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1 Introduction 

Concerning the peaceful use of nuclear energy, the last two decades are characteri
zed by a continuous effort to improve reactor safety. Various measures by authorities 
and industry have contributed to a considerable reduction of the risk potential of nu
clear power plants. 

The experience gathered from plant operation and operational occurences, the know
ledge gained from safety research and development activities and the deeper insight 
into plant design obtained through probabilistic risk assessment studies, has led to nu
merous design improvement and backfitting measures in existing nuclear power 
plants. This continuous process of safety improvement was accelerated after the TMI 
accident. More in-depth-analyses and plant evaluations were performed, design defi
ciencies were searched for, numerous design improvements were implemented, and 
severe accident research was started, however, the well proven safety philosophy had 
not been changed significantly. 

In recent years, in many countries a certain stillstand was observed in the utilisation of 
nuclear energy, for various reasons (safety, economics, electricity demand, public ac
ceptance). The accident of Chernobyl contributed significantly to this halt, but also to a 
worldwide re-consideration of safety philosophy, though a direct transfer of the les
sons learned to other plants is not possible because of the unique situation and de
sign features of RBMK-reactors. 

The periods of construction slow down and rethinking of the safety philosophy has 
been utilized by many vendors to improve their design concepts or even develop en
tirely new concepts. 





2 Scope and Structure 

2.1 Scope of Work 

The scope of this report is to identify the improvement of these reactor developments 
with respect to reactor safety. This includes the collection of non-proprietary informati
on on the description of the advanced design characteristics, especially summary de
sign descriptions and general publications. 

This documentation is not intended to include a safety evaluation of the advanced 
concepts, however, it is structured in such a way that it can serve as a basis for a futu
re safety evaluation. This is taken into account in the structure of the information re
garding the distinction of the various concepts with respect to their "advancement" 
and the classification of design characteristics according to some basic safety aspects 
(see chapter 5). The overall description concentrates on those features which are rele
vant to safety. Other aspects, such as economy, operational features, maintenance, 
construction period etc. are not considered explicitly in this report. 

By far the largest number of advanced concepts belongs to the class of Light Water 
Reactors (LWR). This report concentrates on this particular class of electric power ge
nerating reactors and does not include heavy water moderated reactors and gas and 
liquid metal cooled reactors. 

The content of this report is supposed to give an overview based on the most recent 
publications available rather than an extended description of all details. However, it 
has been tried to identify and collect the most detailed non-proprietary information on 
the various concepts, therefore, the list of literature is recommended to readers who 
want to study certain safety aspects in greater detail. 

2.2 Structure of Information 

When presenting material on "advanced" design features, the first task is to define the 
reference situation or reference design to which the presented one is an advance
ment. 
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This reference situation, however, is not identical for each advanced design, because 
starting conditions are different in different countries. In addition, the design concepts 
described here have been initiated at different times. 

Rather than trying to specify one artificial common reference basis for all designs, the 
individual reference design or situation is always indicated. In order to limit the mate
rial presented here, only the design differences which characterize the "advancement" 
of a concept with respect to safety are presented. For design approaches which have 
no particular reference design, the description is more detailed. 

The degree of advancement is different in the different design approaches presently 
underway. Therefore, the concepts have been divided into three groups, as has been 
done previously in international documentations, however, the names have been 
changed slightly for a better characterisation of the features. In the past, the three 
groups have been called "evolutionary", "passive" and "revolutionary". In this docu
ment the following groups have been defined: 

- evolutionary concepts 

- evolutionary concepts with enhanced passive features 
- innovative concepts. 

Chapter 4 is structured according to this scheme. It should be noted that for some de
signs classification is not clear-cut. In those cases the classification chosen here 
should not be taken as an evaluation of the degree of advancement. The order in 
which the particular concepts are described in each group is arbitrary. An attempt has 
been made to structure the information in chapter 4 in the same way for each design 
concept. This has not been achieved in all cases, e.g. where only little information 
was available or where the advanced concept relates only to certain aspects, such as 
the German containment concept. 

The amount of information presented here is not a measure for the importance or the 
advancement of a design. As this report utilizes non-proprietary information, and as 
different vendors have different strategies with respect to degree of detail and timing 
of design publications, distortions are unavoidable. 
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There are different ways of improving safety of a nuclear power plant. In order to sup
port a safety evaluation of particular concepts (which is not within the scope of this 
study), the design improvements have been sorted and put into different classes. This 
is presented in a very condensed format in chapter 5. 





