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Abstract

Most currently operating nuclear reactors have the disadvantages of
relying on active safety systems as well as generating long lived radioac-
tive waste. The forth generation of reactors have been designed with these
issues in mind and the Lead-Cooled Fast Reactor (LFR) is one such sys-
tem. The LFR design is still in the research phase and the planned 0.5
MWth European Lead-Cooled Training Reactor (ELECTRA) is a part of the
European research project. The goal of this paper is to assess the cost of
the ELECTRA project. In contrast to previous cost estimates in the nuclear
industry, the estimate is done by a Monte Carlo simulation in order to
handle the uncertainties.

There is a large amount of data available from the nuclear power plants
constructed in the 70’s and 80’s. This data shows the importance of hav-
ing detailed designs, stable regulations of power plants, and avoiding con-
struction delays in order to keep the cost down.

The result is that the expected cost will be close to 600 million SEK but
the exact number is dependent of the assumptions of the model. In the
worst case, another 300 MSEK could be needed to acquire the plutonium
for the fuel. The operations and maintenance cost will lie in the range
15± 5 million SEK per year with good certainty.
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Chapter 1

Introduction

During the last decade it has become increasingly clear that the carbon
emissions from fossil fuel fired power plants increases the greenhouse gas
effect. Since this would cause great consequences for many countries it is
important to reduce the carbon emissions. The current goal, as stated by
the UN Intergovernmental Panel on Climate Change (IPCC), is to by 2050
have reduced carbon emissions by 50% from year 2000 levels [4].

One way of accomplishing that goal is to use a larger share of nuclear
power for power generation and co-generation applications. However,
while nuclear power has got the advantage of low carbon emissions it
has got other disadvantages which might hinder an expansion of nuclear
power unless these issues are addressed. The two major areas of con-
cern are the plants’ safety during operation and the radioactive waste pro-
duced. Most of the reactors in the world are Light Water Ractors (LWR) of
a Generation II design which means that the majority of the safety systems
are active, i.e. they require electricity to operate. Therefore they are vul-
nerable to accident scenarios which include power loss. The most recent
LWRs are of Generation III+ and include some passive safety systems.
The waste is also a problem since the waste produced by a LWR needs
to be stored for approximately 100 000 years before its radioactivity has
decreased to levels comparable with the natural background radiation.

In order to address the issues mentioned above there has been a large
research effort in developing new nuclear technologies, called Generation
IV, with better safety performance as well as smaller and shorter-lived
waste streams. The Generation IV International Forum (GIF) is a large
international research collaboration in the field and they have chosen six
technologies which show great promise for being commercialized. The
Lead-Cooled Fast Reactor (LFR) is one of these technologies and will be
the focus of this paper.
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1.1 Goal

While the performance of a new reactor technology is important, eco-
nomic competitiveness with alternative energy sources is necessary for
deploying the technology. In the past, nuclear reactors have often been
built in state regulated energy markets and the economic risk has there-
fore been passed on to the customers or taxpayers. However, with the
liberalization of the energy markets, the market risk fall on the investor
instead. Since the capital cost for a nuclear reactor is large relative to com-
peting technologies such as fossil fuels, a cost overrun might have a large
impact on the investor’s profit. Therefore it is important to evaluate the
cost and risk of new reactors and show investors that they are cost com-
petitive, or at least has the potential to be so with further development.

In this paper a method for calculating the cost of a Lead-Cooled Fast
Reactor will be developed and applied on the planned European Lead-
Cooled Training Reactor (ELECTRA). The final goal is to calculate the
funding needed for ELECTRA which therefore involves components of
the fuel cycle as well, such as a fuel fabrication lab.

Cost estimates of this kind has often been subject to cost overruns and
it is therefore of great importance to handle the uncertainties in a good
manner. This is usually done with optimistic and pessimistic estimates but
that method does not predict how probable each outcome is. In this paper
a Monte Carlo method will be used for handling the uncertainties which
will result in both a range of possible costs as well as their probabilities.

1.2 Present Knowledge

The LFR technology is in an early stage of development and at the present
time there have been no commercial LFRs built. Therefore there are no
actual cost data available and the only information available are estimates
of other LFR projects. The current European LFR project is called the
European Lead-Cooled Fast Reactor (ELFR) and its design is in a more
advanced stage than ELECTRA’s design. The cost estimate of ELFR can
therefore be used as a starting point for this paper.

The main independent actor in the field is the Economic Modeling
Working Group (EMWG) which has been created by GIF with the purpose
of developing a standardized cost estimating protocol which can be used
to assess and compare future nuclear energy systems. The EMWG has
published a set of guidelines which include basic assumptions, a Code of
Accounts (COA) and cost-estimating guidelines.
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Chapter 2

Lead-Cooled Fast Reactors

2.1 The Fast Neutron Reactor Concept

The LFR is a Fast Neutron Reactor (FNR) which is designed to have a
fast neutron spectrum, i.e. a high average neutron energy. One of the
main advantages of a fast spectrum is the possibility of breeding which
means that fertile material is converted into fissile material. For example,
U-238 is converted into Pu-239 by neutron capture and beta decay. Since
only 0.7% of the natural uranium consist of the fissile U-235 there is much
potential fuel available in U-238. Breeding of plutonium would increase
the uranium fuel supply by a factor of roughly 60 [19]. Breeding also
allows using thorium as a fuel which is more plentiful than uranium.

The fast neutrons do not only transmute uranium into trans-uranium
(TRU) - the high neutron energy also allows burning of the TRU elements.
Depending on the specific design parameters, it can either breed TRUs or
burn them. One may therefore put long-lived waste from LWRs in a FNR
and reduce the amount of TRUs in the waste which greatly reduces the
required final disposal duration. FNRs are therefore a good option for
diminishing the waste issue of nuclear power.

There are several different ways to construct a FNR and they mainly
differ in their choice of coolant. The main requirements of the coolant are:

• Low moderation and low neutron absorption

• High specific heat transfer

• Negative reactivity feedback coefficients

• A low amount of radioactive activation products
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One of the liquid metals that has shown most promise for fulfilling
the above requirements is lead which will be described in more detail.
Another liquid metal which has shown great promise - and been used in
commercial power reactors - is sodium but it has several disadvantages
that makes it less than ideal.

2.2 Lead-Cooled Fast Reactors

The use of lead as a coolant had its beginning in the Soviet Union in
the 1950s when they used Lead-Bismuth Eutectic (LBE) to cool the Alfa
class nuclear submarine reactors. Since then the advantages of lead have
become more widely recognized and there are now plans to build com-
mercial lead-cooled power reactors. The advantages of lead as a coolant
are summarized in Table 2.1 [3].

The economic advantages are of greatest interest in this context. The
main economic advantage of lead as a coolant is the elimination of an
intermediate circuit and lower maintenance costs. It is also relatively easy
to build small modular LFRs which could be useful in many situations.
These advantages combined make lead an attractive option compared to
sodium. Since sodium is very reactive with water an intermediate circuit is
required which increases the complexity and cost of the plant. Further, the
steam generator tube ruptures results in a large amount of maintenance
downtime. The main disadvantages of LBE are that bismuth gets activated
to polonium, which is highly radioactive, as well as the high price of
bismuth.

