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a b s t r a c t

Although economics will certainly not be the only criterion for deploying fast reactors, it will be an
important one. In this paper we will present a method for analysing their competitiveness in comparison
with thermal neutron reactors. We will use the levelised cost of electricity (LCOE) method to compare the
production costs of each technology.

For forecasting the uranium cost, which is an important question for competitiveness, we have pro-
posed a model based on supply curve. This model approximates the uranium costs over the assumed 60-
year operating lifetime of new reactors, according to their commissioning date.

Concerning the fuel cycle costs, we have taken into account the fact that they will differ according to
whether or not the reactor is in a country which has already chosen to treat and recycle spent fuel (back-
end of the cycle).

A uranium equivalent value is then calculated for which the kWh costs of each reactor technology
would be the same. This enables us to determine the period when FRs will become competitive ac-
cording to various parameters.

The uranium supply curve appears to be the most influential parameter for any given nuclear demand,
followed by the discount rate, prior choices regarding the back-end of the cycle, and the additional in-
vestment cost of FRs in comparison with PWRs.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Energy will be one of the major challenges of the 21st century.
The objective is to provide energy to the world's population while
being environmentally responsible, at an acceptable cost, and with
reasonable security of supply.

The energy demand projections up to 2050 (IIASA, 2012) suggest
that the total primary energy1 demand could double. In order to
prevent climate change, a number of energy scenarios also forecast
a major increase in nuclear electricity production (IIASA, 2012;
IIASA, 2014).

Nuclear energy provides dispatchable (EIA, 2016; NEA, 2012a;
Cany et al., 2016) electric production with no CO2 emissions.

However, the uranium needed by the current light water reactors is
a finite resource and will not always be available at the current cost.
The need to exploit deeper deposits or those with lower contents
will increase the price of this raw material. Although the cost of
uranium only represents a small share of the levelised cost of
electricity produced by a nuclear power plant (currently around 5%,
MIT, 2011; NEA, 2012b), it may be necessary to design and develop
reactors that make better use of this resource in order to maintain
and increase nuclear electricity production.

In this context, Fast Reactors (FRs) are promising. Although they
require fissile material (plutonium or enriched uranium) for their
start-up, afterwards they use their self-produced fissile material (if
they are self-sufficient or breeder) as well as depleted uranium.
Depleted uranium is currently a by-product of enrichment opera-
tions, already available in large quantities in the strategic resources
of several “major nuclear power-generating countries” such as
France and the USA, allowing FRs to produce a 100-fold improve-
ment in uranium utilization.

For ambitious energy scenarios in terms of installed nuclear
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1 Primary energy: Energy in the form that it is first accounted for in a statistical
energy balance, before any transformation to secondary or tertiary forms of energy
(EIA Glossary).
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power, the availability of plutonium will be a key factor for the
deployment of fast reactors. Thermal neutron and fast neutron
technologies will therefore certainly co-exist beyond the end of this
century. Breeding will significantly improve the deployment of FRs,
in particular in the next century (Baschwitz et al., 2009a, 2009b).

With some assumptions on the available quantities of uranium,
the various nuclear electricity production scenarios could not be
fulfilled with GEN III LWRs and GEN IV FRs started up with pluto-
nium (Gabriel et al., 2013a). However, the possibility of starting up
FRs with enriched uranium provides better overall use of uranium
and enables greater deployment of nuclear capacity (Baschwitz
et al., 2016), but with difficulties regarding competitiveness2

(Passerini and Kazimi, 2012; Baschwitz et al., 2013).
Although building FRs can be considered before they become

economically competitive with LWRs with regard to various stra-
tegic issues (security of energy supply, spent fuel management,
establishment of a supply chain, etc.), their competitiveness, which
is expected (on the date of construction) to be probable in the
medium and long term, is essential for their deployment on a large
scale.

This competitiveness and when it could occur is a key question
for planning long term nuclear policies. In this paper, we propose a
new methodological approach to compare the expected levelised
kWh costs of FR and LWR technologies. We take into account the
investment, operation, maintenance and fuel cycle costs, and in
particular long term uranium cost trend.

The question of the depletion of resources first arose in the
1970s and 1980s and led to concerns of a rapid increase in the cost
of uranium. Recycling reusable materials such as plutonium or
“reprocessed” uraniumwas therefore considered either in LWRs or
by developing a new fast reactor technology (Finon, 1982; Sweet,
1982).

It is helpful to define a single economic criterion, the concept of
the breakeven point of these alternative solutions (uranium
breakeven cost), which is the uranium price above which it will be
more attractive to recycle in LWRs or even to develop FRs. (Chow,
1980; Bunn et al., 2003; MIT, 2003; Safa and Bonin, 2007; Ko and
Gao, 2012; Zhou et al., 2014).

