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Abstract

In 1994, a group of European Utilities, together with Westinghouse and its Industrial Partner GENESI (an
Italian consortium including ANSALDO and FIAT), initiated a program designated EPP (European Passive
Plant) to evaluate Westinghouse Passive Nuclear Plant Technology for application in Europe [1,2]. In Phase 1
of the European Passive Plant Program which was completed in 1996, a 1000 MWe passive plant reference
design (EP1000) was established which conforms to the European Utility Requirements (EUR) [3] and is
expected to meet the European Safety Authorities requirements. Phase 2 of the program was initiated in 1997
with the objective of developing the Nuclear Island design details and performing supporting analyses to start
development of Safety Case Report (SCR) for submittal to European Licensing Authorities. The first part of
Phase 2, "Design Definition" phase (Phase 2A) will be completed at the end of 1998, the main efforts being
design definition of key systems and structures, development of the Nuclear Island layout, and performing
preliminary safety analyses to support design efforts [4, 5, 6]. The second part, "Phase 2B", includes both the
analyses and evaluations required to demonstrate the adequacy of the design, and to support the preparation of
Safety Case Report. The second part of Phase 2 of the program will start at the beginning of 1999 and will be
completed in the 2001. Incorporation of the EUR has been a key design requirement for the EP1000 from the
beginning of the program. Detailed design solutions to meet the EUR have been defined [4, 6, 7] and the safety
approach has also been developed based on the EUR guidelines. This paper integrates and updates the plant
description reported in the IAEA TECDOC-968 [8]. The most significant developments of the EP1000 plant
design during Phase 2A of the EPP program are described and reference is made to the key design requirements
set by the EUR Rev. B document.

1 INTRODUCTION

In 1994, a group of European Utilities, together with Westinghouse and its Industrial Partner
GENESI (an Italian consortium including ANSALDO and FIAT), initiated a program designated EPP
(European Passive Plant) to evaluate Westinghouse Passive Nuclear Plant Technology for application
in Europe [1, 2]. The initial European utility group included the following organizations:

• Agrupacion electrica para el Desarrollo Tecnologico Nuclear (DTN), Spain
• Electricite de France, France
• ENEL, SpA., Italy
• Imatran Voima Oy, Finland
• Scottish Nuclear Limited (acting for itself and on behalf of Nuclear Electric pic), U.K.
• Tractebel Energy Engineering, Belgium
• UAK (Represented by NOK-Beznau), Switzerland
• Vattenfall AB, Ringhals, Sweden

In Phase 1 of the European Passive Plant Program, which was completed in 1996, a 1000 MWe
passive plant reference design (EP 1000) was established which conforms to the European Utility
Requirements1 (EUR) [3] and is expected to meet the European Safety Authorities requirements.

The EUR (European Utility Requirements) effort was launched in December 1991 by five European Utilities, later joined
by four others. The main objective of the EUR organization is to produce a common set of utility requirements, endorsed
by major European utilities for the next generation of Light Water Reactor (LWR) nuclear power plants.

482



The base design for this passive plant program is the AP-600. The passive PWR approach to
design is to strike a balance between the use of proven technology and new concepts - the advantage
of the traditional Westinghouse PWR technology combined with natural, passive safety systems. The
result is a greatly streamlined plant that can meet safety regulations and reliability requirements, be
economically competitive and promote broader public confidence in nuclear energy.

With respect to safety systems and containment, the reference plant design closely follows that
of the Westinghouse SPWR design [9, 10], while the AP-600 plant design has been taken as the basis
for the EP 1000 reference design in the auxiliary system design areas. However, the EP 1000 design
also includes features required to meet the EUR, as well as key European licensing requirements [4,
6].

The ultimate objective of Phase 2 of the program is to develop design details and perform
supporting analyses to produce a Safety Case Report for submittal to European Safety Authorities.
The first part of Phase 2, hereafter referred as Phase 2A, started at the beginning of 1997 and will be
completed at the end of 1998. Scope of this phase of the program is to focus on improving the design
of important systems and structures.

In parallel to the Phase 2A effort, a group of European Utilities are sponsoring the activities for
the preparation of the EP1000 EUR Volume 3. Volume 3 will be the EP1000 plant example and
compliance assessment against the EUR. The EP1000 EUR Volume 3 program began in June 1997
and will be concluded at the end of 1998.

The EP 1000 has a well-defined design basis that is confirmed through engineering analyses
and testing and is in conformance with the EUR. Some of the high level design characteristics of the
plant are [1, 8]:

• The standard design will be applicable to European sites.
• The net electrical power is 1000 MWe and the thermal power 2910 MWt.
• The average coolant temperature at the reactor vessel exit does not exceed 617 °F (325 °C)

during normal operation even with 10% of the steam generator tubes plugged.
• The reactor core is a low power density core that uses the Westinghouse 12 ft. (3658 mm),

17x17 fuel assembly.
• Short lead time and construction schedule are expected.
• No plant prototype is needed since proven power generating system components are used
• Safety systems are passive; they require no operator action for more than 24 hours after an

accident, and maintain core and containment cooling for a protracted period of time
without AC power.

• Predicted core damage frequency is below 10E-5 /yr., and frequency of significant release
is below 10E-6/yr.

• Occupational radiation exposure is expected to be below 0.5 man-Sv/yr. (50 man-rem/yr.)
• The core is designed for a 18-24 month fuel cycle assuming 87 % capacity factor.
• Two preliminary 24 month UO2 (20,9 EFPM) and an 18 month 50 % MOX Core (15,7

EFPM) have been designed to cope with the Low Boron Capability and MOX core
requirements of the EUR.

