistance related to various fuel cycles, but ultimately all of them 
contain some subjectivity. The Charlton method [6], based on the multi-attribute utility analysis (MAUA), 
was utilised in the present study where applicable. 

The method ultimately yields a single nuclear security value. One of its key elements is the 
proliferation resistance value (PR) for each process in the system. It is a weighted sum of utility functions 
of various attributes with each process: 
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 (1) 
where wj represents the weight for attribute j, uj the utility function for attribute j and xij the input value for 
the utility function for attribute j in process i. 
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The full method consists of 14 attributes, some of which – such as the heating rate of plutonium and 
radiation dose rate caused by the material - are measurable quantities and some very subjective or good 
guesses at best, like the frequency of measurement or probability of unidentified movement. Furthermore, 
some of the attributes would be clearly measurable, but would require detailed information of the system. 
Thus, we concentrate on the material features that result from the simulations of the chosen fuel cycle 
strategies. For each utility function zero denotes no proliferation resistance at all and unity the maximum 
resistance. 

The measurable nuclear material properties of the Charlton’s method provided by the COSI6 code 
are: 

• Heating rate of plutonium (in watts per kilogram of Pu), weight of utility function w = 0.05 
• Weight fraction of even plutonium isotopes, w = 0.06 
• Fissile material concentration in significant quantities (SQ/t), defined by the IAEA to express the 

minimum amount of material above which the production of an explosive nuclear device cannot 
be excluded, w = 0.10 

• Inventory of fissile material (in SQs), w = 0.05. 

The fifth technical measure that could be extracted from the simulation results is the radiation dose 
originating from the material, but the dose calculation function of COSI had not been completed at the time 
of these calculations. 

According to the Charlton’s method, the fuel element should be tracked from the uranium mine 
through the whole cycle into the final repository and the proliferation resistance value calculated at each 
process step. In the present study, the method is applied in a rather simplified way. The evaluation of the 
PR values is performed at process steps where the nuclear material is somehow handled or transferred. In 
our rough analysis these steps are removal from the reactor into intermediate store and later final disposal 
in the once-through scenario. When P&T scenarios are considered, the output from intermediate LWR 
spent fuel store, fabrication of FR fresh fuel and fuel removal from FR to the intermediate SF store are the 
additional steps. Also the MOX in- and output values are studied in the scenario where MOX is burned in 
one of the LWRs. 

For simplicity, it was assumed in the simulations that the average removal burnup for all reactors 
remains constant over the whole operating history. The assumption results in constant spent fuel composition 
when the LWRs are considered, whereas the composition of the fresh and consequently also the spent FR-
fuel change over time. Therefore it is essential to evaluate the proliferation resistance at multiple time points, 
but it was observed that, in general, the variations over time at the process steps are rather small. 

Heating rate of plutonium 

The utility function u for heat production rate x from plutonium is calculated according to: 
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where xmax is 570 W/kg representing the heating rate of pure Pu-238. For the spent LWR fuel the heat 
production varies between 44.5 and 54.7 W/kg with the average of 50.5 W/kg over the whole time of the 
LWRs in operation. In terms of the respective utility function, this would result in the range 0.323-0.369 and 
the average u = 0.351. A 40-year on-ground cooling period was assumed between unloading from the reactor 
and final disposal. During the ~110 years of disposal, the heating rate varies between 12.5 and 14.5 W/kg, 
resulting in u = 0.132-0.147. 
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Most of the advanced fuel cycle u-values are lower at the process steps, or approximately equally 
high. The most notable exception is the MA recycling scheme, where the utility function scores much 
higher at disposal, i.e. 0.200-0.240 with decreasing trend towards the end of the simulated time.  

The average values of the heating rate utility function at the process steps (described above) of each 
scenario are listed in Table 2. However, the average value should be regarded as more like indicative 
particularly for the fresh FR fuel. The cooling time of the spent fuel, i.e. the raw material for the FR fuel 
varies a lot, causing also large variation to the heating rate of plutonium. 