Lead is not without its own disadvantages though. The greatest issue
is corrosion of the reactor internals which depends on the oxygen content
of the lead. This problem can be solved by a combination of oxygen con-
trol, limited coolant temperature and innovative corrosion-resistant mate-
rials. The large mass of the lead may also cause problems in seismically
active areas and the general solution is to minimize the coolant volume
and using seismic isolators.
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Table 2.1: The advantages of lead coolant split into the major Generation
IV goal areas.

Gen. IV Goal Property of lead Engineered solution

Resource utiliza-
tion and waste
management

• Lead has low moderation
power

• Lead has low absorption cross-
section which enables a large
coolant-to-fuel ratio

• Conversion ratio close to 1

• Great flexibility in fuel loading

Economics

• Lead is inexpensive

• Lead is chemically inert with
respect to air or water which
means lower maintenance

• No intermediate cooling circuit

• Simple design of reactor inter-
nals

• Long fuel cycle

• Small reactor size reduces risk
for investors

Safety and reliabil-
ity

• High boiling point and low va-
por pressure

• Good protection against
gamma radiation

• High specific heat and thermal
expansion

• Inherently negative reactivity
feedbacks

• Good fission product retention

• Primary system at atmospheric
pressure

• Natural circulation for small
reactors

• Decay heat removal by natural
circulation

• Long fuel cycle

Proliferation resis-
tance and physical
protection

• Lead system neutronics en-
ables long core life

• Lead is chemically inert with
respect to air or water

• It is possible to use unattractive
mixed oxide (MOX) fuel con-
taining minor actinides (MA)

• Redundant and diversified de-
cay heat removal
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2.3 The ELECTRA Design

The European Lead-Cooled Training Reactor (ELCTRA) is a small research
reactor designed to generate a thermal power of 0.5 MWth. It will not be
used to generate any electricity which eliminates the need of a turbine
plant. At the current time it is planned to be built at the Oskarshamn site
in Sweden, where there several commercial power reactors present, which
means that much of the necessary infrastructure is already in place.

The fuel will consist of (Pu, Zr)N which features a low power density,
giving it a large margin to fuel damage. The lead coolant will circulate
by natural circulation, made possible by the small thermal power and
tall vessel, and it is cooled by heat exchangers. The thermal design of
the primary circuit is schematically shown in Figure 2.3.1 and a CAD
rendering of the reactor vessel with internals is shown in Figure 2.3.2
[17, 15].

Figure 2.3.1: A schematic representation of the reactor’s internals.
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Table 2.2: Design parameters for ELECTRA.

Property Value

Fuel pellet diameter 11.5 mm
Fuel pellet density (10% porosity) 9.44 g/cm3

Number of fuel pins 397
Active fuel column height 300 mm
Reactor vessel height 3000 mm
Reactor vessel innter diameter 923 mm
Reactor vessel wall thickness 100 mm

Figure 2.3.2: A CAD rendering of the reactors vessel and internals.

With fuel consisting of 40 mol% PuN and 60 mol% ZrN it is possible to
construct a critical core with the dimensions of 30 by 30 cm. Surrounding
the core are several reactivity controlling drums which are made of highly
absorptive boron carbide and steel. A core barrel surrounds the drums
and separates the cold and hot leg from each other. The relevant design
parameters of the core and vessel are shown in Table 2.2 [17].

Since the fuel is developed specifically for the ELECTRA reactor it is
not possible to buy it on the world market. Therefore it is necessary to
build a fuel fabrication plant to produce the fuel for the reactor. The cost
of this facility should be taken into account when considering the total
cost of the project. This kind of facility has been built in other countries
and it is well known what equipment is required for it.
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Chapter 3

Nuclear Economics

When making cost estimates there are two general methods to choose
from. The bottom-up method starts with a very detailed design and sum
up the cost of every part of the reactor down to every nail and cable. The
top-down method uses data from similar projects and scales the costs
by appropriate factors, normally the ratio of some characteristic num-
ber to the power of a scaling factor. Since the ELECTRA design lacks
enough detail to perform a complete bottom-up estimation, a top-down
method must be employed. However, in the case of ELECTRA, the cost
of some components are known with good certainty and these bottom-up
estimates will replace the scaled down costs. The method will therefore
combine the top-down approach with elements of a bottom-up approach
where it is possible. This has been done for other planned LFRs, such as
the European Lead-Cooled Fast Reactor (ELFR), which will be used as a
reference and model validation.

At present date there has been no LFR built which makes it difficult,
or impossible rather, to find historical LFR reference data on which to
base the top-down calculation. Therefore a typical LWR Gen III+ plant
will be used as the reference case. These plants include a greater amount
of passive safety systems than earlier generations and are therefore more
similar to Gen IV. Not many Gen III+ have been built either but there
are detailed bottom-up estimates available for them from several market
actors. The methodology will follow the EMWG guidelines as much as
possible in order to make it transparent and comparable with other cost
estimates for Gen IV plants.

The top-down method will, like bottom-up methods, use a cost ac-
counting system which divides the nuclear power plant (NPP) into smaller
components for which it is possible to find cost estimates. GIF has devel-
oped a Code of Accounts (COA) - a structured way to divide the plant
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into smaller cost components - which is suitable for Generation IV reac-
tors and it contains several levels of detail depending on design stage of
the reactor.

The methodology will be as follows:

1. Choose a Gen III+ LWR reference plant and assign its costs to the
Code of Accounts.

2. Find the scaling factors between the LFR and LWR technologies.
This part requires a large amount of detailed knowledge and it has
been done by the designers of ELFR. Their results will be used in
this paper.

3. Find the size scaling factors between different LFRs and calculate
the component costs for ELECTRA.

4. Assign suitable probability distribution to the cost components.

5. Calculate the total construction cost by Monte Carlo simulations.

This chapter will explain the economics that are relevant for NPP cost
estimation and discuss past experiences with commercial NPPs in the US
as well as with research reactors.

3.1 Capital and the Price of Capital

In general the total cost, TC, is a cost function defined at the plant level.
It will depend first and foremost on the size of the plant P [MW], the
technology T [e.g. LFR], the delivered output q [MWh] and a set of other
factors X. Effects such as learning curves, economies of scale, co-siting
and other technological or financial factors can be deployed in X.

TC = TC(q, P, T, X) (3.1.1)

The first assumption we make is that the total cost can be divided into
total capital cost TCI and total operating cost TCO&M, an intuitive step.
Next it is necessary to determine some analytical features of the total cost
function.

3.1.1 Past Experiences of Nuclear Constructions

The specific capital cost for a sample of 99 US reactors is shown in Figure
3.1.1. From this data it looks like the specific capital cost increases with
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size. However, this can partly be explained by a review of the history of
NPP constructions. In Figure 3.1.2 the specific capital cost for US reac-
tors is shown as a function of time and it is clear that the specific capital
cost has more than doubled after the Three Mile Island and Chernobyl
accidents. This is usually mainly attributed to regulation changes and in-
complete designs at the construction start [1]. The changed regulations
might require redesigning during construction which increases labor and
interest costs.
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Figure 3.1.1: A comparison of the specific overnight capital cost and in-
stalled capacity for 99 US plants. Data source Koomey (2007)
[7].
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Figure 3.1.2: A comparison of the specific capital cost as a function of the
year of first commercial operation for 99 US plants. Data
source Koomey (2007) [7].