• Refuelling outages without major problems or major maintenance will be conducted in
17 days or less.

• Plant design aims at a lifetime of 60 years without replacement of the reactor vessel.
• The design aims at an overall plant availability greater than 90 %, including forced and

planned outages; the goal for unplanned reactor trips is less than one per year.
• The design incorporates the US advanced light water reactor (ALWR) utility requirements

and satisfies the US general design criteria of 10 CFR 50, Appendix A.
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2 DESCRIPTION OF THE NUCLEAR SYSTEMS

2.1 Primary circuit and its main characteristic

An isometric view of the main loop is shown in Figure 1. The coolant loops consist of three hot
leg and six cold leg pipes and the reactor coolant pumps (RCPs) are mounted directly on the channel
head of each steam generator. The integration of the pump suction into the bottom of the steam
generator channel head eliminates the cross-over leg of coolant loop piping, thus avoiding the
potential for core uncovery due to loop seal venting after a small loss-of-coolant accident (LOCA).

During Phase 2A of the EPP program several design activities have been performed to define
the details of the Reactor Coolant System (RCS). Most of the modifications to the initial design were
made following AP-600 and SPWR latest development while others have been developed specifically
for the EP 1000 plant with special attention to possible cost reduction areas.

In particular, based on the results of the optimization study of the Automatic Depressurization
System, the following main modifications have been defined:

• Elimination of the Third Stage ADS Valves;
• Modification of the Final ADS Stage to include three 10-in squib valve flow paths for each

of the two final ADS stage valve group;
• Reduction of the surge line from 18 to 16 inches;
• Reduction of the Pressurizer Safety Valve inlet piping from 14 to 10 inches.

Additional modifications that were implemented are:

• Addition of a Pressurizer Nitrogen Fill Connection to perform a two-phase cool-down;
• Modification of the Vessel Head Vent design according to EUR Safety Class F2 system.

2.2 Reactor core and fuel design

The core, reactor vessel, and reactor internals of the EP 1000, shown in Figure 2, are similar to
those of currently operating Westinghouse PWR plants, but several new features are incorporated to
enhance the performance characteristics, as compared with existing plants, and meet the EUR.

2.2.1 Core Design

The reactor core uses the Westinghouse 12 foot (3658 mm), 17x17 fuel assembly. A low power
density is achieved by making the core larger than previous 1000 MWe designs, with the number of
fuel assemblies increased from 157 to 193. This configuration results in core power density and
average linear power density enhancements of about 25 percent, to 88,84 kW/1 and 15,16 kW/m, over
existing plants of the same power rating. This results in lower fuel enrichments, less reliance on burn-
able absorbers, and longer achievable operating cycles.

Another core design feature is the use of reduced-worth control rods (termed "gray" rods) to
achieve daily load-follow capability without requiring daily changes in the soluble boron concentra-
tion [1].

A total of 81 RCCAs are incorporated in the core design (61 black RCCAs and 20 Gray
RCCAs). The RCCA absorber material is Ag-In-Cd.

The core is surrounded by a stainless steel radial neutron reflector, which contributes to
lowering fuel cycle cost and to reduce neutron fluence on the reactor vessel wall, an important factor
in view of the 60 year lifetime design objective.
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For the initial core design, discrete Wet Annular Burnable Absorbers (WABA) rodlets, which
are consolidated into burnable absorber assemblies, and Integral Fuel Burnable Absorbers (IFBAs) are
used. Discrete absorber designs, integral fuel burnable absorber designs, or both, may be used in
subsequent reloads (IFBAs are the preferred burnable absorber design).

Core physics characteristics have been evaluated for a 24 month operating cycle assuming a
capacity factor of 87 percent. This results in a cycle energy requirement of approximately 635
Effective Full Power Days (EFPD).

Two preliminary 24 month cycle UO2 fuel management schemes have been developed for the
EP 1000 reactor as part of the Phase 2A program. These schemes are required to meet the EUR Rev.
B Low Boron Design requirements, as well as all applicable conventional safety analysis limits. One
design uses mid-enriched (2,60 weight percent [w/o]) axial blankets that provide an economic benefit
equivalent to approximately a 0,1 w/o reduction in feed fuel average enrichment, when compared to
the second design which uses a single uniform axial fuel enrichment.

The only observed consequence resulting from the use of these mid-enriched axial blankets is
an acceptable increase in base load steady state axial peaking factor (Fz), and the nuclear heat flux hot
channel factor, (FQ). The nuclear enthalpy rise hot channel factor, F^H, during steady state operation
is, however, comparable for both designs. Both designs assume that a stainless steel radial reflector
design (similar to the one utilized for the AP-600 and SPWR) is employed.

In addition to the reference core configuration, a preliminary design for a 50 % MOX, Low
Soluble Boron design core has been developed during the Phase 2A of the EPP Program.

While the MOX core design exhibits an acceptable core power distribution behaviour both
radially and axially, additional activities are still anticipated to optimize the location of the Axial
Offset Banks in order to limit their insertion in the core, improve their efficiency and make them more
effective with the MSHIM control strategy.