Table 2: The utility function values of the heating rate of plutonium 

 LWR ref Pu recycling MOX + Pu recycling MA recycling 
UOX SF out of LWR 0.345 0.345 0.345 0.345 
LWR-SF out of interim store  0.138 0.144 0.139 
MOX loaded into LWR   0.143  
MOX out of LWR   0.726  
Fuel loaded into FR  0.102 0.109 0.233 
Fuel out of FR  0.116 0.125 0.279 
SF into repository 0.139 0.079 0.080 0.201 

Weight fraction of even plutonium isotopes 

The PR impact caused by the fraction x of the even Pu isotopes of the total amount of plutonium is 
quantified according to the Charlton’s method as: 

( )8.15.3exp1 xu ⋅−−=  (3) 

The fraction is a little above one third for the spent LWR fuel and a little less at the time of disposal. The 
fraction varies over time because the LWR units that are operating later have larger removal burnup, which 
tends to increase the amount of the even Pu isotopes. These fractions yield utility function values from 0.33 to 
0.35 for the just irradiated fuel, whereas the value varies between 0.39 and 0.41 at the disposal. 

In all fast reactor scenarios the weight fraction of even plutonium isotopes is at most of the process 
steps at least equally large or notably larger than at the calculated steps in the once-through scenario. The 
mere Pu recycling does not increase the fraction much, but introducing some MOX usage in LWR or MA 
recycling would cause more significant change. All the figures are listed in Table 3. 

Table 3: The values of the utility function that describes the proliferation resistance resulting 
from the weight fraction of even plutonium isotopes. 

 LWR ref Pu recycling MOX + Pu recycling MA recycling 
UOX SF out of LWR 0.339 0.339 0.339 0.339 
LWR-SF out of interim store  0.405 0.395 0.408 
MOX loaded into LWR   0.396  
MOX out of LWR   0.484  
Fuel loaded into FR  0.433 0.489 0.496 
Fuel out of FR  0.432 0.468 0.505 
SF into repository 0.401 0.460 0.483 0.498 
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Fissile material concentration 

The fissile material concentration x is measured in significant quantities (SQs) of fissile material per 
metric ton of total material. An SQ is achieved with for example 8 kg plutonium, 75 kg low-enriched 
uranium or 25 kg americium. This metric is converted into PR utility function with: 
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where xmax denotes the maximum concentration 125 SQs/t that refers to pure plutonium. The Equation (4) 
gives values of 0.75 for both fuel removal from the reactors and final disposal, when the LWR reference 
scenario is studied. The variations over the period are of magnitude 10-3. 

In the advanced fuel cycle scenarios the utility function yields values around 0.55 at all steps, 
especially when the Pu recycling scenario is studied. The scenario involving also minor actinide recycling 
shows slightly smaller values and some more fluctuation between the steps, but at most points the value is 
around 0.53. The moment of disposal shows a bit larger values, but not more than 0.57. When a MOX-
fuelled LWR is considered, figures at about 0.59 are obtained at fuel input and 0.73 for output. All the 
average values are presented in Table 4. 

Table 4: The utility function values resulting from the fissile material concentration 

 LWR ref Pu recycling MOX + Pu recycling MA recycling 
UOX SF out of LWR 0.756 0.756 0.756 0.756 
LWR-SF out of interim store  0.758 0.758 0.758 
MOX loaded into LWR   0.596  MOX out of LWR   0.726  Fuel loaded into FR  0.551 0.544 0.528 
Fuel out of FR  0.555 0.550 0.536 
SF into repository 0.758 0.572 0.555 0.569 

According to these figures, it seems apparent that at all process steps higher fissile material 
concentration is on the move compared to the LWR scenario and the impact on proliferation resistance 
features of the material is significant. The only exception in the models appears with the waste flow from 
reprocessing to disposal. The flow contains only reprocessing losses – and in the Pu recycling scheme also 
fissile MAs – so the amount of fissile material is understandably relatively low. In terms of the utility 
function for fissile material concentration in the processing waste flow, values of 0.96 for Pu recycling and 
as much as 0.99 for MA recycling are achieved. The waste flow contents were not included into values of 
Table 4 for simplicity and because of their relatively small total mass.  

