
IAEA-SM-353/19
THE EPR — A SAFE AND COMPETITIVE SOLUTION
FOR FUTURE ENERGY NEEDS

XA0053550
U. FISCHER, F. BOUTEILLE, R. LEVERENZ
Nuclear Power International,
Paris, France

Abstract

NPI, Siemens and Framatome, in co-operation with EDF and the major German Utilities, started the
development of the European Pressurized Water Reactor (EPR) as an evolutionary approach. After a careful
evaluation of the potential of passive safety features, this way was concluded to be superior compared to a
"revolutionary" approach. The vast majority of advanced reactor designs being developed today is of the
evolutionary type. The advantages to base an advanced design on the feedback of operation experience of the
more than 100 nuclear power plants designed and constructed by Siemens and Framatome are outstanding. This
view is shared by the German and French safety authorities which defined their preference for an evolutionary
design early at the beginning of their co-operation for the definition of a common safety approach for future
nuclear power plants to be built in Germany and France. In their first common set of recommendations, they gave
a clear guideline regarding their point of view for requirements posed to the next generation of nuclear power
plants: (1) Preference for an evolutionary design in order to derive a maximum benefit from experience; (2)
Significant safety improvements by reduction of core meltdown probability and improvement of the confinement
function of the containment under accident conditions; (3) Improvement of operating conditions regarding
radiation protection, maintenance and human errors. Besides the French-German co-operation of vendors,
utilities and authorities, the European utilities co-operate on a much broader basis for the establishment of the
European Utilities' Requirements (EUR). During the development of the basic design, the EPR was continuously
assessed against these EUR and it was concluded that the EPR complies with these requirements. At the end of
the basic design phase at the end of 1997, all information necessary to file a preliminary safety analysis report
and a reliable bill of quantities was elaborated. With this information EPR is ready to be offered on the
international market. During the year 1998, a further optimisation is going on to reach outstanding low generation
costs, which ensure competitiveness even against combined cycle plants.

1. INTRODUCTION

The development of new and advanced reactor types represents a big challenge to the suppliers
of nuclear power plants. Both, in terms of budget and human resources, those undertakings require
outmost efforts. In order to meet these challenges, the two most experienced European suppliers,
Siemens and Framatome, have shared their resources by creating their joint subsidiary Nuclear Power
International (NPI) and allocating this task to it. NPI started the development of a new pressurized
water reactor type designed to meet the requirements of the export market in 1989.

It was obvious, that a newly designed pressurized water reactor had to feature an enhanced
safety level and had to improve the economic competitiveness of electric power produced by nuclear
power plants. For the engineers it became rather early obvious that these two targets could only be
achieved by an evolutionary approach in order to maintain the vast experience accumulated by about
100 nuclear plants that had been built by Framatome and Siemens in the past. Maintaining references
was of special importance for a product dedicated to the export market and to be realized also in
countries with no or little experience in nuclear technology.

Shortly after the development had started, the first results attracted the attentiveness of the
German Utilities and of Electricite de France. Both conducted their own development programs for
successive units of the well-proven designs of KONVOI and N4 independently. After a peer review of
the existing design approach, they decided to join their own development programs with that of NPI
to the European Pressurized Water Reactor (EPR ).

NPI, Siemens and Framatome, in co-operation with EDF and the major German Utilities,
started the development of the European Pressurized Water Reactor (EPR) as an evolutionary
approach. After a careful evaluation of the potential of passive safety features, this way was con-
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eluded to be superior compared to a "revolutionary" approach. Generally, the development of designs
with radical configuration changes started at a time when passive safety features were assumed to be
helpful in public acceptance discussions where slogans like "small is beautiful" and "walk-away
reactor" were created. Many of these designs have disappeared from conferences and from the market
in the meantime. The vast majority of advanced reactor designs being developed today is of the
evolutionary type. The advantages to base an advanced design on the feedback of operation
experience of the more than 100 nuclear power plants designed and constructed by Siemens and
Framatome are outstanding, especially in terms of reliability, licensing risk, reference designs and
through the limitation of contingencies also in terms of cost.

The collaboration between Germany and France in the nuclear industry was supported by two
other projects being under way at the same time. First, the German and French licensing authorities
extended their co-operation from the safety survey of existing plants in both countries to the definition
of common requirements for future nuclear power plants to be constructed in either of the two
countries. Second, a group of European Utilities was working on a set of requirements, defining the
utilities approach for new nuclear power plants. This work addresses in particular the operation
conditions of new plants aiming at the competitiveness of nuclear power against alternative energy
sources in terms of power generation cost.

