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ABSTRACT

This paper updates data and models concerning size and series effects on the
economics of nuclear power plants.

Size effect is the observation that, for a given technology, capital cost of a plant
increases less rapidly than its capacity. The overall scaling exponent is derived from
specific exponents for different plant items. It varies for industrial LWR and PHWR
between 0.4 to 0.7.

Series effect comprises two types of effects :

• fabrication in series of equipments, thus reducing unit cost with increased
number of units,

• Increased efficiency through the feedback of experience obtained from the
on-site realisation of a number of identical plants.

Size and series effects are combined in the realisation of a full programme of a same
standard model of nuclear power plants, fora given country or for several countries, in
the same period of time (typically 10 years).
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Calculations have been performed to compare size and series effects for a 15000
MWe programme to be installed within 10 years, and reactor sizes varying from 600
MWeto1500MWe.

The different options regarding the size of PWR standard model have also been
compared on the basis of the least levelised electricity cost.

The results of the calculations show that a standardised series of 1500 MWe appears
presently the best solution in densely industrialised countries.

In the long term, reactors of 1000 MWe, or less, (if new concepts sharply decrease unit
cost per kW installed), may be preferred because of the associated large series effect.

1 INTRODUCTION

In France, nuclear option is kept open for the renewal of existing nuclear plants in 15 to
20 years. Preparation for a series of new reactors in good conditions of
competitiveness implies the detailed design of a reference plant called EPR (European
Pressurised Reactor). Opponents of nuclear option have argued that increased plant
size as compared with existing reactors was a dangerous race neither economic nor
reasonable.

Giant EPR got even into the headline of a nuclear journal. Decision to maintain the size
level of the most recent N4 reactors has been politically wise and based also on
technical and economic studies such as the one described here, which shows that a
series of 1500 MW EPR reactors is the best economic compromise for the renewal of
electricity generation in a country like France.

The study is based on 15000 MW to be installed within a period of 10 years. It tries to
provide plausible answers to the question: is it economically preferable to implement a
large number of small or medium sized reactors or few large sized reactors to realise
the 15000 MWe programme ?

2 SIZE EFFECT

A larger nuclear plant has a lower specific overnight capital cost than a smaller one of
the same design. For a given technology, the following scaling function can be used to
show that cost of installed kW decreases as reactor size increases from Po to Pi :

Cost(pi) =Cost(po) x —

Where, Cost(Pj) is an average specific cost, expressed in monetary unit/kW. The size
effect is thus characterised by the scaling exponent m, whose value lies between 0.4
and 0.7 for the whole plant (overnight cost) :

• 0.42 to 0.53 in the OCDE/AEN 2000 report on reduction of capital costs of
nuclear power plants.

• 0.42 in an ICONE 7 presentation of a computerised cost model for
pressurised water reactors.

• 0.60 to 0.65 in the OCDE/AEN 1991 report.
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The figures below illustrate the preference for larger sizes (it is arbitrarily assumed that
the cost of the highest power plant -1800 MW- is 100). This effect explains why
increasing unit power sizes were chosen in the development of nuclear energy.

SIZE EFFECT

SIZE EFFECT : Zoom for sizes from 1000 to
1800 MWe

Size of the power plant in MWe

However, there are practical limits to the benefits of the size effect for a given
technology. These limits are imposed by mechanics and physics which can be crossed
only through technical and material innovations.
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Moreover, for a given technology, evolutions of equipments and installation with reactor
power present discontinuities, e.g. the addition of a 4 th primary loop in 1300-1500 MWe
PVVR reactors, compared to three in 900-1100 MWe.

ILLUSTRATION OF SIZE EFFECT ON A GIVEN
TECHNOLOGY
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Thermal power (100 -> 4250 M W )

3 SERIES EFFECT

Pattern of design and construction of French PWR's, in successive standardised series
of reactors, has had a strong influence on their construction costs.

The series effect expresses the fact that the average specific investment cost of a
series of standardised units (in other words, similar "for the most part") is lower than that
of a unit with the same characteristics, but designed and built separately. This effect
results from two distinct factors:

• on the one hand, the uniqueness of the carrying out of studies, developments,
qualification and tests of equipment, valid for the whole of the standardised
series : programme effect,

• on the other hand, the general improvement of the productivity of the contracting
companies : productivity effect (learning curve), resulting in a reduction of
contractors' cost prices both due to the apprenticeship effect, and the
programming and optimisation of their supplies and production facilities.

3.1. Programme effect

As a rule the programme effect is easily quantifiable and helps justify a cost difference
between the first and subsequent units of the series.

The undertaking of a new standardised series requires the carrying out of design
studies, development, qualification and tests of new equipment, as well as the awarding
of standard contracts. These various services, undertaken for the construction of the first
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unit of the series, are valid for the whole of the standardised series and independent of
the number of units.

The additional cost related to the construction of the "First of a kind " (FOAK) unit
corresponds to the fixed costs of the programme. It may be more or less substantial,
according to the degree of standardisation and the procurement policy chosen.

3.2. Productivity effect

The productivity effect is a more complex notion and is extended to all the operations
related to the costs of the standardised series. It stems from a reduction of the
contractors' cost prices, as a result of the learning effect, as well as the development,
better programming and optimum use of their supplies and production equipment.