For both the UO2 and MOX design, the following design requirements are meet:

• The moderator temperature coefficient (MTC) at hot full power (HFP), no xenon, is more
negative than -13 pcm/°F, through 100 percent of the fuel cycle. This ensures compliance
with the EUR low boron requirement to avoid core and RCS pressure boundary damage
after an ATWS event through 100% cycle life.

• The core is supercritical by no more than 7.0 percent (keff < 1.070) through 100 percent of
the fuel cycle (including no xenon), at zero boron conditions. This ensures compliance with
the EUR low boron requirement to avoid core and primary system damage following rapid
boron dilution events.

• The core is sub-critical (keff < 1.00) at no-load temperature and rated pressure, assuming no
fission power, all control/shutdown rods inserted, no xenon, and no soluble boron in the
coolant. This ensures compliance with the EUR low boron requirement to assure sub-
criticality at Hot Zero Power (HZP).

2.2.2 Reactor Vessel Internals

The reactor vessel internals design has been reviewed during Phase 2A as a consequence of the
activities related to Design Extension Conditions as required by EUR. The ability of the EP1000 to
provide in-vessel retention and cooling of core debris following design extension conditions was
evaluated as part of the In-Vessel Debris Retention Study. The study identified a problem with in-

2
The WABA rodlets are located in selected guide thimbles of the fuel assemblies. The WABA absorber material consists of

a thin walled alumina (AI2O3) pellet containing B-10 in a boron carbide (B4C).
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vessel coolability and the need for a modification to the reactor vessel lower internals configuration
was subsequently identified to resolve the issue. The bottom of the EP1000 lower core support plate
sits higher in the reactor vessel than in the reference plant design (AP600) and the additional metal
mass of the support plate and reflector are not submerged into the molten metal pool. The resulting
melt geometry produces a heat flux profile that exceeds the critical heat flux for the reactor vessel and
the reactor vessel fails. A revised configuration, that places the bottom of the core support plate
approximately 10 inches (260 mm) lower, allows contact between the lower support plate and the
molten debris pool. The increased thickness of the molten metal layer spreads the heat transfer over a
larger area of the reactor vessel and reduces the heat flux below the critical heat flux. This preliminary
design change to the lower internals proposed to address the concern with in-vessel coolability and
retention of core debris will be further evaluated as part of the Phase 2B design activities.

2.3 Reactor auxiliary systems

Some major auxiliary systems of the EP 1000 discussed in the following are:

• Auxiliary Cooling Systems
• Spent Fuel Pool Cooling System
• Boron Recycling System
• Secondary Containment Ventilation System (PAFS)

The major modifications to the above systems, with respect to the initial configuration derived
from the SPWR and AP-600 designs as reported in the IAEA-TECDOC-968 [8], will be described and
the reason for modification outlined. For description of remaining auxiliary systems, reference is
made to IAEA-TECDOC-968 [8].

2.3.1 Auxiliary Cooling System Design

The EP 1000 Auxiliary Cooling Systems include:

• Normal Residual Heat Removal System (RNS)
• Component Cooling Water System (CCS)
• Service Water System (SWS)
• Spent Fuel Pool Cooling System (SFS)

EUR criteria that have impacted the design of the EP 1000 heat removal systems include:

• Use of MOX fuel
• Boron Recycling (waste evaporator heat loads)
• More rapid plant cool-down times
• Site parameters (e.g., max/min ultimate heat sink temperatures)
• Increase spent fuel storage capability
• Aggressive EP1000 refuelling schedule that requires full core off load at about 108 hours to

be able to meet the EUR 17 day refuelling requirement.

The limiting EUR performance requirements for sizing of the RNS and CCS are:

• The Plant should be capable of shutdown from Hot Zero Power to cold shutdown at a
temperature less than 60 °C (140 °F) within 20 hours (EUR 2.2 -2.1).

• The RNS shall have sufficient capacity to bring the reactor to 90 °C (194 °F) within 36
hours after shutdown with a single failure in the RNS (EUR 2.8 - 2.4.1.3.1).

• Initiation of system (RNS) operation 6 hours after reactor shutdown (EUR 2.8 - 2.4.1.3.1).

The above requirements have resulted in increased RNS/CCS capability. Larger CCS heat
exchangers have been incorporated to limit the size of the RNS heat exchangers. In addition, RNS
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heat exchanger heat transfer effectiveness has been increased via use of a two-shell pass heat
exchanger design versus a one-shell pass design.

2.3.2 Boron Recycle

The EUR requires that the boron utilized in the reactor plant be recycled (EUR 2.8.1.2.4.1). The
EP 1000 Chemical and Volume Control System (CVS) and Liquid Radwaste System (WLS) designs
have been modified to accommodate boron recycling.

The WLS [4, 6] design includes an evaporator-degasifier with the duel function of providing 1)
degassing of the primary coolant, and 2) boron recovery. The evaporator-degasifier is designed to
operate in a semi-continuous mode where vapour is continuously drawn while the solution to be
concentrated is continuously fed to the evaporator. Effluent for reprocessing is received from the CVS
and the reactor coolant drain tank. The concentrated boric acid is drawn from the evaporator in a
batch mode when the desired concentration is reached. The EP 1000 evaporator-degasifier concen-
trates boric acid to 4.0 weight percent solution at a rate of 12 m3/hr. In the degassing mode, the
evaporator-degasifier processes 23 m3/hr of primary coolant received from the CVS.

