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Abstract

The purpose of this presentation is to describe the impact of severe accidents on the EPR design and layout. After
a summary of the safety requirements specified in accordance with the recommendations expressed by the
French and German safety authorities, the main EPR features corresponding to the prevention and the mitigation
of severe accidents will be described. Considerations with regard to R&D and cost impacts are also provided.

1. INTRODUCTION

To fully benefit from the outstanding and ever-growing French-German experience and to
maintain a continuous development process avoiding discontinuity or break, the EPR is of an
evolutionary design. This basic choice complies with the recommendations specified by the
French and German safety authorities in their "proposal for a common safety approach for
future PWR" [1]. At the same time, the EPR is an innovative product to combine
competitiveness, improved operability and enhanced safety.

The enhancement of safety is achieved by the elaboration of a safety approach which follows
the recommendations of the French and German safety authorities. These recommendations
were already presented in the past, see for example [2].

The EPR approach is summarized hereafter, introducing the presentation of the EPR design
features dedicated to the severe accident prevention, then to their mitigation. It must be
underlined that the processes of elaboration of common positions by the safety authorities, and
of development of the EPR, are presently in progress. Some modifications could be introduced
in the future in the technical features.

2. OVERALL SAFETY APPROACH

2.1. General

A twofold strategy is pursued compared to existing plants: first, to improve the preventive
measures against accidents, second, even if the probability of severe accident scenarios - up to
core melt - has been further reduced, to implement additional features, mainly concerning the
containment, to mitigate the consequences of such accidents.
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This strategy is implemented by designing the plant with a strong "Deterministic Design
Basis" and, beyond this basis, to consider "Risk Reduction" measures. It is a development of
the well-known defence-in-depth principle.

Presentations were already made [3] and [4], therefore only a summary will be provided
hereafter.

2.2. Deterministic design basis

The Deterministic Design Basis is based on systematically and deterministically chosen
events. According to their anticipated frequency, those events are categorised in 4 Plant
Condition Categories (PCCs). PCC 1 covers normal operation states, PCC 2 to PCC 4 envelop
anticipated operational occurrences, infrequent and limiting accidents. The classification
includes consideration of relative frequency of the events.

The progressivity-of-safety and defence-in-depth principles imply that the radiological
consequences shall be commensurate with the frequency. The EPR project has proposed
radiological limits accordingly, as well as design criteria. In the frame of the safety
assessment, it is shown that those radiological limits and design criteria are met, considering
dedicated systems and conservative assumptions including deterministic failure assumptions in
the dedicated systems.

These dedicated systems, safety classified, are subject to extensive efforts in order to reach a
high reliability and to keep the common mode failure potential at a low level, leading to an
efficient prevention of severe accident.

2.3. Risk reduction

Nevertheless, to further reduce the risk of large releases from the plant, the EPR project has
specified two Risk Reduction Categories corresponding to core melt prevention (i.e. Risk
Reduction Category A or RRC A) and large releases prevention (i.e. Risk Reduction Category
B or RRC B).

By reference to the INSAG 3 objective (probability of core melt < 10'Vreactor x year including
all events and all reactor states), the following targets were specified by the French and
German safety authorities, to be considered as "orientation values":

- for determining the adequate combination of redundancy and diversity, the designer can use
probabilistic targets as orientation values ; in that case, orientation values of 10'6 per year for
the probabilities of core melt due to internal events respectively for power states and for
shutdown states could be used

- for those internal and external hazards the probabilities of which cannot be realistically
determined, provisions have to be implemented by the designer to obtain a consistent design

A more specific and practical probabilistic decoupling value was defined by the EPR project,
to be used as design target : the CMF per "family of events" (internal events for power or
shutdown states) shall be less than 10'7 per reactor-year.

RRC A includes consideration of events with multiple failures and coincident occurrences up
to the total loss of safety systems. The identification of such events is performed on a
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probabilistic basis, using realistic or of best estimate rules. Additional features must be
provided in order to meet the CMF decoupling target specified before (107 per reactor and
year). The final safety assessment of RRC A is performed by a level 1 PSA.

RRC B, or severe accidents, constitute a new category of events for which provisions shall be
foreseen in the EPR design, and the objective is to strengthen the design measures in such a
way that extensive offsite countermeasures are not necessary, should such an event occur.