It is of interest to further investigate which parameters are driving
the cost of the construction. One of the most important parameters is
the length of construction which may greatly affect the interest cost. By
introducing the construction length as a parameter it is possible to split
Figure 3.1.2 into Figure 3.1.3 and Figure 3.1.4. Both plots show a linear
behavior where the construction time is escalating with time, which in
turn increases the construction cost. Further analysis of the data show
that the interest cost has increased from roughly 200 $/kW in the 70’s to
roughly 3000 $/kW for the last reactors constructed around 1990. In some
cases the interest cost has constituted as much as 50% of the total cost.

This data mainly covers reactors constructed in the 70’s and 80’s, with
the last reactors being built 20 years ago. Since then the field has devel-
oped and the regulations have been improved in order to make sure the
construction process is less likely to run into problems. However, very few
reactors have been built in the western countries during the last 20 years so
it is impossible at current date to investigate how these changes will affect
the construction cost. Nevertheless, history has shown the importance of
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following regulations, making detailed designs prior to construction start
and avoiding construction delays.
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Figure 3.1.3: A comparison of the construction time as a function of the
year of first commercial operation for 99 US plants.
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Figure 3.1.4: A comparison of the specific capital cost as a function of con-
struction time for 99 US plants.

3.1.2 Economies of Scale

Economies of scale are present in many economic contexts, NPPs not be-
ing exempt. It is motivated by the fixed costs for delivering the first unit
of electricity - such as licensing, site preparation, components with a min-
imum size and so on. When the power of the plant increases, the fixed
costs can be spread out on a larger sales volume. In the case of NNPs,
a higher thermal efficiency of bigger plants can also result in economies
of scale. However, there are also other factors which must be taken into
account. For very large power plants, much of the construction work
must be done on-site which increases the cost. It might also require non-
conventional construction methods which are more expensive. It is there-
fore not obvious that scale effects exist for all sizes of power plants. For
example, the capital cost’s elasticity with respect to the plant’s size is de-
termined as in Eq. 3.1.2. Economies of scale are said to exist if nC is
smaller than 1 and the smaller it is, the larger is the effect.

nC =
∂TCI/TCI

∂P/P
(3.1.2)
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The cost function can generally be expressed as in Eq. 3.1.3 where a,
b and c are all determined from a fit to data. In general the parameters
are only valid for small differences in power, say ±20% and special care
needs to be taken for large power differences. Often one put the term
a = 0 which allows the simple scale relation between two plants as shown
in Eq. 3.1.4.

TCI = a + b ∗ Pc (3.1.3)

TCI,new = TCI,re f

(
Pnew

Pre f

)c

(3.1.4)

It is obvious that this relation breaks down for zero-power reactors
in which case the constant term a is needed. While ELECTRA’s power
is non-zero, it is very low and a simple power law might be inadequate.
Another option is to use another size parameter, such as the vessel size of
the reactor.

The operation and maintenance (O&M) cost include items such as site
staff, fuel, repairs, insurances, consumables and similar items. The main
cost driver is the staff size since salary costs usually make up two thirds
of the total O&M cost [16]. These are also quite possibly subject to econ-
omy of scale with respect to the NPP’s size since the staff employed per
installed capacity normally decreases as the capacity increases. By using
the staff size as the scaling metric one get a more linear scaling behavior.

There have been several studies performed in order to determine the
elasticity of the capital cost and there is considerable debate as to whether
economies of scale do exist for large power plants or not. Many studies
show values between 0.4 and 0.8 for large power plants, depending on
the sample and methodology but are also criticized for using misleading
methods. A more careful meta analysis of these scale coefficients conclude
that the economy of scale coefficient is nC = 0.62 [1]. One great issue in
determining the scale coefficient is that the capital costs have escalated
over time for external reasons which makes it difficult to separate the
scale effect from other factors. Since the large reactors (>1 GW) generally
have been built later than the small reactors (<1 GW), the large reactors’
costs have been more affected by the cost escalation in the 80’s and 90’s. It
is therefore difficult to separate cost escalations from economies of scale.

However, one may also look at a sample of smaller research reactors
(mainly US reactors, data taken from the IAEA Research Reactor Cost
Database) which are likely less affected by the cost escalation of commer-
cial NPPs. By fitting Eq. 3.1.3 to the data as shown in Figure 3.1.5 a scale
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coefficient of c = 0.43 is found while the fixed part of the cost turns out
negative which is unreasonable. It is important to notice that many of the
research reactors are of the same design which lowers their cost consid-
erably compared to innovative design concepts such as ELECTRA. Some
of the outliers in the sample have more innovative designs and ELEC-
TRA’s cost will most likely also be an outlier in the plot. It is therefore not
possible to predict ELECTRA’s cost with the fitted function.

0 5 10 15 20
0

10

20

30

40

50

60

70

80

90

100

Power [MW]

C
ap

ita
l c

os
t [

20
13

 $
M

]

 

 

Data point

Fit: −5.264+17.53*P0.4343

Figure 3.1.5: A sample of research reactors’ capital cost compared with
their thermal power.

3.1.3 Learning Economies

The cost of constructing a NPP will generally decrease as a particular
design is replicated many times. This effect is particularly important for
smaller reactors where many components can be standardized and factory
built. Large plants are usually built on-site which reduce the potential for
learning economies. The effect can appear at several levels: several units
on one site, within the same utility or in the world. If there are N plants
built, the cost elasticity with respect to N is:
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lI =
∂TCI/TCI

∂N/N
(3.1.5)

Learning economies exist if lI > 0 and are usually strong for early
units and decrease as the number of units increase. One normally talks
of First-of-a-kind (FOAK) plants which have no benefit from learning
economies and Nth-of-a-kind (NOAK) plants which have the full bene-
fit from learning economies. However, the supplier of a power plant will
not charge more fore a FOAK plant and lower the price over time but
rather put the price somewhere between the FOAK price and the NOAK
price. This is the number stated in estimates for future Gen III+ reactors.
The supplier will therefore make a lower profit for the first unit than the
last unit.

The EMWG Guideline recommends a decrease of the base construction
cost by 6% for each doubling of the capacity until a total capacity of 8 GW
is reached. This results in a total cost reduction of 17.6% from FOAK
to NOAK. ELECTRA will be a FOAK plant which means that the costs
which are scaled down from LWRs should be increased to correct for this
learning economy disadvantage.

3.2 Contingencies

Contingency costs are costs that are unforeseen in their nature and there
are several possible ways to estimate them. Cost estimates are done at
several stages during the design work of a new reactor and the amount
of design detail will grow as the project progresses. The cost estimates
will therefore become more precise as the design is refined and the con-
tingency costs can be reduced while still reaching the desired confidence
level of the estimate. The nuclear industry has been plagued by large
overruns during constructions and it is therefore important to learn from
past mistakes and handle the contingencies properly.

There are several methods for handling contingencies. The oldest and
most common method is to apply a markup - a fixed percentage - based
on industry standards on the estimated cost. A more modern approach is
to analyze data from similar projects and use the average historical con-
tingencies. The latest and most promising method is to assign probability
distribution to every cost component of the estimate and run Monte Carlo
simulations which results in a distribution of the total cost [8]. The most
common distribution is the normal distribution and other alternatives are
square, triangular and lognormal distributions. For simplicity the normal
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distribution will be used to explain the concept below but the lognormal
distribution will be used for the calculations.