3 General Design Requirements 

Design developments are in general based on detailed design requirements. These 
requirements cover all design aspects such as economy, operation, safety, etc. Many 
design concepts are based on design requirements specified by potential customers 
or utility organisations. The documentation of these requirements is beyond the scope 
of this report, however, in view of future activities concerning safety evaluations of par
ticular concepts, it is helpful to know the safety related requirements. Therefore, refe
rence is made to some publications. 

In the USA very detailed sets of requirements have been commonly developed by the 
utilities within EPRI. The requirement documents are very detailed and not publicly 
available, however, all important requirements are presented in condensed form in a 
summary documentation /3.-1/. These documents contain requirements which apply 
to all new reactor designs and in addition those which apply to evolutionary or passive 
(evolutionary with passive features) designs respectively. 

In France utility requirements are presently being developed within the PWR develop
ment programme of EDF, called REP 2000 /3.-2A 

The view of German industry on next generation LWRs is laid down in /3.-3/ and in 
/3.-4/. 

The proceedings of the IAEA workshop in Chicago /3.-4/ also contain overview papers 
on design requirements from other countries. More recent information is available from 
the IAEA Technical Committee Meeting on Progress in Development and Design As
pects of Advanced Water Cooled Reactors in Rome in September 1991 /3.-5/. 

These requirement documents are in some cases necessary for a safety evaluation, 
especially for concepts which are not yet finalized and where some features are speci
fied in terms of requirements only. 





4 Description of Safety Related Features of Advanced Design 
Concepts 

In this section safety related design features are documented. Reference is made to 
non-classified documents only. 

Special emphasis is laid on those concepts which recently have made considerable 
progress in development and specification. Some conceptual studies which have 
been stopped or which have not yet been presented in the public in sufficient detail, 
are not referred to or are mentioned only briefly. The documentation is grouped into 
the three classes as mentioned in chapter 2.2. To obtain a better overview, the first 
group is divided into PWR and BWR. Therefore, the information is arranged in four 
sub-chapters: 

4.1 Evolutionary PWR Concepts 
4.2 Evolutionary BWR Concepts 
4.3 Evolutionary Concepts with Enhanced Passive Features 
4.4 Innovative Concepts 

For each design concept, recent literature is given. In some cases portions of the sy
stem description and figures are taken from the cited literature. 

4.1 Evolutionary PWR Concepts 

The groups of evolutionary PWR concepts (4.1) and evolutionary BWR concepts (4.2) 
include those design concepts which are based on previous designs to a large extent 
with some improvements related to safety. These improvements are very often deri
ved directly from previous experience with the older reference design. These concepts 
are in general called "advanced" by their vendors, indicating that they are advanced 
compared to their predecessors. 

Some of the improvements in the advanced concepts are derived from experience in 
other countries, indicating that safety improvement is more and more becoming an in
ternational affair with mutual influence. A typical example for this is the positive expe
rience with internal axial pumps and fine motion control rod drives in European BWRs, 



which is adopted in the ABWR. Other examples are degree of redundancy and physi
cal separation of safety system components. 

For the different concepts the degree of detail of relevant design information is very 
different, in this group especially because of the different states of development. The 
ABWR construction has already been started while for other concepts as in France 
and Germany conceptual design studies are not yet finished. Sometimes, different de
sign options for the same function are still under discussion. 

To limit the information in this document, the design concepts of the evolutionary PWR 
and BWR are not described in detail, only the safety relevant advancements compa
red to the respective predecessor are presented. 
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4.1.1 APWR1300 

4.1.1.1 General 

The Westinghouse-Mitsubishi APWR 1300 M.1.1-1, 4.1.1-2/ is a design based on the 
Westinghouse 1300 MWe 4 loop plant. Development and basic design have been 
completed. This concept has recently received NRC design approval. Main plant data 
are: 

- Electric power 1300 MW 
- Thermal power 3623 MW 
- Refueling cycle 13.5 months 

- 4 coolant loops 
- Design life 60 years 

The main safety features, which are different from the reference plant and which make 
this design an "advanced" design, are listed in the following sections. 

4.1.1.2 Core 

The number of fuel pins is increased in order to reduce power density and increase 
the safety margin. The number of fuel elements is kept unchanged at 193 with 19x19 
fuel pins. 