The corresponding design goals are specified by the French and German safety authorities in
the following way:

- situations that would lead to large early releases such as containment bypass, strong
reactivity accidents, core melt with reactor coolant system at high pressure or global hydrogen
detonation, are "practically eliminated". When they cannot be considered as physically
impossible, design provisions are introduced to design them out.

- all other situations, including the low pressure core melt accidents are "dealt with". The
corresponding radiological consequences will necessitate only limited protective measures in
area and in time. It means that there will be no necessity of permanent relocation, no need for
evacuation outside the immediate vicinity of the plant, limited sheltering and no long-term
restrictions in food consumption.

The safety assessment of RRC B is intended to be largely deterministic. The assumptions and
design criteria will be as realistic as possible. With regard to the evaluation of the possible
radiological consequences, regulatory acceptable dose limits do not exist, but the action levels
recommended in the ICRP 63 publication (concerning relocation and evacuation) and the food
marketing limits defined by the European Union can be used as references (Section 4.8).

3. MAIN FEATURES CONTRIBUTING TO THE IMPROVEMENT OF SEVERE
ACCIDENT PREVENTION

Although the prevention of degraded core situations was already at a satisfactory level on the
existing designs, additional features were introduced in the EPR to comply with the request of
the French and German safety authorities to further reduce it. They are summarised hereafter.

3.1. Main primary and secondary systems

Those systems are essentially the same as the ones existing on operating plants. The volumes
of the main components (reactor pressure vessel, pressuriser, steam generators) are, however,
larger in order to increase the "inertia" in case of disturbances. This inertia induces an increase
of the operator grace period and a lower risk to open the primary and secondary safety valves.

To cope with the total loss of feedwater (one of the RRC-A situations), the pressuriser pilot
operated valves are sized to permit bleed of the reactor coolant system and feed by the safety
injection system, in order to avoid core melt.

3.2. Main safety system organization

The Fig. 1 shows the primary side safety systems. They are organised in four trains that are
fully separated, i.e. there is no header open between trains of a given system. The water
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• 4 trains injection system

• In-containment refuelling
water storage tank

• No need for containment spray
for design basis accident

• Residual heat removal system
inside the containment to
minimaze the risk of
containment bypass.

FIG. 1 Primary side system design.
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• Four separate and
independent trains

• The pumps are driven by
electrical motors supplied by
emergency diesel generators .

• Two out of four pumps are
supplied by two diverse small
diesel generators to meet
probabilistic objectives

• To provide sufficient
feedwater supply in case of:

• Loss of normal feedwater

• Small break LOCA and steam
generator tube rupture

• Feedwater line break

SG4

FIG. 2. Emergency feedwater system.
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100 kV main grid auxiliary grid

RCP

FIG. 3. Single line diagram.
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TABLE. I. DIVERSIFICATION OF SAFETY-GRADE SYSTEMS.

Safety-grade System function Diverse System function

MH safety injection

LH safety injection

Residual heat removal

Fuel pool cooling

Secondary-side heat removal

Reactor trip

Emergency power Supply

Instrumentation and control

Fast secondary-side pressure

reduction

+accumulator injection

+LH safety injection

Evaporation cooling with MH safety injection
system

+ containment heat removal

Secondary side heat removal or LH safety
injection

Evaporation cooling by fuel pool heatup +
makeup

Primary side bleed and feed

Primary pressure limitation and boration

Diverse small diesel generators

Diverse and independent actuations of diverse
system functions

storage tank (RWST) for the safety injection is located inside the reactor building (IRWST)
because it offers the following possibilities:

- avoidance of the injection mode switching from direct to recirculation, as it is the case when
the RWST is outside,

- steam condensation in case of opening of the pressuriser valves, in order to avoid a direct
release in the containment atmosphere,

- in case of core melt accident with reactor vessel meltthrough, availability of a large amount
of water to initiate the cooling of the corium without any active action (Section 4.4).

The steam generator feedwater system includes (Fig. 2), in addition to the main system, a start-
up and shutdown system and an emergency feedwater system. The latter comprises four trains
normally completely separated, each with its own feedwater tank. "Passive" headers can be
manually opened when necessary in the long term.
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F/G. 4. Building arrangement. Plant view-9.69 m.