Contingency For A Normally Distributed Cost Estimate

Assuming that the cost estimate is normally distributed, the standard de-
viation is expressed as σ = X/Z, where X is the accuracy of the estimate
(an estimate of $100 with a lower bound of $70 and and upper bound
of $130 would have X = 30% as shown in Figure 3.2.1) and Z depends
on the confidence level. If the estimate’s confidence level is 90%, then
Z = 1.65, since 90% of the normal distribution lies within ±1.65σ. The
standard deviation of the corresponding normal distribution would then
be σ = 30%/1.65 = 18.2%. Continuing with the example above, one
would then expect the cost to lie within $100± $18.2 in 68.2% of the out-
comes.

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
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Figure 3.2.1: A normal distribution for a cost estimate with a mean of 100,
accuracy of ±30, and confidence level of 90 %.

The contingencies recommended by various organizations such as the
Electrical Power Research Institute (EPRI) and Association for the Ad-
vancement of Cost Engineering International (AACE) have been shown to
be roughly equal to the standard deviation for a corresponding normal
distribution. For a concept design the estimate’s accuracy is normally be-
tween −50% and +100% in the worst case - which is averaged to ±75%
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for simplicity. Assuming a confidence level of 90%, the standard deviation
is then 75%/1.65 = 45%. EPRI recommends a contingency rate of 50% for
a concept design. It has been shown that this close relationship between
the recommended contingency and the normal distribution’s standard de-
viation hold for all design stages. It is therefore well motivated to assume
that the costs follow normal distributions with standard deviations equal
to the recommended contingency rates.

One problem with the normal distribution is that it allows negative
values which is clearly unrealistic since there is always a minimum cost.
It is also symmetric but history has shown that costs are more often un-
derestimated than overestimated which motivates an asymmetric proba-
bility distribution. For these reasons the lognormal distribution is a better
choice.

Contingency For A Lognormal Distributed Cost Estimate

The lognormal distribution as shown in Figure 3.2.2, denoted as ln N(µ, σ2),
is the probability distribution of a variable Y = exp(µ + σZ) whose log-
arithm is normally distributed. Deriving the standard deviation from the
accuracy and confidence level is easiest done numerically and is left out
for brevity but it can be shown that the standard deviation is approxi-
mately equal to the contingencies recommended by EPRI, analogous to
the normal distribution case explained previously [13].

The distribution has four characteristic values: mode (the point of
highest probability), the median, the mean value and variance. They are
expressed in the following way.

MODE = exp(µ− σ2) (3.2.1)

MED = exp(µ) (3.2.2)

MEAN = exp(µ + σ2/2) (3.2.3)

VAR = (exp(σ2)− 1) exp(2µ + σ2) (3.2.4)

In order to derive µ and σ the distribution will be normalized to
MODE = 1 which means that µ = σ2. The variance can then be sim-
plified to VAR = MED ∗ (MED − 1). Note that σ is not the same as the
standard deviation for the lognormal distribution, but rather a number
which characterizes the distribution. By assuming a standard deviation
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(taken equal to the desired contingency in this case) one can then calcu-
late both µ and σ as:

Var = SD2 = Contingency2 (3.2.5)

MED =
1
2
+

√
1
4
+ Var (3.2.6)

µ = ln (MED) (3.2.7)

σ =
√

µ (3.2.8)

The distribution is then multiplied by the nominal cost estimate to
get the distribution for the specific cost component. There is one obvious
methodological issue with this distribution - namely determining whether
the estimator will estimate the mode, the median or the mean value. One
might argue that the estimator will estimate the most likely outcome, the
mode, and it will then be more prone to over-runs than under-runs which
is supported by historical data.
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Figure 3.2.2: The lognormal probability density distribution.
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3.3 Sensitivity Analysis Methodology

Many estimators will use a low and high value for every cost component
and simply calculate the worst and best case scenarios where all cost com-
ponents take the low or high value respectively. While this method is use-
ful for finding the possible range of costs it does not say anything about
the probability of each case. It is therefore not very useful for investors
who want to know the expected return and volatility (same as standard
deviation in financial contexts) of the investment opportunity. The most
promising approach to take into account the risks and uncertainties is to
use a probabilistic method for calculating the cost. The method which
will be used in this paper is the Monte Carlo method which is a stochastic
method. It converts uncertain estimates into probability distributions as
described in the previous section and by sampling the distributions many
times one obtains a distribution of output values from which it is possible
to calculate both the expected cost and the volatility.
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Chapter 4

Model Validation

In this chapter the Monte Carlo simulation technique is used to calculate
the cost of the ELFR reactor for validation purposes. By comparing the
Monte Carlo result with the designer’s traditional method the model can
be validated and later modified for ELECTRA’s input parameters.

4.1 Reference Case Estimate

The used input parameters for ELFR are based on the estimate done by
ELFR’s designers [12]. They have first estimated the expected distribution
of cost components on the second COA level as shown in Table 5.1. For
example, the reactor plant equipment is expected to contribute more to
the total cost of a LFR reactor than for a LWR reactor and therefore have a
larger share of the total cost. In the next step, the cost components at the
third COA level are compared with the corresponding LWR component
and the relative cost factor is calculated. For example the lead coolant is
more expensive than water and is assigned a relative cost of 300%. All
components are given in §7.1.

The final relative cost, as compared with a LWR, is then calculated as

Crel =
n

∑
i=1

COAi ∗ Subtotali (4.1.1)

where COAi is the component’s share of the total cost at the second
COA level and Subtotali is the average relative costs of the third COA
level, all of which can be found in §7.1. It turns out that the cost of the
600 MW ELFR reactor would be 80% of the cost of a 1100 MW Gen III+
LWR reactor. In order to get the same amount of power, one would have to
build 1100/600 = 1.83 ELFR reactors. However, there is also an advantage
in building small reactors. Because of the smaller size, a larger share of the
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Table 4.1: The COA distribution used for ELFR.

Account Cost Share
21 Buildings & Structures 19%
22 Reactor Plant Equipment 37%
23 Turbine Plant Equipment 14%
24 Electric Equipment 1%
25 Heat Rejection Systems 1%
26 Miscellaneous Equipment 12%
27 Special Materials 1%
28 Simulator 1%
30 Capitalized Indirect Services Costs 7%
40 Capitalized Owner’s Costs 7%

components can be manufactured off-site which generally lowers the cost
compared with on-site manufacturing. This effect is called the modularity
factor and in ELFR’s case it is estimated to be 87% [12].

By the above reasoning, building ELFR reactors with a total power of
1100 MW would cost 1.83 ∗ 80% ∗ 87% = 127.6% of a 1100 MW LWR. In
order to calculate an actual sum it is necessary to assign a cost to the LWR
reactor. This step in itself contains some uncertainty since there have
been very few reactors built in the western world the last two decades.
Therefore the number will have to be based on estimates - preferably done
by independent actors without economic interest in the nuclear power’s
future. The number used by the ELFR designers is 3200 e/kWe which
is based on MIT’s estimate [10]. The nominal construction cost for the
ELFR would then be 1.276 ∗ 3200 = 4082 e/kWe. The ELFR designer
has estimated the most optimistic value as 3600 e/kWe and the most
pessimistic as 4900 e/kWe.