It was therefore recommended to orient the EPR development at both, the newly established
licensing requirements in both countries and to satisfy the utility requirements of the group of major
European Utilities. The first approach ensures to fulfil the requirements for obtaining a license in
France and Germany with a common design, so that country specific adaptations are not needed and
opening the chance for series construction of EPR in the two countries. The second ensures that also
the interests of the utilities, the future operators of EPR, are considered, thus leading to fulfil the
second development target of competitive power generation cost. Furthermore, the acceptance of the
design is broadened, so that the standardization of the design is increased even when constructed in
further countries world-wide.

At the beginning of 1995 NPI was awarded with the contract for the performance of the Basic
Design for EPR. During the Basic Design Phase all organizations normally involved in the design,
manufacturing, operation and licensing of nuclear installations were involved from the very
beginning. On the level of the manufacturers, Framatome and Siemens acted together for the design of
the Nuclear Island through their joint subsidiary Nuclear Power International. The engineering
division of Electricite de France supported this through the performance of its allocated scope. In
October 1997 the basic design work was finalized by issuing a comprehensive report containing all
information required for a preliminary safety analysis report. A bill of quantities was established that
allowed for detailed cost calculation. Subsequently, power generation cost analysis was performed
confirming the EPR competitiveness with alternative energy sources. However, the margins were
rather small in front of the continuously decreasing gas and coal prices on the international market. It
was therefore decided to continue the development process by a further phase, the so-called basic
design optimisation phase aiming at a further reduction of the power generation cost without
impairing the safety level of the plant. The basic design optimisation phase started directly after the
basic design had been completed is still going on until the end of 1998. The major results, however,
are reported in the following.

2. SAFETY OBJECTIVES

In their first common set of recommendations, the French and German safety authorities gave a
clear guideline regarding their point of view for requirements posed to the next generation of nuclear
power plants:

• Preference for an evolutionary design in order to derive a maximum benefit from experience.

• Significant safety improvements by reduction of core meltdown probability and improvement
of the confinement function of the containment under accident conditions.
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• Improvement of operating conditions regarding radiation protection, maintenance and human
errors.

Prior to the start of Basic Design for the EPR, these general objectives were defined as EPR
development targets. Preliminary investigations proved that the further enhancement of the safety
level from the already high level prevailing in France and Germany could be achieved at reasonable
costs. The combination of several features derived from the recent development of nuclear techno-
logy, like the feedback of experience from reactors in operation, better acquaintance with core melt-
down phenomena and benefits gained by using already proven technologies by an evolutionary
development approach helped to fulfil this development target. Consequently, EPR is easier to operate
and provides an even lesser potential source for hazards to its immediate environment than existing
plants.

The major design features of EPR with regard to the two particular development targets,
enhancement of safety level and competitive power generation costs can be summarised under the
following headlines:

Simplification of safety systems and elimination of common mode failures by physical separa-
tion of redundant safety system trains and diverse backup functions for safety functions. This design
enhances the safety level and allows in parallel for preventive maintenance measures during operation
that provide cost savings in the field of operation and maintenance.

Increased grace periods for operator actions by designing components with larger water
inventories and reduced sensitivity to human errors. This design enhances the safety level by
smoothening transients and avoiding their propagation to accident sequences. In parallel the economic
performance of the plant is improved by a reduction of the forced shutdown frequency.

Although the severe accident frequency has been further reduced by deterministic design
criteria and probabilistic verification of design choices, design measures have been taken to limit the
consequences of severe accidents including core melt scenarios to the plant itself. Relocation or
evacuation in the plant vicinity is ruled out and the restrictions to the use of foodstuff are limited to
the first year harvest.

The economic competitiveness of EPR after the basic design optimisation phase is ensured by a
number of measures that address all components of the power generation cost. In particular these are:

• A preventive maintenance concept leading, among others, to an improved average plant
availability of 92% during the lifetime of the plant.

• An improved efficiency of 36% due to the optimisation of the secondary side and an
economiser in the downcomer of the steam generators.

• An optimised building layout to reduce building volumes, investment cost and construction
time.

• A design lifetime of the plant of 60 years.

• A significant reduction of fuel cycle cost mainly by the design of high burnup cores of more
than 60 MWD/kgHM with excellent neutron economy and supported by a heavy reflector.

• A large unit size that has been upgraded during the basic design optimisation phase by 15% to
a thermal reactor power of 4900 MW grants favourable specific investment cost by using
built-in design margins of the large core consisting of 241 fuel assemblies.

The safety objectives as above are bound in a twofold strategy. First, to improve the preventive
level of the defence-in-depth safety concept by provision of redundant safety systems and diverse
backup safety functions, so that the probability for the occurrence of severe accidents is further
reduced from the present status.
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Second, even if the probability of severe accident scenarios - up to core melt - has been further
reduced, to implement additional features in order to mitigate the consequences of such accidents in a
way that stringent off-site countermeasures like evacuation or relocation of the population living in
the vicinity of the plant are avoided.