The onsite electrical power supply (Fig. 3) is ensured by one diesel generator per division
(four in total). In order to practically eliminate the risk of core melt in case of total station
blackout, two additional small diesel generators are also provided. They supply two
emergency feedwater trains and the necessary I&C.

By this system organisation, the principle of simplification is fulfilled as well as the principle
of diversification. As a matter of fact, any safety system function can be ensured by another
system or a group of systems, as summarised in Table I.

3.3. Layout

The general building arrangement in four divisions (Fig. 4) also contributes to the prevention
of core melt by providing a complete physical separation of the trains, contributing
consequently to the elimination of common causes of failure between redundant trains due to
internal hazards.
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3.4. Man-machine interface and I&C systems

Due consideration is given to the human factor at the EPR design stage, taking into account
aspects of operation, testing and maintenance. The general aim is to minimise the possibilities
for operator errors. This is achieved by applying appropriate ergonomic design principles and
by providing sufficiently long grace periods for the operator responses, thanks to the use of
automated safety systems in the short term.

The necessary duration depends on the complexity of the situation to be diagnosed and on the
actions to be taken. As a deterministic design basis, a grace period for control room actions of
30 min is used and of 1 h for local actions.

Sufficient and appropriate information is made available to the operator for a clear
understanding of the plant status, including severe accident conditions, and for the clear
assessment of the effects of his interventions. Emphasis is placed on the use of computer
techniques for reliable diagnosis systems for operator support.

4. SEVERE ACCIDENT MITIGATION FEATURES

4.1. Overall strategy

Because of the stringent requirements imposed by the safety authorities summarized in the
Section 2.3, the overall strategy with regard to severe accidents shall consist in maintaining the
containment function far into the domain of hypothetical accidents with the following goals:

- avoidance of early containment failure or bypass,

- cooling of the corium in the containment,

- preservation of the containment functions (low leakage towards the environment, prevention
of a basemat meltthrough, reliable isolation of the containment on demand, ultimate pressure
resistance to cope with the majority of energetic events),

- pressure reduction of the containment by means of a containment heat removal system,

- collection of leakages in the reactor building annulus and release into the environment via the
stack after filtration.

In addition, no active mitigation features shall be necessary in the short term.

The various features introduced in the EPR are described hereafter.

4.2. Primary system depressurisation

The phenomena associated with a core melt at high pressure, direct containment heating, very
high forces on the internal containment structures and missiles, could cause an early
containment failure. Because of its large potential, such a situation has to be practically
eliminated by system design measures. In addition to the preventive features already described
(Sections 3.1 and 3.2), the pressuriser pilot operated valves are used as depressurisation means,
initiated manually by the operator in case of high primary temperature (~ 650°C) or low water
level in the RPV. Consequently, the depressurisation system changes a high pressure melt
ejection scenario to a low pressure core melt.
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The capacity of discharge was fixed to be 900 t/h in order to limit the primary pressure to
values below 20 bar when the RPV fails.

4.3. Reactor pressure vessel pit arrangement and design

It is the design concept of the reactor pit to be as dry as possible to avoid phenomena such as
steam explosion when corium is released after meltthrough of the reactor pressure vessel.
Therefore, water ingress into the reactor pit in case of LOCA is avoided. In addition, the
reactor pit is designed in such a way that there is no direct connection between the pit and the
upper containment compartments, thus contributing to the limitation of the direct containment
heating risk.

4.4. Retention and cooling of the corium

In order to cope with the consequences of a postulated core melt accident, the EPR employs
dedicated features for the retention and long term stabilisation of the melt inside the
containment (Fig. 5).

After RPV failure and subsequent debris accumulation in the reactor pit, the melt is foreseen to
spread evenly on a dedicated dry, flat surface outside the pit. Hereby, spreading is intended to
occur in one event and to be followed by flooding and cooling of the melt from above using
water from the IRWST. The proposed spreading area involves the following four elements:

- a sacrificial concrete layer,

- a sacrificial metal (cast iron) layer,

- a protective layer, covered by the above mentioned sacrificial concrete and metal layers,

- a basemat cooling.

The basemat cooling network provides an isotherm above the liner level in order to ensure that
the basemat concrete will be kept below 100°C. The cooling device is placed directly below
the protective layer. The cooling is ensured by the containment heat removal system that is
activated 12 h after onset of the accident.