Modifications have also been made to the CVS. An additional boric acid tank (BAT) has been
implemented in the design. Fresh recycled concentrate from the WLS evaporator is routed to one of
the two BATs where the boron concentration is continuously monitored. The other BAT is used as the
boron source for the primary system. A side benefit of the recycling process is the generation of high
quality condensate that can be reused as reactor makeup water. The processed water contains tritium,
and therefore, is not acceptable for diversion into the Demineralized Water Tanks. As a result,
Reactor Makeup Water Tanks have been added to the EP1000 CVS design to store the recycled
reactor makeup water prior to reuse by the CVS for reactor makeup.

2.3.3 Spent Fuel Pool Cooling System (SFS) Design

The EP 1000 SFS and spent fuel pool (SFP) have been sized based on the following [4]:

• Accommodation of 15 years of MOX spent fuel, plus 10 years of UO2 spent fuel, plus 1
full core offload (EUR 1.5.7.1)

• full core off load starting at 100 hours after shutdown and completed at 148 hours (EUR
2.8.0.5.2)

• SFP temperature < 50°C (122°F) at all times except in incident or accident conditions
when one train is not available temperature shall be < 70°C (158°F). (EUR 2.8.2.10.4.3)

• MOX fuel (MOX decay heat at 15 years can be three times higher than UO2) (EUR 2.2.3.1)
• EP 1000 goal of completing full core offload at 108 hours after shutdown to support the

EUR 17 day refuelling outage requirement. (EUR 2.2.7.2.2)

To ensure SFP cooling for at least 72 hours following a seismic event, a dedicated line from the
Passive Containment Cooling System (PCS) water storage tank to the SFP has been installed, Figure
3.

The PCS water source is manually actuated following a seismic event that results in loss of
normal SFP cooling.

2.3.4 Secondary Containment Ventilation System (PAFS)

The Secondary Containment Ventilation System (Passive Annulus Filtration Systems - PAFS)
is part of the EP 1000 Secondary Containment Ventilation Systems (VGS). It is designed to function
following a severe accident to limit the offsite dose. The EP 1000 is equipped with a secondary con-
tainment (cf. Reference [4] for a description of the secondary containment and associated functions
and requirements). For the steel containment reference configuration, the secondary containment is
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defined as the structure that confines the penetration area to collect leakages through the penetrations
that constitute the major source of containment leakage.

The PAFS is designed to perform the following major functions:

• Contribute to the limitation of the offsite dose to the value defined by site parameters; and
• Maintain a negative pressure in the annulus penetration (secondary containment).

Initial evaluations indicate the EP1000 radioactive releases to the environment will be low, in
compliance with the EUR safety targets for Design Basis Accidents (DBA) without operation of the
PAFS. Therefore, the PAFS is provided to fulfill a level F2 safety function which in the EUR Rev. B

TO THE ATMOSPHERE

FIG. 4. EP 1000 Passive Annulus Filtration System
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is defined as, "to ensure that the releases are kept within the targets set for DEC (design extension
conditions)".

The PAFS, figure 4, is connected to the middle and lower annulus of the secondary contain-
ment. It consists of two mechanical trains of equipment. Each train consists of one HEPA filter, one
ejector and a compressed air storage. The motive force of the ejector is the compressed air stored in
tanks, having a capacity per train to support the function of the PAFS for the first 24 hours after a
DEC accident. The capacity of both trains, used one after the other, should be able to perform the
PAFS function for a period of 72 h.

3 SAFETY CONCEPTS

3.1 Safety requirements and design philosophy

3.1.1 Safety systems and features (active, passive and inherent)

The EP 1000 uses passive safety systems to further enhance plant safety and to satisfy U.S.
NRC safety criteria and EUR requirements. The use of passive safety systems has provided significant
and measurable improvements in plant simplification, safety, reliability, and investment protection.
The passive safety systems require no operator actions to mitigate design basis accidents. These
systems use only natural forces such as gravity, natural circulation, and compressed gas to make the
systems work; no pumps, fans, diesels, chillers, or other active equipment are used. A few simple
valves align and automatically actuate the passive safety systems. To provide high reliability, these
valves are designed to actuate to their safe positions upon loss of power or upon receipt of a safe-
guards actuation signal. However, they are also supported by multiple, reliable power sources to avoid
unnecessary actuations.

The EP 1000 passive safety-related systems include:

• The passive core cooling system (PXS);
• The passive containment cooling system (PCS);
• The main control room habitability system (VES);
• Containment isolation.

A brief overview of the first two systems is provided in the following.

3.1.2 Passive Core Cooling System.

The PXS protects the plant against reactor coolant system (RCS) leaks and ruptures of various
sizes and locations. The PXS provides the safety functions of core residual heat removal, safety
injection, and depressurization. Safety analyses (using U.S. NRC-approved codes) demonstrate the
effectiveness of the PXS in protecting the core following all sizes of RCS break events. Even for
breaks as severe as the 8-inch vessel injection lines the core remains covered. The PXS provides
approximately a 400°F margin to the maximum peak clad temperature limit for the double-ended
rupture of a main reactor coolant pipe.

Safety Injection and Depressurization. The PXS, see Figure 5, uses four passive sources of
water to maintain core cooling through safety injection. These injection sources include the core
makeup tanks (CMTs), the core reflood tanks (CRTs), the accumulators, and the in-containment
refuelling water storage tanks (IRWST). These injection sources are directly connected to two nozzles
on the reactor vessel so that no injection flow can be spilled for the larger break cases.