Consequently, the EPR design includes the following features for core melt mitigation and the
prevention of large releases:

• Prevention of high pressure core melt

• Prevention of hydrogen detonation

• Prevention of the molten core-concrete interaction

• Prevention of ex-vessel steam explosion

• Maintenance of containment integrity

• The evolutionary approach and its references

An evolutionary approach keeps the references for the design choices. EPR design features are
based on well proven design solutions derived from the experience of more than 1500 reactor
operating years. They find their references in the operating KONVOI and N4 units.

3. REFERENCE FOR THE REACTOR COOLANT SYSTEM DESIGN

The design of the reactor coolant system is derived from the existing 4-loop pressurized water
reactor plants in operation in Germany and France. The thermal reactor output of 4900 MW leads to a
net rated output of in the range of 1750 MW under standard central European site conditions.

With respect to the thermo-hydraulic data of the primary circuit, the design and operating
pressures and temperatures do not impose any unproven new parameters. The reactor coolant system
operating pressure remains at 15,5 MPa (155 bar), the Reactor Pressure Vessel (RPV) inlet tempe-
rature of 292,5°C and the RPV outlet temperature of 330°C refer to this reference design.

The above applies also to the steam generators which are designed for a feedwater inlet tempe-
rature of 230 °C at a pressure of 7,36 MPa (73,6 bar). The heat exchange area was increased to 8171

mP- by using smaller tubes with a diameter of 19 mm.

The fuel assemblies used for EPR are identical to those of the existing French design. Only the
size of the core has been enlarged from 205 to 241 fuel assemblies for better fuel management
flexibility and economy

4. REFERENCE FOR THE OVER-PRESSURE PROTECTION SYSTEM ON PRIMARY SIDE

The KONVOI solution for the primary side over-pressure protection provides one dedicated
relief valve and two safety valves. The relief valve features a variable set-point as provision against
pressurized thermal shock during start-up and shutdown and is isolatable. The safety valves are
actuated by two spring-loaded pilot valves and discharge via the relief tank into the containment
atmosphere.

The N4 design provides three identical valve stations consisting of two safety valves each,
actuated by spring-loaded pilot valves. They relieve also via the relief tank into the containment
atmosphere.

For EPR these designs were merged in a way to apply the three identical valve stations of the
N4 design but furnishing them with the sliding set point feature of KONVOI as countermeasure
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against pressurized thermal shock. As additional feature, they dump via a relief tank into the IRWST
and not anymore into the containment atmosphere

5. REFERENCES FOR THE OVER-PRESSURE PROTECTION ON SECONDARY SIDE

The design of the valve station on secondary side follows in principle the KONVOI
arrangement. For each steam generator, one isolatable relief valve and one safety valve are provided.
For EPR a second safety valve was added to the KONVOI solution mainly for redundancy reasons.
The set-points are selected in such a way that safety valve response is limited to rare cases such as
spurious isolation of main steam lines or hypothetical cases such as ATWS. The relief valves will be
qualified for the discharge not only of steam but also of sub-cooled water.

6. REFERENCE FOR THE SAFETY SYSTEM CONFIGURATION

The selection of the safety system configuration represents the most obvious example of the
benefits of the French German co-operation and the synergy provided thereby. When the engineers
had reviewed the existing KONVOI and N4 solutions with respect to the newly defined safety
objectives, the EPR system configuration was derived from the well proven designs in order to
maintain references and to benefit from operating experience. Where new solutions are introduced,
relevant verification tests will prove the suitability of the design. This way, a superposition of features
from both designs could be avoided; instead the best choices of both design philosophies were
selected and combined in the light of a well-defined and well-balanced catalogue of safety
requirements.

The objective to further reduce the severe accident probability required a new look to the prin-
ciples of safety system design. For earlier plants in Germany, the focus was laid on the redundancy of
systems by deterministic considerations rather than diverse backup functions as the French case was.
This latter approach shows significant advantages when probabilistic considerations gain importance.

As those probabilistic considerations were defined as one of the major EPR development
targets, the combination of both design philosophies promised the requested further reduction of the
core melt probability. The degree of redundancy, in addition, made preventive maintenance of the
safety systems during operation much easier, thus increasing the availability and helping to reach the
other design target of competitive power generation costs.

The EPR system configuration provides therefore a fourfold redundancy as known from the
deterministic German design approach. The medium head injection system injects into the cold leg
and is reduced to an injection pressure of 8,0 MPa (80 bar) in order to avoid overfeeding of the steam
generators in case of steam generator tube leaks or ruptures. The accumulators inject on the cold leg
side were they are most effective. Their pressure will be set to 4,5 MPa (45 bar). For the low head
injection system the German practice of a combined injection has been selected, but at a pressure of
2,5 MPa (25 ) bars.

