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H I G H L I G H T S

� Nuclear flexibility is examined to balance the system with high renewables share.
� Impacts of wind and solar shares on the nuclear load factor and LCOE are assessed.
� Nuclear fleet replacement must be progressive to ensure competitive load-following.
� Incentives are needed for nuclear to compete with CCGT gas back-up.
� We recommend considering nuclear flexibility through the power use.
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a b s t r a c t

The complementary features of low-carbon power sources are a central issue in designing energy
transition policies. The French current electricity mix is characterised by a high share of nuclear power
which equalled 76% of the total electric production in 2015. With the increase in intermittent renewable
sources, nuclear flexibility is examined as part of the solution to balance electricity supply and demand.
Our proposed methodology involves designing scenarios with nuclear and intermittent renewable pe-
netration levels, and developing residual load duration curves in each case. The load modulation impact
on the nuclear production cost is estimated.

This article shows to which extent the nuclear annual energy production will decrease with high
shares of intermittent renewables (down to load factors of 40% for proactive assumptions). However, the
production cost increase could be compensated by progressively replacing the plants. Moreover, in-
centives are necessary if nuclear is to compete with combined-cycle gas turbines as its alternative back-
up option.

In order to reconcile the social planner with plant operator goals, the solution could be to find new
outlets rather than reducing nuclear load factors. Nuclear flexibility could then be considered in terms of
using its power to produce heat or hydrogen.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

The current international context is characterised by emerging
intentions to switch to low-carbon energy mixes, with country-
specific energy transition pathways. The production of heat and
electricity is the first contributor to greenhouse gases worldwide

as it emitted a quarter of the total emissions in 2010 (French
Ministry for the Environment, Sustainable Development and En-
ergy, 2015). Thus electricity production appears to be a key para-
meter in working towards lower carbon contents. As stated in the
SET Plan Integrated Roadmap of the European Commission: “The
decarbonisation of electricity production is the centre-piece of the
Energy Roadmap 2050. All scenarios studied in the Roadmap show
that electricity will have to play a much greater role than now”

(European Commission, 2014a). The electric power mix is a core
issue of the energy transition: significant decarbonisation of the
energy system will involve both decarbonising the power sector
and enhancing the role of electricity, particularly through sector
coupling, like power-to-heat and power-to-mobility, either
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directly with electricity, or synthetic gas as final energy.
To promote decarbonisation of the power system, the general

3�20 European directive proposes renewable penetration goals
(European Union, 2009). The recent European agreement appears
proactive; by announcing a binding target of at least 27% of re-
newable energy on a European level by 2030, it will promote such
decarbonisation practices (European Commission, 2014b). In
France, 27% of the electricity is to be produced by renewable re-
sources by 2020 (European Union, 2009), and this share will in-
crease to 2050. In 2015, the share of renewable power already
reached 19% of the domestic production, namely approximately
100 TWh (RTE, 2015a). The major fraction of growth will come
from intermittent renewable power plants, which challenges the
possibility of maintaining the reliability target level of the power
system (Gross et al., 2006); (Hart et al., 2012). Among renewables,
wind and solar are expected to contribute about 10% to the French
electricity production in 2020 (ANCRE, 2013); (RTE, 2015a), and
according to some scenarios, they could contribute more than 50%
to the total electricity production by 2050 (ADEME, 2013).

1.2. The impact of intermittent sources on power systems

To ensure the reliability target level of a power system, some
power plants have to certify that they are available to supply
power when the power deviates from the expected value. This is
what is commonly called ‘back-up power’. The addition of inter-
mittent renewable power plants in a power system triggers new
needs for back-up power to provide the system with additional
flexibility. This is true both in the short term (i.e. the operational
back-up meets balancing requirements) and in the long term (i.e.
the capacity back-up meets adequacy requirements) (Luickx et al.,
2008). Ma et al. (2013) defines the term flexibility as “the ability of
a power system to cope with variability and uncertainty in both
generation and demand, while maintaining a satisfactory level of
reliability at reasonable cost, over different time horizons”.