The CMTs provide makeup at any RCS pressure, using gravity to provide injection flow. These
tanks are located inside the containment, above the RCS loops. The CMT pressure is equalized with
the RCS through a line connecting the top of the CMTs to the RCS. The elevation head is sufficient to
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overcome the small pressure loss in the injection line. The CMTs are normally full of borated water
and isolated by two parallel "fail-open" air-operated globe valves. The isolation valves open when the
RCS pressure or level drops to abnormal levels. The tanks are sized to provide extended makeup to
the RCS in the case of minor leakage.

For larger leaks, additional water is provided by the accumulators and core reflood tanks
(CRTs) which inject water pressurized by compressed nitrogen. The two accumulator tanks operate
passively when the RCS pressure drops below the normal gas pressure of 700 psig. The two CRTs
operate passively when the RCS pressure drops below the normal gas pressure of 200 psig. The gas
pressure forces open check valves that normally isolate the accumulators and CRTs from the RCS.
The accumulators and CRTs are sized to respond to the complete severance of the largest RCS pipe,
by rapidly refilling the vessel downcomer and lower plenum.

Long-term injection water is provided by gravity from the IRWST, which is located in the
containment just above the RCS loops. Normally, the IRWST is isolated from the RCS by check
valves. This tank is designed for atmospheric pressure, and the RCS must be depressurized before
injection can occur. The depressurization of the RCS is automatically controlled to reduce its pressure
to about 12 psig; at which point, the head of water in the IRWST overcomes the low RCS pressure
and the pressure loss in the injection lines. The PXS provides for depressurization using its automatic
depressurization system (ADS), composed of three stages to permit a relatively slow, controlled RCS
pressure reduction. The first three stages are connected to the pressurizer and discharge through
spargers into the IRWST. The three fourth-stage depressurization paths are connected to the hot legs,
and discharge through redundant isolation valves to the containment. The initial ADS stages are
actuated by the CMT water level, using 2-out-of-4 logic to ensure reliability and to prevent spurious
actuations. All of the valves use existing nuclear-grade valve body and operator designs, extensively
tested to ensure operability in this application.

During a LOCA, the initial volume of water in the IRWST provides injection for at least
6 hours. As it empties, the containment water level rises above the RCS loop level. This level is
sufficient to force water to drain through a screen and check valves back into the RCS where it is

491



IRWST GUTTER

II IRWST
GLITTER

ADS
FINAL

•*< y ;

PRHR
HX A

A-

IRWST
A

IRWST
B

PRHR
HX B

HL
2

STEAM
GEN 2

HL 1

CORE

RCP

REACTOR
VESSEL

FIG. 6. Passive Residual Heat Removal System Simplified Sketch

turned into steam by core decay heat. The steam is vented to the containment through the ADS valves
and the break where it condenses on the inside of the steel containment vessel. The condensate drains
down into the IRWST and again becomes available for injection into the RCS.

Passive Residual Heat Removal. The PXS includes two identical passive residual heat
removal heat exchangers (PRHR HXs), which are connected through inlet and outlet lines to two of
the RCS loops. The PRHR HXs protect the plant against transients that upset the normal steam
generator feedwater and steam systems, and satisfy the U.S. NRC safety criteria for loss of feedwater,
and feedwater and steam line breaks using single failure assumptions approved by U.S. NRC safety
analysis codes.

The IRWST provides the heat sink for the PRHR HXs. The IRWST water volume is sufficient
to absorb decay heat for more than 1 hour before the water begins to boil. Once boiling starts, steam
passes to the containment where it condenses on the inside of the steel containment vessel and, after
collection, drains by gravity back into the IRWST. The PRHR HXs, along with the passive contain-
ment cooling, provides indefinite decay heat removal capability with no operator action required. The
operator is provided with the capability of controlling the PRHR HX rate such that the RCS tempera-
ture can be controlled, if desired. This capability also allows for control of the rate of RCS cool-down.

3.1.3 Passive Containment Cooling System.

The passive containment cooling system (PCS) provides the safety-related ultimate heat sink
for the plant. As demonstrated by computer analyses and extensive test programs, the PCS effectively
cools the containment following an accident such that the design pressure is not exceeded and the
pressure is rapidly reduced. For single steel containment, the steel containment vessel itself provides
the heat transfer surface that removes heat from inside the containment and rejects it to the
atmosphere. Steel containment vessels of similar size have been used on operating PWRs. Heat is
removed from the containment vessel by a continuous natural circulation flow of air. During an
accident, the air cooling is supplemented by evaporation of water. The water drains by gravity from a
tank located on top of the containment shield building. Two normally closed fail-open butterfly valves
are opened to initiate the water flow. The water tank is sized for 72 hours of operation, after which
time the tank is expected to be refilled so that the low containment pressure achieved after the
accident (1/2 design pressure in 24 hours) can be maintained. If the water is not replenished, the
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containment pressure will increase, but the peak is calculated to be well below the Service Level C (as
defined by the ASME code) even after two weeks without operator support actions.

The EP 1000 will have a significantly reduced frequency of release of large amounts of radio-
activity following a severe accident with core damage scenario. Analysis shows that with only the
normal PCS air cooling, the containment pressure will stay well below the predicted failure pressure.
Other factors include improved containment isolation and reduced potential for LOCAs outside the
containment. This improved containment performance supports the technical basis for simplification
of the off-site emergency planning.

3.2 Severe accidents (Beyond Design Basis accidents)

The assessment of the EP 1000 performance against severe accidents is performed in agreement
with European Utilities Requirements. The general approach to severe accidents identifies the
sequences to be reduced in probability below the credibility threshold and those to be mitigated.