Additional features are an improvement of the mechanical strength of the fuel assem
bly (e.g. increased number of spacer grids) and a stainless steel radial reflector for 
neutron leakage reduction and improvement of fuel utilization. The core design allows 
for spectral shift operation and Pu-recycling (MOX fuel elements). 

4.1.1.3 Reactor Pressure Vessel and Coolant System 

The main difference compared to the current Westinghouse PWR design is an increa
sed pressure vessel volume, mainly obtained by increasing the distance between core 
outlet and coolant loop nozzles by 3 m. The pressure vessel design is such that no 
welds are in the height of the core region. The pressurizer volume has also been in-
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creased. The steam generator design has been improved, based on previous opera
tional experience with corrosion. Steam generator tube material is a Ni-Cr-Fe Inconel 
alloy with low cobalt content (TT 690 alloy). 

4.1.1.4 Engineered Safety Features 

Four complete and independent trains of mechanical equipment are provided in the 
safety systems (high pressure injection, residual heat removal and containment spray 
system). 

The low head core reflood tank is installed in the containment. This passive compo
nent replaces the low head safety injection pump. 

One emergency water storage tank is installed in the containment to feed the four sa
fety injection pumps. 

The design foresees 4 emergency feedwater pumps, two of them are steam turbine 
driven. 

There is a considerably larger degree of separation between control system and safe
ty system functions. This includes the Chemical and Volume Control System (CVCS), 
which is designed as a control system and is separated from the safety system. 

The extension of the protection system includes a steam generator overfill protection. 

4.1.1.5 Containment 

The new design provides a large (60 m) diameter steel spherical shell containment 
with a larger volume and more inner space for maintenance. 

4.1.1.6 Other Features 

The Instrumentation and Control System is microprocessor-based, using digital equip
ment which has already been used in operating US nuclear power plants. 
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The target for an occupational exposure is 1 man Sv/year. Main plant features to 
achieve this value are fewer refueling and maintenance shutdowns, greater accessibi
lity for maintenance and greater use of automation in inspection and steam generator 
tube repair. 

The vendor has performed a comparative PSA for the APWR 1300 and the conventio
nal Westinghouse PWR. Values of core melt frequencies due to internal events are 
stated as follows: 1.5x1 O /̂year for APWR 1300 and 5 x 105 for the conventional We
stinghouse PWR. 

4.1.2 APWR 1000 

4.1.2.1 General 

This is a design concept based on the conventional 3-loop-PWR of Westinghouse, ta
king into account all important improvements of the APWR 1300. 

Main plant data are: 

- Electrical power 1000 MW 

- Thermal power s 2800 MW 

- Refueling cycle 18 months 
- 3 coolant loops 
- Design life 60 years 

In the following sections safety related improvements are listed. In general, all facts 
mentioned for the APWR 1300 apply to the APWR 1000 /4.1.2.-1/. There are only so
me slight differences, partly due to the different size. Only these differences are men
tioned. 

4.1.2.2 Core 

The number of fuel assemblies has been increased from 157 to 193, increasing the si
ze of the core to the size of the conventional 4-loop-PWR of Westinghouse. By this 
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means, the power density has been reduced, safety related nuclear and thermal para
meters are improved by 20 to 25 %. 

4.1.2.3 Reactor Pressure Vessel and Coolant System 

The general design of the reactor pressure vessel is that of a standard 4-loop PWR. 
Due to the oversized vessel neutron fluence is lower and vessel coolant inventory is 
larger than in conventioal 3-loop-PWR's of Westinghouse. 

The pressurizer volume is increased by about 20 %. This feature and the "oversized" 
core and reactor vessel smoothen plant transients in such a way that no motor opera
ted relief valves are necessary. 

4.1.2.4 Engineered Safety Features 

The emergency core cooling system is called "Integrated Safeguard System" (as for 
the APWR 1300), and includes three accumulators, one emergency water storage 
tank and four mechanical subsystems with high head and low head pumps and resi
dual heat removal heat exchangers. The four pumping subsystems are physically se
parated. 

The emergency feedwater system consists of two subsystems, each with one motor 
driven pump and one steam turbine driven pump. 