This effect is associated with a commitment rate rather than with a number of units of a
standardised series, within a range allowed by the existing industrial potential. The
continuity of the commitments is indeed indispensable so that the programming of the
design and manufacture of equipment by the manufacturer is optimal and is thus able to
have beneficial repercussions on the corresponding costs.

A simple quantification of this effect is given by the formula:

C(n) = | l + -

with C(°°) specific cost of an infinite series, S series coefficient which theoretically

varies between 0.53 and 1.9. but S =1 is considered as the most realistic probable
value.

Specif

ILLUSTRATION OF THE PRODUCTIVITY EFFECT

cost of a series of N units = (1 + s/N) x (cost of an "infinite" series)

specific average cost of an "infinite" series

c average cost of the series
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Series effect levelises itself quickly after a given number of units. Optimal gain is
reached at about 10 units.

Moreover, standardisation is limited by 2 phenomena :

- each site is characterised by specific data (geology, infrastructure) which do not
permit standardisation of the whole construction ;

- technology must remain stable for a sufficient period of time, in order to provide the
maximum benefit of the series effect. This is not so easy to do in practice.

4 INFLUENCE OF TECHNOLOGY ON SIZE AND SERIES EFFECTS

In order to estimate the cost of nuclear programme for a series of standard units
replacing, for instance, a total of 15000 MW of decommissioned nuclear units, influence
of technology on size and series effects should be considered.

It is claimed by most promoters of innovative small and medium sized reactors (SMRs)
that smaller sizes allow simplification and modular construction which may then lead to a
rupture in the size effect curve. Some figures quoted for specific overnight costs of new
designs are extremely low (1000 $/MW, or even less, for the high temperature PBMR). It
is difficult to judge the validity of these claims because these reactors have not been
built and their safety and feasibility aspects have not yet been completely studied.

However, for a first quantitative evaluation of the above effects on the proposed SMRs,
one can make several assumptions on the amplitude of the cost step in the calculations.
First, since these reactors are nuclear, they have to be built on few sites in order to limit
the costs of infrastructure and site protection. Then, for a meaningful comparison, the
overall cost of several SMRs should be compared with relatively few large reactors,
providing identical capacity, on the same site.

The impact of shorter construction times, implicitly assumed for SMRs, on thejinancial
burden of a nuclear construction programme must also be assessed.

The following exercise has been performed in the case of replacing a nuclear program
of 15000 MWe, that is supposed to be achieved in the future within about 10 years, at a
levelised rhythm of 1500 MW/year, either with 25 units of 600 MWe, or with 15 units of
1000 MWe, or with 10 units of 1500 MWe.

With a discount rate of 8%, and for a given technology, the capital cost of the 600 MWe
series is 15% higher than with the 1500 MWe units series. If we add the series effect,
the important rhythm of construction of the 600 MWe programme leads to a further gain
of 2%. (Table 1)

With a stronger simplification in the 600MWe concept (7% less than specific
construction cost of table 1 for 600 MWe, 5% less for 1000 MWe), and a stronger series
effect for 600 MWe, the capital cost of the 600M We series is only 5% higher than the
1500 MWe series, and 7% higher for the 1000 MWe series. (Table 2).
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Table-1 : Size and series effect on the capital cost of the series

for a given technology

levelised rhythm

Size effect compared with 1500 MWe
units (increase in the cost)
Size and series effects compared with
10 units of 1500 MWe

600 MWe

2.50 units/year

+ 15%

+ 13%

1000 MWe

1.5 units/year

+ 13%

+ 11%

1500 MWe

1 unit/year

+ 0%

0%

Table-2 : Size and series effect on the capital cost of the series
for simplified technologies

levelised rhythm

Size effect compared with 1500 MWe
units (increase in the cost)
Size and series effects compared with
10 units of 1500 MWe

600 MWe

2.50 units/year

+ 8%

+ 5%

1000 MWe

1.5 units/year

+ 8%

+ 7%

1500 MWe

1 units/year

0%

0%

investigations, currently in progress, include :

• A more precise evaluation of these effects will be presented in the future. The Cost
modelling of promising new reactor concepts.

• Analysis of other performances of SMRs, as announced by their promotors.

• Adaptability of the new concepts to increasingly deregulated markets

• Evaluation of the extra-costs involved, if any, for the incorporation of proliferation
resistant technologies ; analysis of the market potential for exportation to Developing
Countries.

• Optimisation of cogeneration systems for electricity production and coupled non-
electrical applications (e.g. desalination and district heating, hydrogen production
etc.).

5 CONCLUSIONS

These simple models, based on construction and investment costs observed in different
countries and situations, show that present industrial LWR and PHWR technologies
favour large sized reactors.
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The difficulty to open new sites and the added costs imply maximum utilisation of
existing sites. Small and medium reactors are thus to be compared with large reactors
on the same sites. Safety and reliability aspects should be further studied because
several reactors with the same specific probability of severe accident are not equivalent
to an equivalent large reactor. A possibility for these reactors to be preferred to large
reactors is to benefit from a simplified and safer concept which results in lower specific
cost and increased series effect. This could be obtained for example by a large
production in the world market.

Further studies (if possible, through an international co-operation between utilities and
designers) should be performed on this subject to compare several concepts and their
possible commercial markets. These studies would deal with the industrial feasibility
and competitiveness of systems of small (50-100 MWe), medium (300-600 MWe) and
large (1000-1500 MWe) sizes.
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