According to the EUR, the assessment of the Design Extension Conditions (DEC) in addition to
the Design Basis Accident (DBA) is the preferred method for giving consideration to the complex
sequences and severe accidents at the design stage without including them in the Design Basis
Conditions.

The assessment of the DEC permits the definition and evaluation of the Design Extension
Measures (DEM) to prevent core melting or mitigate the consequences of accident sequences such as:

• Complex sequences which involve failures beyond those considered in the deterministic
Design Basis

• Severe accidents, both to prevent early and delayed containment failure and to minimize
releases for the remaining conditions that go beyond the Design Basis Conditions (DBC).

The Design Extension concept makes use of probabilistic methods as one way to identify the
need for the implementation of measures, including upgraded or additional equipment or accident
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procedures for complex sequences and severe accidents that provide a significant contribution to the
core damage frequency and/or frequency of exceeding acceptable limiting releases.

Several complex sequences and severe accident scenarios, defined in the frame of EP1000
Phase 2A Probabilistic Safety Assessment (PSA) studies, have been analyzed to support Design
Extension Conditions (DEC) assessment for the Preliminary Safety Case report.

Two different Severe Accident categories were analyzed, using the MAAP4 computer code in
order to:

• assess the external releases following a severe accident with intact containment.
• assess the in-vessel retention capability and analyze the hydrogen behavior inside the

containment.

The latter analyses focused in particular on the core melt and relocation time and are used to
support the analysis of In-Vessel-Retention (IVR).

The EP 1000 plant relies on the in-vessel retention (IVR) of core debris as the primary severe
accident mitigation feature. With the reactor vessel intact and core debris retained in the lower head,
there is no need to examine phenomena that may occur as a result of core debris being relocated to the
reactor cavity. The EP 1000 reactor vessel insulation is designed to promote water circulation around
the reactor vessel external surface. The EP 1000 containment event trees include a node to ascertain
whether the reactor coolant system (RCS) is depressurized and a node to determine if sufficient water
is available in the cavity to cool, from the outside, the reactor vessel (and debris in the lower plenum).

Success at both of these nodes is required to demonstrate that vessel failure is physically
unreasonable.

The engineered design features of the EP 1000 containment promote flooding of the contain-
ment cavity region during accidents, and thereby submergence of the reactor vessel lower head.
Liquid effluent released through the break during a LOCA event is directed to the reactor cavity. The
EP 1000 design also includes provision for draining the in-containment refueling water storage tank
(IRWST) water into the reactor cavity through simple operator action. Therefore, the reactor pressure
vessel lower head will always be submerged in water in the long term after a LOCA.

Keeping the core debris in the vessel eliminates the need for consideration of ex-vessel events,
such as ex-vessel steam explosion and corium concrete interaction.

The main prerequisite to be satisfied to assume FVR are:

> the RCS is depressurized.

> the reactor vessel is submerged above the top of the in vessel debris bed.

> the reflective insulation does not impede water cooling of the vessel.

> the external surface treatments do not impair wetability of the vessel.

Specific FVR capability studies, performed in the frame of Phase 2A activities, have lead to
modification of the vessel internals design. The modifications ensure that in the final state of
relocation of molten materials in the vessel bottom head, the core support plate and the radial reflector
will be included in the molten pool. This significantly reduces the so-called focusing effect due to the
molten metallic layer of the pool. However, additional analyses are planned for the next phase of the
EPP program to provide confidence of the viability of the FVR strategy for corium cooling. These
analyses will mainly focus on the failure mechanisms of the core barrel and corium relocation
mechanisms and timing.
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3.3 Probabilistic Safety Assessment Highlights

Detailed PSA Level 1 (core damage frequency), and Level 2 (large release frequency) models,
for internal events only, have been developed during Phase 2A. The models are consistent with the
EP1000 design configuration and operation requirements and the EUR PSA methodology require-
ments.

The objectives of the EP 1000 Probabilistic Safety Assessment are to:

• Provide an integrated view of the EP 1000 behaviour in response to transients and
accidents, including severe accidents.

• Demonstrate that the design meets the proposed safety goals in the EUR document for core
damage frequency (CDF) and large fission product releases: that the core damage
frequency is less than or equal to 10"5 events per reactor year and frequency of a severe
release is less than or equal to 10'6 events per reactor year for those sequences potentially
exceeding "no emergency action" limit.

• Provide input to the design process (that is, provide a tool to investigate detailed design
solutions and operational strategies to optimize EP1000 safety).

The PSA results indicate that the EP1000 design largely meets the goals specified above. The
CDF and Large Release Frequency (LRF) for at-power internal events (excluding shutdown, fire, and
flood events) are -8.E-08 events per reactor-year and -1.4E-08 events per reactor-year, respectively.
These frequencies are at least two orders of magnitude less than a typical pressurized water reactor
plant.

This reduction in risk is due to many improved plant design features, with the dominant
reduction coming from highly reliable and redundant passive safety systems. These passive systems
are much less dependent on operator action and support systems than current operating plant systems.

The value of predicting very small numbers for probabilities is perhaps in the process rather
than in the answer. A well-done PSA that results in a very low number should mean that all sequences
that lead to accidents have been quantitatively evaluated and the design and procedures have been
progressively modified to reduce the PSA result. This process, if professionally and thoroughly done,
and reviewed, should result in an extremely safe operation, even if the predicted probability value is
so low as to be uncertain.