A further example in this respect concerns the residual heat removal system. KONVOI provides
a four-fold redundant Residual Heat Removal system (RHRS), which in addition to its operational
function of removing the residual heat during shutdown states also serves the safety grade function of
the low head injection system with the recirculation and cooling function for long-term LOCA
mitigation. Due to its safety related function it is located outside containment in order to allow for
repair in case of demand. N4 on the other hand features separate systems for low head injection and
residual heat removal. The low head injection system consists of two trains and the residual heat
removal system provides two pumps for availability reasons. In order to reduce the risk of LOCA
outside the containment, the RHRS is located inside.

For EPR a system configuration similar to that of KONVOI has been selected mainly by
reasons to ensure maintenance during residual heat removal operation and accident mitigation where
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low head injection is required. In normal plant cooldown, the RHRS is used only at temperatures of
the reactor coolant system below 120°C. In case of accident mitigation any two of the RHRS trains
are capable of ensuring decay heat removal.

Beyond these deterministic redundancy requirements back up functions for the case of a
complete loss of one of the redundant safety systems are provided. These back up functions have their
benefits especially when probabilistic risk assessments for residual risk reduction are performed.

Under this aspect the combined function of the secondary side heat removal, the accumulator
injection and the low head safety injection and residual heat removal system are designed to be able to
replace the function of the medium head safety injection system. In a similar way, the complete loss
of the low-head safety injection and residual heat removal system is backed up by the design of the
medium-head safety injection system as far as the injection function is concerned. For small break
LOCA the heat removal function is taken over by secondary side heat removal.

Finally, the loss of secondary side heat removal is backed up by primary side feed and bleed
through an adequately designed and qualified primary side overpressure protection system.

7. REFERENCE FOR THE BREAK PRECLUSION CONCEPT

The application of the break preclusion concept has a long history in the German licensing
procedure, since it was already applied to the main coolant and even to the main steam lines inside
containment of the KONVOI units. The advantage of this concept is well understood since it reduces
the number of whip restraints compared to the French practice. The existing German operating
practice and the consideration of the international trend, supported by the development of fracture
mechanics which allows a reliable evaluation of the materials and combined with advanced QA and
in-service inspection methods, made the consensus possible to apply the break preclusion concept for
the main coolant lines of EPR. However, the break preclusion concept application implies a necessity
of a reliable primary leak detection system. The safety injection systems and the containment will still
be designed to cover a potential large break of the main coolant line.

8. REFERENCE FOR THE FEEDWATER SUPPLY SYSTEMS

Also on secondary side the principle to combine a separation of functions with the provision of
backup functions is applied. Different to N4, the emergency feedwater system has now only a safety
function and is not further used for the operational function of start-up and shutdown of the plant. Its
four trains are completely separated without active headers. Different to N4 and KONVOI, the four
emergency feedwater pumps are driven by electric motors but fed by diverse sources such as the
offsite power supply system, 4 large diesels, which feed, into the four train emergency power. An
additional diversity is achieved by providing two small additional diesels with lower voltage level
(690 V instead of 10 kV) to ensure feedwater supply even in case of total loss of the four main diesel
generators.

For operational purposes, as known from KONVOI, a dedicated start-up and shutdown system
is provided. Its pump is also driven by an electric motor and is for the time being not considered for
any safety related operating procedures.

9. CONCLUSION

For the development of EPR, NPI is working on a basis predefined by boundary conditions set
by the safety authorities through their commonly established recommendations and by the European
utilities through their European Utilities Requirements (EUR).
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During the basic design phase that was completed at the end of 1997, the two major targets of
licensability and of competitive power generation costs were reached. Assessments show that EPR
will be competitive with alternative power sources. After the basic design, the optimization of the
hardware design aiming at a further reduction of investment cost and an even improved economic
competitiveness was addressed. Through the basic design optimization phase and in particular due to
the high rated output of the plant the specific investment cost were further reduced ensuring the
competitiveness of nuclear power and providing a comfortable margin over competitive energy
sources.

EPR is developed by following an evolutionary approach but providing many advanced design
solutions. Through the combination of outstanding features from both, German and French origin,
these new design features provide still references in German and French nuclear power plants that are
successfully in operation for a long period of time. Where these references cannot be quoted as for
example regarding severe accident mitigation features, extensive research and development efforts
were made to prove the suitability of the design choices.

EPR features a well balanced design at an outstanding safety level and still providing competi-
tive power generation costs, thus it will be a challenge for the competition on the international market.
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