Intermittent renewable power plants are characterised by
power variability, some uncertainty and non-dispatchability, not
to mention a current priority dispatch. In any case, their low
variable costs place them first in the merit order. In the last few
years, the findings first led to defining and quantifying the speci-
ficities of intermittent system-dependent production profiles (Hart
et al., 2012; Keppler and Cometto, 2012; Luickx et al., 2008; Perez-
Arriaga and Batlle, 2012; Ruiz Gomez, 2012; Wagner, 2012; Wan,
2011). They identified average load factors, attempted to quantify
additional high power ramps and amplitudes induced for the re-
sidual load pattern, and examined the issue of power surplus.

Most power system studies analyse the impact of intermittent
renewable power plants on the power system, and the related
needs for more operational and capacity back-up. In particular, the
capacity credit of the intermittent sources added to the system
must be assessed in order to quantify the need for capacity back-
up. Both back-up needs depend on key parameters pointed out by
findings shared by (Davis et al., 2013; Doherty et al., 2006; Gross
et al., 2006; Hand et al., 2012; Hoogwijk et al., 2007; Keane et al.,
2011; Perez-Arriaga and Batlle, 2012). On the one hand, these
parameters are inherent to a power system (i.e. relative to the
reliability target level, to the features of the power system before
introducing intermittent sources and to the features of the inter-
mittent fleet added to the system). On the other hand, they are
highly linked to approximations used to evaluate these needs.
According to Keane et al. (2011), calculations must rely on time
series of data for the electric demand that must coincide with the
production of intermittent renewable sources, covering at least
several years with an hourly time frame, along with a complete
inventory of dispatchable sources, associated default rates and
maintenance schedules.

The whole cost associated with intermittent renewable pene-
tration should be considered in light of their specificities. Costs
related to intermittency are highly sensitive to these parameters,
so their quantification should be interpreted with caution, which
is all the more complex as different terminologies are used from
one country to another. These costs are the result of low capacity
credits of intermittent sources. Authors (Connolly et al., 2010a;
Gross et al., 2006; Keppler and Cometto, 2012; Perez-Arriaga and
Batlle, 2012; Skea et al., 2008) agree on the three components
which define these costs:

– Balancing costs that include the change of load factors for in-
stalled capacities. They result from new operational needs
linked to variability and uncertainty of these sources

– Adequacy costs that are closely related to the assumed capacity
factor of the power plants. They result from new needs for ca-
pacity back-up

– Grid costs that result from new needs for network
reinforcement.

Ueckerdt et al. (2013) propose to include all these cost com-
ponents in the concept of ‘system LCOE’1 to make it possible to
perform a thorough comparison of technologies.

1.3. French case and the issue of nuclear flexibility

The French case is very specific. The French power system is
currently characterised by a high nuclear penetration: the nuclear
fleet supplied 82% of the French domestic consumption and 76% of
the total demand (including exportations) in 2015 (RTE, 2015b).
Nuclear power will remain a significant contributor to the French
power system in the medium term, as a low-carbon power source.
The nuclear share is to be reduced to 50% of the power production
from 2025 onwards, and the renewable share should reach 40% by
2030 (French Government, 2015). Furthermore, the choice of the
nuclear fleet replacement policy is at the core of the French power
debate as half of the fleet will be older than 40 years by 2025 (Cour
des comptes, 2014).

The energy transition in the French context needs to be pur-
sued by taking into account available technologies and by im-
plementing potential synergies to drive low-carbon power sources
with complementary features. With high intermittent renewable
penetration, all back-up technologies should be considered, given
their characteristics. Besides peaking unit production (e.g. gas
turbines), options such as storage, demand (or supply) curtail-
ment, interconnections and even baseload power modulation
should be examined as part of the solution (Hand et al., 2012).

The nuclear abilities to modulate power are defined on the
scales of a fleet and of a reactor. On a fleet-scale, limitations are
related to the dynamics of the fleet in operation with organisa-
tional, economic and administrative constraints. Increasing the
fleet's participation in load-following entails additional operating
costs linked to a higher forced loss rate and higher maintenance
needs. While additional operating costs are hard to quantify in
advance, they are minor compared with costs linked to the nuclear
load factor reductions due to load-following (Bruynooghe et al.,
2010; EDF, 2013).

On a reactor-scale, nuclear reactor flexibility is limited by in-
trinsic physical properties linked to the crucial need to maintain
the integrity of the first barrier (for instance, avoiding cladding-
pellet interactions) and to minimise effluent releases related to the
use of boron in the core. These properties limit the maximum al-
lowable power ramp (around 5% of nominal power (Pn) per

1 The system levelised cost of electricity.
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