The dominant initiating events are:

• Safety injection (SI) line break (35.5 percent)
• Large loss-of-coolant accident (20.5 percent)
• Anticipated transient without scram precursor with loss of main feedwater (17.3 percent)
• Reactor vessel rupture (12.2 percent)
• Steam generator tube rupture (5.4 percent)

The at-power core damage results are dominated (more than 70 percent) by various LOCAs.
Thirty-five percent of the contribution is due to the safety injection line break, which is a special
initiator, in that its occurrence partially defeats features incorporated into the plant to respond to
losses of primary coolant. Even though the safety injection line break core damage frequency
dominates the results, its value is very small (one event in 100 million reactor years), with little credit
for non-safety systems.

Anticipated Transients Without Scram (ATWS) sequences contribute about 18 percent of the
at-power core damage frequency, in part due to modeling simplifications whereby, in the absence of
specific modeling and success criteria, it has been assumed that core damage will occur given certain

495



combinations of failures. It is expected that, in the next Phase of the program, the use of specific
EP1000 success criteria, and the credit for specific features able to successfully mitigate the
consequences of ATWS (e.g., low boron core design), will significantly reduce the ATWS
contribution to CDF.

Reactor vessel rupture sequences contribute about 12 percent of the at-power core damage
frequency. This is mainly due to a conservative assumption that the failure occurs below the top of
the core such that water can not be maintained in the reactor vessel.

The steam generator tube rupture event contributes only about 5.4 percent of the at-power core
damage frequency. Compared to operating pressurized water reactors this is a very low contribution.
Among the reasons for the small steam generator tube rupture core damage contribution are the
following:

• The first line of defense is the startup feedwater system and chemical and volume control
system.

• A reliable safety-classified passive residual heat removal system coupled with the core
makeup tank sub-system, which provides automatic protection.

• A third line of defense is use of the automatic depressurization system and in-containment
refueling water storage tank for accident mitigation should the above-mentioned systems
fail.

4 TESTING

The AP-600 validation test programs for AP-600 were utilized as a starting point for EP 1000.
The performance of the AP-600 passive safety systems is assessed through analysis of the plant by
using validated safety analysis computer codes. The AP-600 test and analysis program has been
developed to provide the data and associated analysis to develop and verify the computer code models
needed to confidently predict the behaviour of key AP-600 passive safety systems, structures and
components. The tests and analyses are integrated so that the AP-600 safety analyses computer codes
will meet Nuclear Regulatory Commission (NRC) approval.

Testing has been ongoing since 1988, beginning with the earliest basic research testing under
the Advanced Light Water Reactor (ALWR) Technology Programs sponsored by DOE and EPRI. The
AP-600 test program evolved into a larger program, with an emphasis on the tests required for Design
Certification (DC).

Since the European Passive Plant (EPP) reference design includes most of the same passive
safety features and components as the AP-600, most of the testing performed on the AP-600 will be
directly applicable to the EPP. However, differences in the number of loops and in the specific
passive core cooling system configuration may result in the need for some additional tests for the
EPP.

During Phase 2A of the EPP program, the specific set of tests considered necessary to support
licensing of the EP 1000 were identified based on the assessments of large LOCA, small LOCA,
transient, containment, and long-term cooling thermal-hydraulic processes and differences between
the EP 1000 and the AP-600 passive safety system designs. These tests together with the extensive
AP-600 tests and earlier PWR plant tests provide sufficient data to validate the safety analysis
computer codes that will be used to license the EP 1000.

Because the EP 1000 passive systems are similar to the AP-600 passive systems, the basic
research tests performed for the AP-600 are sufficient for the EP 1000. Basic research tests are
experimental in nature and are used to provide engineering guidance or detailed information on
specific processes to be studied. These tests are also used to determine the feasibility of an
engineering concept before proceeding to a larger-scale test or development program.
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The only component test considered necessary for the EP 1000 is for the IRWST injection and
containment recirculation check valves. This test is necessary because the EP 1000 uses a different
type of check valve design, a nozzle type design instead of a swing disk type. This test will determine
the opening differential pressure and low flow/part open behaviour of these valves. This test may not
be necessary it sufficient vendor data exists.

No separate effects tests are considered necessary for the EP 1000.

The differences between the AP-600 and the EP 1000 passive systems warrant an integral
systems test for computer code validation. The interaction between the different passive safety system
features is of interest since there are small driving forces that can be affected by small changes to the
systems design. Also, there is potential concern about possible active system and passive safety
interactions at high pressure.

A full-height, high-pressure integral systems test (like SPES-2) that addresses small LOCA,
SGTR, and SLB to examine passive safety system performance and possible active/passive system
interaction is considered necessary to support licensing of the EP 1000. Based on the results of
AP-600 SPES-2 testing, this test should be able to deal with the interactions of the passive and active
systems down to IRWST cut-in pressures. As a result a low-pressure, gravity-driven integral systems
test (like OSU) is not considered necessary.

The integral systems test provides data for verifying the component models and correlations
developed from component and separate effects tests, thereby validating the reactor systems computer
codes.

The specific design of this integral test facility has not been developed although a modified
SPES-2 facility should be adequate.