Proliferation resistance values 

The fourth metrics calculated by COSI, that is, the total fissile inventory at each site, does not affect this 
analysis, since it is essentially targeted to distinguish small and large stores. However, what is modelled in 
COSI simulations with respect to stores probably differs much from what could be anticipated for the real 
world. The storage sites in the COSI model were supposed to share all the waste of the same kind in the 
system, which makes some of the sites larger and the others smaller than what would be realistic. In practice, 
all of them would probably be large enough such that their proliferation resistance utility function would be 
zero. 
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Therefore the inventory was ignored and the proliferation resistance values were calculated on the 
basis of the three utility functions described above using the Equation (1). The PR values at each process 
steps are presented in Table 5. The figures suggest that in all P&T scenarios the proliferation resistance 
value calculated from the nuclear material properties is smaller than in the once-through cycle. The only 
exceptions are the final disposal in the minor actinide recycling scenario and the spent MOX fuel 
immediately after irradiation. Taking into account the radiation dose could alter the evaluation results. It is 
worthwhile to remember that these figures are comparable only between various scenarios. The PR values 
would be much higher, if all attributes of the Charlton’s method were taken into consideration. 

Table 5: The proliferation resistance values at various process steps (first column) 
in the simulated fuel cycle strategies 

 LWR ref Pu recycling MOX + Pu recycling MA recycling 
SF out of LWR 0.113 0.113 0.113 0.113 
LWR-SF out of interim store  0.107 0.107 0.107 
MOX loaded into LWR   0.091  MOX out of LWR   0.118  Fuel loaded into FR  0.086 0.089 0.094 
Fuel out of FR  0.087 0.089 0.098 
SF into repository 0.107 0.088 0.088 0.124 

Long-term proliferation properties of the spent fuel 

It is known that over a very long time period the nuclear waste becomes less proliferation resistant in 
the repository due to the faster decay of Pu-238 and Pu-240 compared to Pu-239. Therefore we performed 
also very long-term repository inventory calculations with COSI for the scenarios of the study. The 
repository was assumed to accommodate no more waste after the 23rd century. According to the COSI 
calculations, thousands of significant quantities of fissile material will remain in the repository even 
several millennia after the disposal. The calculations also suggest that the plutonium isotope distribution 
approaches weapons-grade up to the surroundings of the year 30 000, as far as the mass fraction of even 
plutonium isotopes is considered as the limiting factor. This is depicted in Figure 1. Decreased heat 
production and radioactivity will have further reduced the proliferation resistance. 

Figure 1: The mass percentage of even plutonium isotopes of the total plutonium mass 
in the final disposal repository 
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Thus, the engineering analysis seems quite clearly indicating that a nuclear waste repository would 
transform towards weapons-grade plutonium mine. However, it is a completely different issue, whether 
this would actually provide any help to a potential proliferating regime of those days. They would probably 
have several easier ways to produce weapons of mass destruction than excavating plutonium from 
hundreds of meters of depth underground. Further speculation on the topic is left outside this study. 

Conclusions 

A simplified evaluation was performed to investigate the proliferation resistance associated with the 
advanced fuel cycle scenarios in the future in Finland. The fuel cycles were simulated using the COSI6 
code. The obtained material data was converted into proliferation resistance measures using the Charlton’s 
method as far as applicable with COSI6. As a result of the calculations, somewhat weaker proliferation 
resistance for the process steps was encountered in the advanced fuel cycle scenarios compared to the 
reference scenario using only LWRs. 

However, since our evaluation was based only on the nuclear material composition related features, not 
more than 4 out of 14 attributes comprising the Charlton’s method were considered in the study. Therefore 
the results must be taken at most indicative. The fifth – and extremely important – material feature would be 
radiation dose rate, which was not available from the COSI calculations. However, the dose rate could be, in 
principle, calculated with some other software using the COSI outputs, but that would require a major effort. 
Even in that case the evaluation based on the material properties would comprise only the first step in 
determining the absolute proliferation resistance values for various fuel cycle scenarios. 

Modifying the simulation model of COSI would probably be the most productive next step towards 
more comprehensive analysis, since our model excluded a few Charlton’s attributes to be taken into account. 
Improvements could be achieved by adding more realistic elements into the spent fuel handling steps. These 
could be a finite time for reprocessing, fuel fabrication and transportation – instead of the zero time in our 
simulations - and modelling the interim storage sites so that the model corresponds to the physical locations 
of each site. The latter would enable credible evaluations for the inventory utility function. 
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