4.2 Monte Carlo Method

The same input parameters were used for the Monte Carlo model, config-
ured so that the expected value would be equal to the nominal value of
ELFR’s estimate, and the difference lies in how the uncertainty is handled.
Therefore the log-normal distribution were defined by putting the mean
value equal to the estimated nominal cost. From there the distribution
parameters were derived as described in §3.2.
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Figure 4.2.1: The resulting distribution of the total cost from a Monte Carlo
simulation with 50000 iteration.

The result of a simulation with 50000 iterations is shown in Figure
4.2.1. The distribution is characterized by a mean value of 4092 e/kWe,
a 50% confidence interval of (3431, 4594) and a 80% confidence interval
of (3027, 5315). Comparing it with the original ELFR estimate, in 32.87%
of the cases it will be below the optimistic value and in 17.29% of the
cases it will be above the pessimistic value. It will therefore be within the
two limits in roughly half of the cases and more often below than above.
The sensitivity analysis is therefore judged to be good enough to use the
Monte Carlo method for estimating ELECTRA’s cost.
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Chapter 5

ELECTRA Cost Estimate

In this chapter all input parameters for ELECTRA’s cost estimate will be
defined and motived before being used to calculate the cost of the project.
The structure of the chapter will follow the structure of the Code of Ac-
counts as shown in §7.1. Some cost components are known with a great
certainty and a bottom-up estimate will then be used. In other cases, when
the design is less precise, the cost will be calculated by scaling down costs
from ELFR. The following assumptions are made for limiting the problem:

1. Research and development costs will not be included for ELECTRA
since they are financed from other sources.

2. Since the purpose is to calculate the total investment needed, the
fuel fabrication facility and first core will also be included.

3. Decontamination and decommissioning is not included in the con-
struction cost since it is normally funded by a commission on the
electricity sale in the case of power reactors. It is normally estimated
to be roughly 1/3 of the construction cost.

4. Unless there is reason the believe otherwise, an accuracy of ±75%
and a confidence level of 80% are used which follows the conserva-
tive recommendations from EPRI and AACE for a concept screening.

In the earlier calculation for ELFR, the mean value of the log-normal
distribution was set to equal the nominal cost estimate in order to make
the Monte Carlo estimate directly comparable with the designer’s nominal
value. This approach will now be replaced by putting the mode of the
log-normal distribution equal to the nominal estimate. The mean value
will therefore become larger than the designer’s estimate - motivated by
a history of cost over-runs in construction projects.
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Since ELECTRA’s power is very low, a scaling based on power will
not give accurate results. Therefore a scaling based on the reactor vessel’s
volume (not the volume inside the vessel, but the amount of material
needed to build it) will be used since it is more directly proportional to
the cost. The relationship is then:

CELECTRA = CELFR ×
(

VELECTRA

VELFR

)α

(5.0.1)

Where α describes the economy of scale, Ci cost and Vi material vol-
ume. There is not enough data available to assign a specific value for α

so for the initial calculations it will be kept as 1 and its influence on the
construction cost will be studied later.

ELECTRA’s vessel can be approximated as a cylinder with a diameter
of 923 mm, 100 mm wall thickness and height of 3000 mm. Similarly,
ELFR’s vessel is approximately a cylinder with a radius of 13775 mm,
unknown wall thickness and height 12800 mm [9]. The thickness of the
vessel is not stated in any design document so for simplicity the wall
thickness of ELFR will be assumed to be twice that of ELECTRA, i.e. 200
mm which is close to what is used in present day LWRs. This results in a
vessel material volume ratio of

VELECTRA

VELFR
≈ π × 923× 3000× 100

π × 13775× 12800× 200
=

1
127

(5.0.2)

This is believed to be a good metric since the cost of the reactor equip-
ment is mainly proportional to the amount of material used. This is a
simplification since there are other components present in the reactor and
scale effects might play an important role. However, the reactor vessel is
the largest component and in ELECTRA’s case it is responsible for 2/3
of the reactor components’ material usage. It is reasonable to assume
that the indirect costs will raise relative to the direct costs as the vessel
becomes smaller since there are fixed costs associated with building the
vessel. On the other hand the smaller size might simplify the construction
method and raise competition between suppliers. This makes it difficult
to estimate the scale effects without a large amount of data.

The cost components which are scaled down from ELFR, and in the ex-
tension from Gen III+ LWRs, will be corrected for the learning economies
described in §3.1.3. The maximum cost reduction from a FOAK plant to
a NOAK plant is 17.6% and it will be assumed that the LWR cost is given
for a NOAK plant which will give a conservative estimate for ELECTRA.
The correction factor will be 1/(1− 0.176).
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Since the project is in an early stage it is not feasible to use the full COA
recommended by GIF and a simplified version will be used. Since some
costs must be scaled down from ELFR the same COA has been adopted
for use for ELECTRA. The full list is given in Table 5.1.

Table 5.1: The COA used for ELECTRA.

Account Description
21 Buildings & Structures
22 Reactor Plant Equipment
23 Turbine Plant Equipment
24 Electric Equipment
25 Heat Rejection Systems
26 Miscellaneous Equipment
27 Special Materials
28 Simulator
30 Capitalized Indirect Services Costs
40 Capitalized Owner’s Costs
50 Fuel Fabrication Facility
60 First Core

5.1 COA Input Parameters

5.1.1 Structures and Improvements

The design and size of the buildings are judged to be very similar to
those of the Swedish Training and Education Reactor (STURE) for which
there is an existing bottom-up estimate available [5]. It should be noted
that the STURE design did not include a containment building due to the
low source term which keeps down the cost. It is not yet determined
whether ELECTRA will need a containment building or not which adds
some uncertainty.

The cost of the buildings is estimated to e1.7M with an error between
−10% and +30%. According to EPRI this corresponds to a contingency
of 15–30%. Since an additional source of error is introduced by assuming
that the STURE and ELECTRA buildings will be identical, the contingency
will be increased to 50%.

The estimate was done on the 4th of May 2010 at which point the
exchange rate was 9.9315 SEK/EURO and the inflation in Sweden from
2010 to 2013 has been 313.39/302.92 = 1.0346 based on the KPI. In present
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day local currency the estimate of the buildings’ cost would therefore be
17 MSEK.

5.1.2 Reactor Plant Equipment

There is no detailed estimate available for the reactor components and a
dual approach will therefore be used. First the cost will be scaled down
from the estimated ELFR cost, based on the reactor vessel size. Secondly,
the calculation will be checked against a bottom-up estimate starting from
direct material costs of the current preliminary ELECTRA design.

There is one reactor plant cost component which merits separate treat-
ment. The control system for innovative reactor designs is typically high
and is not subject to scaling - it is a fixed cost. The best way to estimate
this cost is to use STURE’s bottom-up estimate of 85 MSEK [5]. This cost
will be added to the cost of the other reactor components which has been
scaled down from ELFR.

Given that the ELFR cost 4100 e/kW and that the reactor plant equip-
ment constitute 37% of a LFR’s total cost, the scaled down cost for ELEC-
TRA’s reactor plant equipment should therefore be

CReactor = 85 +
1

1− 0.176
× 1

127
× 37%× 4100 e/kW ∗ 600000 kW

= 171 MSEK
(5.1.1)

Since this estimate is rather uncertain, an accuracy of ±75% with 80%
confidence will be used which is the typical values recommended at this
stage.