4.5. Hydrogen control means

For further details, see [4].

The major concerns due to the presence of hydrogen generated in the course of an accident are
that high energetic chemical reactions may damage the containment or that important safety-
related equipment may be impacted due to either pressure loads or high temperatures.

The most important potential source of hydrogen during a severe accident is the steam-
zirconium reaction during core degradation. Oxidation of the total amount of zirconium
present in the core would yield about 1680 kg of hydrogen. Calculations show that around 800
kg of hydrogen will be produced during the heating-up phase of the core. Since the
zirconium/steam reaction is highly exothermic this amount will be released in a very short
period of approximately 10 minutes. Consequently, the hydrogen control means must be able
to cope with a hydrogen production rate of 1 to 2 kg/s. Afterwards, hydrogen is also generated
but at a lower rate.
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FIG. 5. Spreading concept.
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Schematically, the hydrogen control system has to be designed to perform the three following
tasks:

- the mean global hydrogen concentration in the containment shall not exceed 10% at any
time,

- the mean local hydrogen concentration shall not exceed 10% at any time,

- the hydrogen concentration in the long term shall remain below the ignition limit of 4%.

These goals are achieved in the following manner (subject to verification and optimization
studies):

- Catalytic passive recombiners are evenly distributed inside the containment. The number of
needed recombiners is determined by the chosen requirement to reduce the average hydrogen
concentration below the ignition limit in the long term, disregarding any hydrogen reduction
by igniters. When taking a mass of hydrogen corresponding to the maximum calculated
amount that could be contained in the containment taking into account the effect of the
recombiners, the requirement to stay below 10% is fulfilled.

- Igniters are used to ignite the arriving gas cloud as soon as the local hydrogen concentration
has reached the ignition limit. They will be placed where necessary, in particular directly at the
relief openings of the IRWST.

4.6. Containment inner wall

The concept chosen for EPR is a double-wall confinement (Fig. 6). The outer wall is a
reinforced concrete shell, resistant to the external hazards. The inner wall is a prestressed
concrete shell resistant to the internal events and hazards.

In the course of a severe accident, the following major contributors of energy and mass
transfer into the containment have to be considered:

- loss of primary coolant if the initiator is a LOCA,

- deflagration of the hydrogen produced during core degradation,

- corium heat transferred to the containment atmosphere,

- steam produced in the spreading area.

The characteristics of the containment inner wall were specified as follows:

- design pressure : the design pressure is fixed at 6,5 bar, this value being also compatible with
the required specification that the grace period for any active actions shall be 12 hours,

- containment leaktightness : the rate of leakage from the inner wall must not be higher than
1% per day of the volume of gas of the containment at design pressure in accident conditions.

The chosen concept enables satisfactory leatktightness to be preserved for beyond those design
conditions, in order to have margins and to guard against phenomenological uncertainties. As
a matter of fact, such a prestressed concrete containment is estimated to remain leaktight up to
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FIG. 6. Building arrangement. Section A-A.

a pressure of about 8,5 bar. Up to about 10 bar, the inner wall leakrate remains low (below
approximately 3%). The mechanical strength limit (prestressed cable yielding) is estimated to
be about 14 bar absolute.

4.7. Containment heat removal

As a first requirement concerning the containment heat removal, the safety authorities
specified that the function must be ensured without venting device.

Considering the containment type selected for the EPR (double wall concrete containment), a
containment spray with outside circulation was selected according to the following criteria:

- potential of pressure and temperature reduction in a reasonably short time duration (to reduce
leakage and thus source term), together with a possibility of sufficient late actuation
compatible with the hydrogen reduction concept,

- potential to return to a containment pressure near the atmospheric pressure,

- low sensitivity for the conditions which result from severe accidents inside the containment,

- potential to achieve low concentration of fission products in the containment atmosphere
(from sump resuspension) in the long term,
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•

NOTE: The basemat cooling is
combined with the CHRS
and will be activated after 12
hours.

FIG. 7. Containment heat removal system.
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4 x Electrical Part,
Control Room

Ventilation Penetrations
(Dampers)

4 x Safeguard
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Li = leakage through inner
containment wall

b s leakage through piping
penetrations

9-3 = leakage through outer
containment wall

U = leakage through flanged
penetrations

FIG. 8. Leakage control.