When fuel cycles with or without recycling in LWRs are
compared, an equilibrium model can be used and only the fuel
cycle costs considered, assuming that recycling does not change the
specific costs of the reactor (investment and operation) (Bunn et al.,
2003; Rothwell et al., 2014; Zhou et al., 2014). When the price of
uranium reaches a certain value, it becomes attractive to reprocess
the spent fuel and recycle the plutonium.

When one wants to compare the costs of the electricity pro-
duced by an LWR or FR, and especially when it occurs, the answer is
less immediate.

The investment and operating costs of each type of reactor must
first be considered, as we can expect those of FRs to be higher (NEA/
IEA, 2015).

According to an NEA study, (NEA, 2013), a special cost premium
for the construction and operation of the FRs can be introduced.
This extra cost is then attributed to the back-end component since,
in this strategy, FRs are considered as a means for managing the
spent fuel. Therefore the comparison only takes into account fuel
cycle costs (including the cost premium for FRs) of the various

options for the back-end of the fuel cycle. Using this approach, it is
not possible to determine when FRs will become competitive.

De Roo and Parsons (2011) proposed a methodology to calculate
a levelised cost of electricity (LCOE) in a nuclear system recycling
the fuel. This methodology determines the total cost for the whole
fleet made up of different types of reactors and various possible fuel
cycles. It attributes an economic value to the recycled materials by
equalising kWh costs of each technology. However, this approach
does not allow one to assess when FRs will become competitive.

Hence, the aim of this paper is to develop a methodological
approach to define the kWh costs of each technology separately so
that they can be compared.

The most difficult point is the question of the price of uranium.
To compare the competitiveness of an LWR and an FR, one could, as
when comparing open fuel cycles and once-through recycling in
LWRs, simply compare a UOX fuel sub-assembly and a MOX fuel
sub-assembly and define from which uranium price FRs become
competitive (Chow,1980; Bunn et al., 2003). But it is also possible to
go further and take into account the increasing price of uranium.
The decision to build a reactor is indeed a long-term commitment,
covering several decades. The cost of supplying LWR with fuel is
thus based on future costs expectations, which the decision-maker
must estimate, taking into account the volatility of uranium. The
operator of FR is not exposed to the volatility of the uranium
market: the reactor consumes its own plutonium (or equivalent
plutonium) and uses depleted uranium, of which there are ample
stocks (NEA/IAEA, 2014).

Itwill therefore be necessary to determine the possible evolution
of the uranium cost over time and also to define a model for antic-
ipating the cost of all the reloads for the reactor's lifetime. This cost
can only be basedon the information knownat the time thedecision
is taken whether to build an LWR or an FR: the cost of natural ura-
nium that year and the quantity of uranium necessary for future
reloading of the reactors already in service throughout the world
(committeduranium). These twopoints are described in Section 2.2.

Having defined a time-dependent uranium cost, it is then
possible to estimate when FRs will become more competitive than
LWRs. As Bunn et al. (2003) says: “This question introduces addi-
tional complications, because one must account not only for the
differences in fuel-cycle costs but also the fact that the capital cost
of FRs and LWRs may be differentdand reactor capital cost is a
much larger contributor to the overall cost of nuclear-generated
electricity than are fuel-cycle costs.”

Section 2.3 will thus define the concept of the power production
cost of each nuclear technology by using the LCOE. The modelling
principles used in this study are described.

The question of the value of the plutonium produced by an LWR
and used by an FR is covered in Section 2.4. There are two main
categories of country in the world today: those which, like the
United States, use the open fuel cycle and those which, like France,
carry out reprocessing and recycling of spent fuel. The value of the
plutonium needed for starting up an FR (first core and first reloads)
can differ widely in these two situations.

Reprocessing reduces the volume and radiotoxicity of waste and
recovers reusable materials such as the uranium and plutonium in
spent fuel, thus contributing to the sustainable management of
natural resources. The availability of plutonium for the new gen-
eration of FRs is thus assured, at least partially, by choosing to treat
spent fuel.

In a country inwhich the open fuel cycle has been chosen as the
current solution, at least on a temporary basis before substantial
use of FR technology, the question of the introduction of FRs must
be considered in a different way. If the country wants to use FRs, it
must make sure it has the necessary stocks of plutonium. It must
therefore finance the upfront investment costs of a reprocessing

2 Though uranium consumption is three times less for FRs started with uranium
than that for an EPR-type LWR, uranium is nevertheless consumed at the start of
the reactor's life span which represents a significant economic disadvantage. For
this reason, economic aspects will hinder the deployment of this type of reactor
(Baschwitz et al., 2013). This is why we did not consider this type of reactor in this
study.
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