This number can be compared with a simplified bottom-up approach
to verify that it is of the correct magnitude. By assuming that all reactor
components are made from steel it is a simple exercise to calculate the
material cost. The steel volume of ELECTRA’s reactor components is 0.76
m3 which corresponds approximately to a mass of 6000 kg. At the cur-
rent design stage the Sandvik steel alloy 12R72 is planned to be used and
while the exact number may vary, its price is expected to be 3000 SEK/kg.
This would result in a steel material cost of 18 MSEK. In the STURE es-
timate, the total cost of the reactor plant equipment was roughly three
times higher than the direct material cost [5]. Using the same factor for
ELECTRA, the steel components would cost 54 MSEK including labor
and manufacturing, and adding the control system brings the cost to 140
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MSEK. This bottom-up estimate is close to the top-down estimate which
lends further credibility to the figure.

5.1.3 Turbine Plant Equipment

Since ELECTRA is designed to be a low-power reactor, it will not generate
any electric power. All removed heat will be dumped in a heat sink. There
will therefore be no turbine plant connected to the reactor and this cost
component can be ignored.

5.1.4 Electrical Equipment

The electrical equipment is normally a very small part, around 1%, of the
total cost of the power plant cost and the cost estimate of it will therefore
not make a great impact on the total sum. It is difficult to make a detailed
assessment of the scaling factor without knowing the exact design of the
reactor and therefore the scaling factor used for the reactor plant equip-
ment will be used here as well. By scaling down the cost from ELFR, the
cost estimate for ELECTRA is:

CEl.Eq. =
1

1− 0.176
× 1

127
× 1%× 4100 e/kW ∗ 600000 kW

= 0.24 M e = 2 MSEK
(5.1.2)

Since this estimate is rather unsure, an accuracy of ±75% with 80%
confidence will be used.

5.1.5 Heat Rejection System

With the same reasoning as above in §5.1.4, the cost from ELFR will be
scaled down by a factor of 1/127 and the resulting cost is:

CHRS =
1

1− 0.176
× 1

127
× 1%× 4100 e/kW ∗ 600000 kW

= 0.24 M e = 2 MSEK
(5.1.3)

Since this estimate is rather unsure, an accuracy of ±75% with 80%
confidence will be used.
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5.1.6 Miscellaneous Equipment

This account covers miscellaneous costs that are not covered by any of the
above accounts and it can include items such as lift equipment, plant fuel
oil, communications equipment and similar items. Once again it is not
possible to estimate this cost in a bottom-up manner at present time and
it will therefore be scaled down from the ELFR cost.

CMisc. =
1

1− 0.176
× 1

127
× 12%× 4100 e/kW ∗ 600000 kW

= 2.82M e = 28 MSEK
(5.1.4)

Since this estimate is rather unsure, an accuracy of ±75% with 80%
confidence will be used.

5.1.7 Special Materials

This account only include the lead coolant for which it is possible to make
a good bottom-up estimate. The reactor vessel is roughly a cylinder of
height 3 m and radius of 0.46 m. This means that the volume is ap-
proximately 2 m3 which can contain 21 tonnes of lead - ignoring internal
components which decreases the coolant volume. The estimate is there-
fore conservative. Lead of the appropriate purity can be bought at a price
of 16 600 SEK/mt which results in a total cost of 0.35 MSEK. This figure
is assumed to lie within ±20% with 90% confidence.

5.1.8 Capitalized Indirect Services Costs

This group of accounts consists of cost such as construction supervision
and commissioning and start-up costs. This will be scaled down from the
ELFR data as:

CInd.Serv. =
1

1− 0.176
× 1

127
× 7%× 4100 e/kW ∗ 600000 kW

= 1.65M e = 16 MSEK
(5.1.5)

Since this estimate is rather unsure, an accuracy of ±75% with 80%
confidence will be used.

5.1.9 Capitalized Owner’s Costs

This account covers costs such as staff recruitment and training, staff hous-
ing during construction and similar costs.
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COwner′scost =
1

1− 0.176
× 1

127
× 7%× 4100 e/kW ∗ 600000 kW

= 1.65M e = 16 MSEK
(5.1.6)

Since this estimate is rather unsure, an accuracy of ±75% with 80%
confidence will be used.

5.1.10 Fuel Fabrication

ELECTRA will use a new type of fuel and the current project design in-
cludes a fuel fabrication facility which will be located on-site. There are
several similar facilities currently operating in Europe and a detailed cost
estimate had been performed based on the facility at PSI in Switzerland
[18]. The lab will contain an active part where the plutonium is handled
and the cost driver is the number of glove boxes. Normally seven such
boxes are needed and each require a floor area of 200 m2 with a room
height of 3 m. The cost has been approximated to 6000 CHF per m3 in
the active part which results in approximately 25 MSEK for the build-
ing. The equipment cost is estimated to be 80 MSEK with good certainty.
This results in a total cost of 105 MSEK for the active part of the facil-
ity. For the sensitivity analysis it will be assumed that the cost will lie
within 105± 1/7× 105 = 105± 15 MSEK with 80% certainty. That is, the
equipment can vary by one glove box.

The inactive part of the facility is estimated to be 250 m2 with a cost
of 2000 CHF per m3. This adds another 25 MSEK to the construction cost.
Adding this to the active part we get a total construction cost of 130± 20
MSEK with 80% confidence, assuming that the inactive building add ±5
MSEK error.

5.1.11 First core

The fuel is made of (Pu, Zr)N and the full core will contain 397 fuel pins
filled with pellets with a diameter of 11.5 mm, a total height of the active
fuel column is 300 mm and a density of 9.44 g/cm3. The total mass of the
core is therefore:

m = 9.44× (1.15/2)2 × π × 30× 397 = 116 kg (5.1.7)

Given the fuel composition of 60 mol% ZrN and 40 mol% PuN, the
core will require 67 kg plutonium, 38 kg zirconium and 11 kg nitrogen.
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The nitrogen has to be enriched to N-15 in order to avoid activation prod-
ucts during irradiation. The price for N-15 is roughly 10 e/gram and
the nitrogen will therefore cost 110 000 e. Zirconium is relatively cheap
compared to the nitrogen and plutonium and won’t affect the cost sig-
nificantly. The big cost component in the core is the plutonium since it
is subject to many security restrictions. There are two possible ways to
obtain plutonium for ELECTRA. The first option is to use OKG’s sep-
arated plutonium which is stored in Sellafield, UK. This would require
international transportation of the plutonium which is estimated to cost
75 MSEK. The second option is to build a separation facility in Sweden
and separate plutonium from spent Swedish LWR fuel. The cost for this
option will likely be in the order of 400 MSEK, based on similar facilities.
Given these circumstances, a mode value of 75 MSEK will be assumed
with 80% confidence in a ±75% accuracy.

One should however keep in mind that the cost might end up 300
MSEK higher if it is required to build a separation facility. Such a facility
might be useful for projects other than ELECTRA, or perhaps generate
revenues so a closer investigation should be done at a later point if it
becomes relevant.