4.1.2.5 Containment 

In contrary to the APWR 1300 the APWR 1000 containment design is similar to that of 
current designs. It is a cylindrical double containment with an inner steel shell and an 
outer concrete shield wall. The volume is slightly larger than that of the conventional 
PWR design. 
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4.1.2.6 Other Features 

One plant design goal is the reduction in the number of reactor trips. The vendor lists 
several design changes which contribute to this: Improved feedwater system, larger 
operating and safety margins, use of digital control, ability to maintain reactor operati
on after 100 % load rejection. 

4.1.3 System 80+™ 

4.1.3.1 General 

System 80+™ (hereafter called System 80+) is the name of the advanced PWR of 
Combustion Engineering/4.1.3-1, 4.1.3-2/. It is an improved version of the System 80 
PWR, currently in operation in Palo Verde, USA. Main plant data are: 

- Electrical power = 1400 MW 

- Thermal power 3800 MW 
- Refueling cycle up to 24 months 

- 2 steam generators, 4 main coolant pumps 
- Design life 60 years for RPV 

4.1.3.2 Core 

Most of the changes in core design are made to improve core control performance 
(fast power changes by rod motion). One feature related to safety has to be mentio
ned: The core outlet temperature has been lowered somewhat, thus increasing the 
thermal operating and safety margin. 

4.1.3.3 Reactor Pressure Vessel and Coolant System 

The System 80+ pressurizer volume will be increased considerably in order to mitigate 
transients. The steam generator will incorporate some design enhancements, such as 
improved steam dryers, increased heat transfer area and a slightly reduced full power 
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steam pressure. Secondary water inventory is enlarged in order to increase the time 
for dry out. 

4.1.3.4 Engineered Safety Features 

The safety injection system (SIS) has been revised and considerable changes have 
been made to increase safety. The most important ones are: 

- Four train safety injection 
- refueling water storage tank in the containment 
- direct vessel injection 

Four 50 % capacity safety injection pumps are provided, they operate in both the 
"high pressure" and "low pressure" mode, pumping borated water from four safety in
jection tanks. By this means separate low pressure pumps with their cross connecti
ons to the shutdown cooling system are eliminated. 

Direct vessel injection is provided in order to avoid spillage of one train which injects 
near the postulated break location. 

An additional safety related improvement is the automatic emergency feedwater sy
stem, consisting of four separate pumps and piping systems. Two pumps are motor 
driven, two are steam turbine driven. 

The Safety Depressurization System (SDS) is a safety grade system to provide a 
means for the depressurization of the primary coolant system. In addition it is a sy
stem to be utilized in beyond-design-basis accidents to initiate the primary system 
bleed and feed function. 

The shutdown cooling system has been upgraded. The design pressure has been in
creased to 62 bar, giving better protection against overpressurization during shut
down. 
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4.1.3.5 Containment 

The containment will be a steel sphere of 60 m diameter. The shield building will be 
reinforced concrete structure, there are no structural connections with the steel sphe
re. Means are provided to mitigate consequences of severe accidents, e.g. the possi
bility of flooding the reactor cavity. 

4.1.3.6 Other Features 

The Chemical and Volume Control System has been simplified and downgraded, to an 
operational system. All safety functions have been transferred to other safety sy
stems. 

The electrical systems have been reconfigured in order to improve their reliability. A 
diverse AC power supply (combustion turbine) has been installed in addition to the 
two safety grade emergency diesels. 

The Instrumentation and Control System uses both conventional technics and modern 
digital components, e.g. digital protection system. 

4.1.4 French N4+ 

N4+ is the name for a plant design based on the current N4 PWR of Framatome, pre
sently under construction in Chooz, taking into account the French utility requirements 
of the development programme REP 2000. The design concept will be completed in 
1992, details are not yet published, however, the main important trends can be deri
ved from the safety requirements of the REP 2000 concept. N4+ will have the follo
wing safety related design improvement: 

- simplified systems and functions 
- higher degree of automation in order to increase grace periods for the operator 
- improved design against operator errors 
- increased plant design life 
- improved containment design to cope with severe accidents 

(mitigating functions after core melt accidents) 
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4.1.5 Konvoi95+ 

The most recent PWR plants operating in Germany are the three Konvoi plants (1300 
MWel). Certain safety features, provided in some of the advanced PWR concepts ha
ve been implemented in this plant, e.g. the four independent trains of safety injection 
system or system optimization to reduce the number of scrams. 