- low R&D needs,

- low operational constraints during normal plant life (test, maintenance), and in case of
accidents.

The selected two train system (Fig. 7) has the following characteristics and performances:

- the containment pressure shall be reduced within 24 h to 2 bar with two trains. One train will
be sufficient to maintain the containment pressure under 2 bar in the long term phase.

- the circulation of the water is ensured by taking suction from the IRWST.

- in parallel, approximately 5% of the flow rate will be transferred to the basemat cooling
channels.

The backflow will be directed into the IRWST.

- the parts of the system outside containment (pumps, heat exchangers, valves) are located in a
leaktight compartment (Fig. 8).

4.8. Confinement of the fission products

For ensuring that the radiological releases will be kept as low as required (Section 2.3), any
direct leak to the environment must be prevented ("zero bypass" confinement). Therefore the
following lines of defence are implemented:

- leaktight containment inner wall up to the accident pressure (Section 4.6), including basemat
and state-of-the-art leaktight design of the systems and components passing through the
containment building,

- recovery of potential leaks through the inner wall and the penetration sleeves in the
containment inter-wall space, recovery in the peripheral buildings,

- transfer of the remaining leaks to the stack after filtration.

To assess the performance of such a confinement, a reference source term corresponding to a
medium size LOCA was calculated taking into account the EPR features, i.e. leaktightness of
the inner containment, filtration and stack release of the leaks. No effect of the containment
heat removal system (spray) was considered. Table II provides typical results for 3 significant
isotopes.

With such a source term, the objectives are met. No evacuation will be necessary even after a
hypothetical core melt. Furthermore, no long term countermeasures, e.g. relocation, would be
justified. Foodstuff produced beyond the first harvest after the postulated event in the
immediate vicinity of the plant, could be commercially sold without any restrictions.

5. RESEARCH AND DEVELOPMENT

When selecting the features of the EPR, the continuity with the existing practices was an
important criterion, limiting the cases where research and development activities were
necessary.
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TABLE II. TYPICAL RESULTS FOR SIGNIFICANT ISOTOPES

Xe

I

Cs

133

131

137

Short term

2.

1

1

(<24

io4

1,4

,8

Stack release

hours)

inTBq

Long term

5.105

30

2,7

For those of innovative nature, mostly concerning the severe accident case, the ongoing R &
D, in particular in France and in Germany, is largely used. In all cases, the results were
sufficient to take key orientations to specify the EPR conceptual features. No large R&D needs
specific to the EPR were identified. In fact, the strategy in selecting these features was to
remain as flexible as possible to adopt alternate solutions if necessary. This can be achieved,
e.g. by decoupling certain areas from the general layout as it has been done with the spreading
area for melt retention, where still different devices could be introduced.

Of course, complementary actions are essential to confirm these orientations, and possibly, to
optimise the design. This is particularly true for:

- the confirmation of the spreading concept,

- the validation of the design assumptions and methods used in the containment design studies
for evaluation of inner wall leak rates,

- the selection of materials,

- the qualification of components.

The EPR project also follows attentively the ongoing national and international programs,
including those devoted to computer code validation.

6. CONCLUSION

The EPR shall simultaneously answer three main concerns:

- to be in conformity with the French and German safety authority requirements,

- to produce a competitive electrical power compared to other energy sources,

- to satisfy the various requirements expressed by the French and German utilities.

These objectives are to some extent, conflicting. Clearly, the enhanced safety requirements
have a significant influence on the investment cost.
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It must be recognised, however, that a direct compensation is generally possible when
considering the preventive features. This is the case for the system organisation, which will
provide more flexibility for the maintenance, and therefore, will contribute to increase the
plant availability factor. Concerning the mitigative ones (containment design pressure,
spreading area, hydrogen control devices, containment heat removal system), there is no
benefit for the normal operation. Therefore, this investment cost has to be compensated by
other design provisions. In addition to the design features increasing the plant availability,
such provisions include:

- large unit size, to benefit from economy of scale effect,

- core design parameters, to enable flexibility in optimising the fuel management,

- increased steam pressure to improve the overall efficiency,

- component design and layout provisions to enable an extended life time.

It is also expected that the selection of the plant features will permit to benefit from a large
standardisation effect.

Finally, the present preliminary economic evaluations show that this very challenging problem
can be solved, ensuring the competitivity of the EPR.
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