5 PLANT LAYOUT

5.1 Site plan description.

The site plan for a single-unit EP1000 standard plant is shown in Figure 8. The power block
complex consists of six principal building structures: the nuclear island, the turbine building, the
annex building, the diesel generator building, and the radwaste building. Each of these building
structures is constructed on individual basemats. The nuclear island consists of the containment
building, and the auxiliary building, all of which are constructed on a common basemat.

5.2 Plant arrangement description.

The EP 1000 plant design helps to minimize the construction schedule and cost, and meets the
safety, operational, maintenance, and structural criteria. The most direct means for helping to
minimize the construction schedule and the capital cost is to minimize the building volume and the
bulk quantities while satisfying all layout criteria, specifically the criteria related to maintenance
activities and maintenance space allocation. The EP 1000 arrangement criteria provide a significant
increase in maintenance space allocation in many areas as compared with most conventional plants.

The EP 1000 plant arrangement is designed so that operational and maintenance activities can
be accomplished in an efficient manner. A key objective is to provide confidence that the utility needs
and expectations for operability and maintainability are appropriately included in the design. The
plant arrangement contains a mixture of conventional and unique features that facilitate and simplify
operational and maintenance activities.

497



FIG. 8. Site plan for a single-unit EP 1000 standard plant

The EP 1000 plant arrangement provides separation between safety and non-safety equipment,
radioactive and non-radioactive equipment, and mechanical and electrical equipment. These separa-
tion features in the equipment layout also facilitate maintenance. The radioactive equipment and
piping are arranged and shielded to minimize radiation exposure, which is beneficial to the operation
and maintenance activities.

Representative general arrangement drawings of the containment building and Nuclear Island
are shown in Figures 9 and 10.

FIG. 9. General containment arrangement; elevation view at Section B-B
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FIG. 10. Nuclear island arrangement; plan view at operating floor elevation

5.2.1 Containment (Reactor Building)

The containment building consists of the containment and all structures within the containment.
It is an integral part of the overall containment system with the functions of containing the release of
airborne radioactivity both following postulated design basis accidents and Design Extension Condi-
tions. Containment building structures also provide shielding for the reactor core and the reactor
coolant system during normal operations.

Two containment designs are considered for the EP 1000 - Single Steel Containment (SSC) and
Double Concrete Containment (DCC) [4]. In the following, only the SSC reference configuration will
be discussed.

The containment vessel is an integral part of the Passive Containment Cooling System (PCS). A
Seismic Category I structure, the containment vessel is a free standing steel cylinder, 46 meters in
diameter and 67,6 meters from the containment sump to the inside containment top head. It is
surrounded by a Seismic Category I reinforced concrete shield building that provides protection
against Aircraft Crash.

There are three floor elevations (grade access, maintenance floor, and operating deck) and ten
equipment compartments within the containment building. Floor gratings are provided for access to
equipment at other elevations. The principal systems located within the containment building are the
Reactor Coolant System (RCS), the Passive Core Cooling System (PXS), the Normal Residual Heat
Removal System (RNS), and the Chemical and Volume Control System (CVS).

The shield building roof is conical and the containment bottom shape has been changed from a
flat bottom, derived from the SPWR, to an elliptical bottom shape derived from the AP-600 design.
This change provides a more robust design and facilitates the licensing process since the US NRC has
approved the design for the AP-600.
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5.2.2 Auxiliary building.

The primary function of the auxiliary building is to provide protection and separation for the
Seismic Category I mechanical and electrical equipment located outside the containment building. It
also provides shielding for the radioactive equipment and piping that is housed within the building.

The auxiliary building is a Seismic Category I reinforced concrete structure, which shares a
common basemat with the containment building. The auxiliary building is a C-shaped section of the
nuclear island that wraps around approximately 70 percent of the circumference of the shield
building.

Floor slabs and the structural walls of the auxiliary building are structurally connected to the
cylindrical section of the shield building.

The auxiliary building is located between the containment building and the turbine building and
between the containment building and the annex buildings. Because of the configuration, the auxiliary
building provides communication between the containment and the annex buildings.

6 PROJECT STATUS AND PLANNED SCHEDULE

The ultimate objective of Phase 2 of the program is to develop design details and perform
supporting analyses to produce a Safety Case Report for submittal to European Safety Authorities.

The first part of Phase 2, "Phase 2A" is focusing on the definition and design of important
systems and structures. Activities have already been performed both to define the design details of the
important systems (e.g. Reactor Coolant System, Passive Injection and Core Cooling System, Passive
Containment Cooling System, etc.), and to address some specific EUR requirements including
Hazards (i.e., Aircraft Crash, Gas Cloud Explosion), Design Extension Conditions and performance
requirements (e.g., MOX Fuel, Low Boron Core, etc.) and finally EUR specific Site Interface
Requirements (i.e., Seismic Margins, Soil Characteristic and site environmental conditions).

This Phase will be completed at the end of 1998.

In parallel to the Phase 2A effort, a group of European Utilities are sponsoring the activities for
the preparation of the EP1000 EUR Volume 3. Volume 3 will be the EP1000 plant example and
compliance assessment against the EUR. The EP 1000 EUR Volume 3 program began in June 1997
and will be concluded at the end of 1998.

The evaluation of the EP 1000 design against EUR has shown, to date, only minor non-
compliance that are traced and will be solved in the next phase of the EPP program.

The second part of Phase 2, "Phase 2B", will start at the beginning of 1999 and will be
completed in the 2001.

Phase 2B includes both the analyses and evaluations required to demonstrate the adequacy of
the design, and the preparation of Safety Case Report.
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