5.2 Results

5.2.1 Overnight Construction Cost

The accounts covered in §5.1 describes the overnight construction cost
(OC) of the plant, meaning that it does not include time dependent costs
such as interest costs. Running the simulation with the scale coefficient
α = 1, the result is as shown in Figure 5.2.1. The mean value is 597 MSEK
with a 50% confidence interval of (497, 669) MSEK and a 90% confidence
interval of (444, 781) MSEK.
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Figure 5.2.1: The resulting distribution of the total cost from a Monte Carlo
simulation with 50000 iteration.

5.2.2 Interest Cost

The EMWG Guidelines requires that interest costs during construction are
included in the estimate. This is requires so that the cost can be compared
to investments in other projects and it can be considered as an opportunity
cost. The interest cost during construction (IDC) is calculated as:

IDC =
n

∑
i=1

Ci

[
(1 + r)n−i − 1

]
(5.2.1)

Where Ci is the cash flow for the period, n is the number of periods
from construction start to completion and r is the real discount rate. For
simplicity the periods are assumed to be one year long and the cash flow
will be assumed to be evenly spread out over the construction time so
that Ci = OC/n. For comparison purposes, EMWG recommends using
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r = 5% and r = 10% for all cost estimates, independent on domestic
circumstances. The formula is now simplified to:

IDC = OC
1
n

n

∑
i=1

[
(1 + r)n−i − 1

]
= OC× f (n, r) (5.2.2)

The interest cost can now be seen as a percentage of the overnight
construction cost and with the previously mentioned assumptions it will
only depend on the time of construction and the interest rate. At the mo-
ment there is no detailed construction schedule for ELECTRA so a range
of construction durations will be used to calculate the IDC. Given that it
is a relatively small project, the maximum construction time is chosen to
be 5 years. The result in summarized in Table 5.2. As can be seen, the
interest cost might be as large as 22% of the overnight cost if the con-
struction takes 5 years with an interest rate of 10%. Using the worst case
scenario with 22% interest costs, the construction cost including interest
cost would be 728 MSEK with a 50% confidence interval of (606, 816) and
a 90% confidence interval of (542, 953) MSEK.

Table 5.2: The value of f (n, r)

PPPPPPPPPt (years)
r

5% 10%

1 0 0
2 0.025 0.05
3 0.051 0.103
4 0.078 0.160
5 0.105 0.221

5.2.3 Operation and Maintenance Costs

While the primary purpose of this paper is to calculate the construction
cost, it is also relevant for investors how much it will cost to operate the
facility. Therefore a simplified estimate of the operation and maintenance
cost will be made as well.

The O&M cost is generally represented by a fixed and a variable com-
ponent. The fixed term is independent of the operating time while the
variable term depends on the operating time. The fixed term depends on
the installed capacity and include items such as staff costs which is typi-
cally the largest cost component. For ELECTRA there will most likely be
8 full time employees counting both the technical and administrative staff.
Available data usually express the O&M cost in terms of e/kWe which
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is difficult to use for ELECTRA given the small power output. There are
three alternative ways to come around this difficulty. One can look at
how large the O&M cost is in relation to the construction cost for existing
plants - mainly LWRs. This approach assumes that the O&M cost share is
largely constant independent of plant size and it also assumes that LWRs
and LFRs have similar O&M cost shares. Secondly, one can look at ELFR’s
O&M cost estimate and scale it down with an appropriate metric. Lastly,
one can do a simplified bottom-up estimate to verify that the figures are
in the right order of magnitude.

Data from the US LRW reactors show that in 2004, O&M cost equaled
about 5.33% of the initial overnight construction cost. By limiting the data
to reactors starting commercial operation in 1985 or later, the O&M share
goes down to 2.91% which can be explained by the low construction cost
of the early reactors. The lower figure will be used since the early reactors
were cheaper to build than can be achieved in present day - making the
data irrelevant. One can then estimate ELECTRA’s O&M cost as 2.91%
of the estimated overnight construction cost, resulting in 12.80 MSEK/a.
This method assumes that the relationship between the construction cost
and O&M cost is independent of plant size. This is likely not true since the
number of employees per installed kW normally decreases with increased
plant size. This method is therefore likely to give a too low value for the
estimated cost.

The second approach starts from ELFR’s cost estimate and scales down
the O&M cost to ELECTRA’s size using a relevant metric. In this case it
seems unlikely that the vessel size is a very good cost driver for O&M
costs so it is necessary to find another metric. The staff size typically
make up two thirds of the O&M cost and is easy to measure which makes
it a good metric [16]. ELFR’s designers have used a formula developed by
Roelofs to estimate their staff size [11]:

w = max [a× ln(P + b) + c; 100] (5.2.3)

Where w is the number of full time equivalent (fte) employees, P the
electric power of the plant in MWe, and a, b and c are model parameters
set to 400, 400 and -2450 respectively. In ELFR’s case, with a power of 600
MWe, the staff should therefore be 313 fte. Compared to ELECTRA, this
would result in a scaling factor of

wELECTRA

wELFR
=

8
313

=
1

39.125
(5.2.4)

ELFR has estimated a nominal O&M cost of 110 e/kWe/a and an op-
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timistic and pessimistic value of 81 e/kWe/a and 143 e/kWe/a respec-
tively. In absolute terms the nominal value becomes 66 Me/a, or roughly
660 MSEK/a. Assuming that there are no scale effects, ELECTRA’s O&M
cost would then be

CO&M =
660

39.125
= 16.87 MSEK/a (5.2.5)

The optimistic and pessimistic values are 12.42 MSEK/a and 21.93
MSEK/a respectively. As it is unknown whether there are any scale effects
with respect to staff size, this figure might be too low. These figures are
close to the first approach which lend credibility to the figure.

Lastly, starting from the planned staff, it is possible to make a simpli-
fied bottom-up estimate to verify that the above figures are reasonable.
In Sweden an employee will cost about 150 % of their annual salary be-
cause of taxes and social fees. Given that there are eight employees with
monthly salaries of 40000 SEK, the staff cost is 5.76 MSEK/a. It has been
estimated that staff costs make up two thirds of the O&M cost for commer-
cial power plants and assuming that the same applies to research reactors
would give an O&M cost of 8.64 MSEK/a. In addition, the Swedish regu-
latory body requires 0.8 MSEK/a in regulatory fees which brings the total
cost to 9.44 MSEK/a. There might also be other fixed costs, independent
of plant size, so this figure will likely be higher.

In conclusion, the first two methods give the results 16.87 MSEK/a and
12.80 MSEK/a while a simplified bottom-up estimate gives 9.44 MSEK/a.
While these estimates are conservative, it is difficult to say how much
therefore reasonable to believe that the O&M cost will lie within 15± 5
MSEK/a.

5.3 Sensitivity Analysis

There are three principle sources of error in the Monte Carlo model.

1. The assumption that the vessel size is a good metric for scaling costs,

2. The possibility of economies of scale which is expressed as the value
of α.

3. The estimated nominal value for all cost components.

The whole idea with the Monte Carlo method is to handle these un-
certainties by assigning probability distributions and getting a range of
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Table 5.3: The significance of α on the result.

Alpha Mean 50% confidence interval 90% confidence interval
1.0 597 (497, 669) (444, 781)
0.9 731 (605, 822) (538, 964)
0.8 952 (779, 1075) (686, 1271)

outputs which takes uncertain inputs into account. Nevertheless it is im-
portant to see how sensitive the output is to the assumptions and inputs
of the model to confirm that the model is valid.

The assumption that is likely to have the largest influence on the es-
timate, and is easy to vary, is the scale coefficient α. It will therefore be
varied in order to observe how large its influence is on the total cost. The
resulting values are shown in Table 5.3. It is clear that the cost can increase
by a factor larger than 1.5 by decreasing α from 1 to 0.8. The difference in
the scaling ratio, using the two extreme α values, is:(

1
127

)0.8
/
(

1
127

)1
= 2.63 (5.3.1)

Is it reasonable that manufacturing ELECTRA’s vessel should be 2.63
times more expensive per kg material compared to ELFR because of the
smaller scale? Most likely not. An α of 0.9 would make it 1.63 more
expensive per kg material. The question is therefore how one can choose
a proper value for α? It is in principle impossible to determine a value
without having detailed knowledge of the manufacturing methods of both
the reference case and of ELECTRA, or having a large amount of historical
data from similar projects. There is no detailed knowledge available about
the manufacturing of ELFR’s components but it is known that ELECTRA’s
components will be manufactured with conventional methods in off-site
factories. It is therefore unlikely that the manufacturing costs will be much
higher per kg material compared to ELFR. This is a qualitative argument
that α should be close to 1.
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Chapter 6

Conclusions

It is clear that Lead-Cooled Fast Reactors currently are more expensive
than Light Water Reactors of the same size. However, there are several
factors which are working for LFRs benefit. The LFR technology is still in
its cradle and there is still much potential for reducing the cost. Russia is
perhaps the most advanced country in the LFR field and they claim that
the BREST reactors will be cost competitive with LWRs. Hopefully the
European LFR project will reach the same level eventually. Secondly, LFRs
have the additional advantages of passive safety systems and reduced
radioactive waste streams. These advantages could in time provide large
economic advantages over LWRs in the same way that carbon emissions
from fossil fuel power has given nuclear power an economic advantage
over fossil fuels. It is therefore important to not become too focused on
the final figures but rather look at the whole picture which includes safety
and environmental performance.

The development of the nuclear industry in the 70’s and 80’s has been
very interesting to investigate since there is a very obvious trend of in-
creasing cost escalations - especially after the Three Mile Island and Tch-
ernobyl accidents. This highlights that need of detailed designs following
the relevant regulations and having good contact with the regulators. Lack
to do so will result in delays and redesigning during construction which
causes the interest costs to increase drastically.

The cost estimate followed the Code of Accounts developed by GIF
and the four largest cost components for ELECTRA are the building and
structures, reactor plant components, the fuel production facility as well as
the plutonium. There are bottom-up estimates available for both the build-
ing and structures, and for the fuel production facility and they should
not deviate much from those figures. The challenge has mainly been to
estimate the cost of the reactor plant equipment in an accurate manner.
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The cost of the plutonium is unfortunately difficult to estimate accurately
since the order of magnitude can vary depending on the circumstances.

The result is not completely conclusive given the uncertainty of how
large the scaling coefficient α should be. Qualitative arguments suggests
that it should be close to 1 in which case the mean cost for ELECTRA is 597
million SEK. By putting α to 0.9, which could still be reasonable, the mean
cost increases to 731 million SEK. This is the range of mean costs that is
judged likely. However, since there are uncertainties, the cost might fall
outside of this range. It is important to recall that a large uncertainty stems
from the acquisition of plutonium for the fuel. It is therefore important to
find out as soon as possible in the design process how to acquire it.

The cost of operation and maintenance will likely fall into the range
of 15± 5 SEK per year during normal operation for the first fuel cycle.
Once it is time to refuel the cost for buying more plutonium will have to
be re-evaluated at the time.

The cost for decommissioning has not been included in this cost esti-
mate on demand of the ELECTRA project supervisor. However, the de-
commissioning cost are normally assumed to equal one third of the direct
construction costs [14]. This cost will then have to be discounted by the
lifetime of the power plant. So if the direct construction cost is 597 MSEK,
one third is 199 MSEK. Assuming a lifetime of 40 years and 5% discount
rate the present value is 28 MSEK for the decommissioning.
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Chapter 7

Appendix

7.1 COA for the ELFR

Table 7.1: A relative COA comparison of the ELFR and a LWR,

ELFR LWR (1100 MW)
2 Capitalized Direct Costs

21 Structures and Improvements 19% 18%
211 Site Preparation 44% 100%
212 Reactor Island Civil Structure 70% 100%
213 Turbine Generator Building 60% 100%
214 Security Building 100% 100%
215 Reactor Service Building 70% 100%
216 Radwaste Building 70% 100%
217 Fuel Service Building 70% 100%
218 Small Buildings 70% 100%
219 Others 70% 100%

Subtotal 69% 100%
22 Reactor Plant Equipment 37% 25%

221 Reactor Equipment (Vessel, internals) 68% 100%
222 Main Heat Transport System 37% 100%
223 Safety Systems 62% 100%
224 Radioactive Waste Processing Systems 123% 100%
225 Fuel Handling Systems 123% 100%
226 Others (make-up, cleaning etc.) 123% 100%
227 Instrumentation & Control 123% 100%
228 Miscellaneous Items (paint etc.) 123% 100%

Subtotal 98% 100%
23 Turbine Generator Equipment 14% 14%
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231 Turbine Generator 60% 100%
233 Condensing Systems 60% 100%
234 Feed Heating Systems 60% 100%
235 Other turbine Plant Systems 60% 100%
236 Instrumentation & Control 60% 100%
237 Miscellaneous 60% 100%

Subtotoal 60% 100%
24 Electrical Equipment 1% 11%

241 Switchgear 79% 100%
242 Station Service Equipment 79% 100%
243 Switchboards 79% 100%
244 Protective Systems Equipment 79% 100%
245 Electrical Raceway Systems 79% 100%
246 Power & Control Cables & Wiring 79% 100%

Subtotal 79% 100%
25 Heat Rejection System 1% 4%

251 Structures 53% 100%
252 Mechanical Equipment 53% 100%

Subtotal 53% 100%
26 Miscellaneous Equipment 12% 3%

261 Transportation and Lift Equipment 70% 100%
262 Air, Water, Plant fuel, Oil, Steam Service Systems 70% 100%
263 Communication Systems 70% 100%
264 Furniture etc. 70% 100%

Subtotal 70% 100%
27 Special Materials 1% 1%

Coolant 300% 100%
28 Simulator 1% 1%

Simulator 100% 100%

3 Capitalized Indirect Services Costs 7% 14%
31 Field Indirect Costs 67% 100%
32 Construction Supervision 67% 100%
33 Commissioning and Start-Up Costs 67% 100%
34 Demonstration Test Run 67% 100%
35 Design Services Offsite 67% 100%
36 PM/CM Services Offsite 67% 100%
37 Design Services Onsite 67% 100%
38 PM/CM Services Onsite 67% 100%

Subtotal 67% 100%

42



4 Capitalized Owner’s Costs 7% 9%
41 Staff Recruitment and Training
42 Staff Housing
43 Staff Salary-Related Costs
44 Other Owner’s Capitalized Costs

Subtotal 55% 100%

Total absolute 80% 100%
Total absolute including modularity factor 128% 100%
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