The design study for an advanced KONVOI plant utilizes the experience with the ope
rating KONVOI plants to a large extent. The new design (in some places called KON
VOI 95+) is not yet finalized /4.1.5-1/. Improvements related to safety are mainly in 
three areas: preventive accident management measures to further reduce the proba
bility of severe core damage, mitigative accident management measures to maintain 
containment integrity after severe core damage and digital microprocessor control. 

The favourite preventive accident management procedure to cope with a complete 
loss of feedwater accident (main, auxiliary and emergency feedwater) is the secon
dary bleed and feed function with a depressurisation of the steam generators and the 
subsequent use of the feedwater tank inventory and/or mobile pumps for decay heat 
removal and plant cooldown. Primary bleed and feed is foreseen as well in order to 
further reduce the probability of a core melt under high primary system pressure. 

The containment function will be improved in order to limit radioactive releases after 
severe core damage accidents. In order to avoid long term overpressure failure, the 
accident management procedure of filtered containment venting is foreseen. This 
function is being implemented in operating PWRs in Germany as backfitting measure. 
The basemat design will be changed in such a way that coolability of the molten core 
is obtained. 

Microprocessor based digital l&C-systems are under development now and are inten
ded to be used on all three levels of plant operation of German plants: controls, limita
tion systems (almost safety grade) and safety grade reactor protection system. 

Reassessment of certain system design features is being carried out with the objecti
ve of increasing intervention intervals (grace periods). Parameters under considerati
on are steam generator secondary water inventory, pressurizer volume, accumulator 
volume, reactor pressure vessel inventory etc. 
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4.1.6 NPI Concept 

4.1.6.1 General 

NPI is a subsidiary of Framatome and Siemens located in Paris and founded in 1989. 
The task of the company is the design of a new common French-German PWR. This 
design is understood as an evolutionary one as it is based on both reactor types N4 
and Konvoi, however, it can also be classified as a design with innovative and passive 
features, especially with respect to the confinement design to ensure integrity even af
ter core melt accidents. (For this reason, the inclusion of this concept in chapter 4.1 is 
somewhat arbitrary). As the new common product is still discussed with utilities and 
safety authorities, only a preliminary status can be given here on the basis of a few 
papers /4.1.6-1, 4.1.6-2/. The main plant data are: 

- Electric power 1300-1400 MW 
- Thermal power (to be determined) 
- 4 coolant loops 
- Design life 60 years 

The safety objectives are based on the defense-in-depth concept. The following gene

ral objectives are a basis for the design approach: 

Technical improvements will be performed in domains which contribute significant
ly to the core melt probability. 

After a hypothetical severe accident the confinement integrity has to limit the re
lease of radioactivity so that no off-site provisions are necessary. 

4.1.6.2 Core 

The core consists of 205 fuel assemblies where each fuel assembly consists of 
(17 x 17) - 25 fuel rods. The active length is 420 cm and the linear heat rate is 
183 W/cm. Concerning the fuel management features, margins should be available for 
providing additional flexibility to allow certain strategies (e.g. low leakage patterns or 
increasing the cycle length or introducing MOX-fuel). 
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Compared to N4 and Konvoi the incore instrumentation will be extended and mounted 
from above. 

4.1.6.3 Reactor Pressure Vessel and Coolant System 

The material for the coolant loops is ferritic with a one layer cladding allowing the 
break preclusion concept. Concerning the primary loop components approved sy
stems and designs (from N4 and Konvoi) will be taken over with minor modifications if 
necessary. Final decisions are not yet taken. 

For the improvement of inherent safety the volume of the pressurizer and the steam 
generators will be increased. 

4.1.6.4 Engineered Safety Features 

Four complete and independent trains are foreseen for instrumentation and control, 
class IE electric power, safety injection system, component cooling water, service wa
ter system and the safety condensor (SACO). 

Two trains are planned for the residual heat removal system (RHR) and the fuel pool 
cooling (FPC) system. 

A strict and complete separation between the different trains exists including hazards 
(fire, flood), and ventilation. 

The safety injection systems include the medium head injection to the cold legs, the 
accumulator injection to the hot legs and the low head injection to the cold and hot 
legs. 

4.1.6.5 Containment 

The present development of the containment is focussed on a concept where the con
tainment consists of a prestressed concrete cylinder with (if desired) an inner steel li
ner (fig. 4.1.6.-1). The function of a double containment is reached with a second ou-
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ter reinforced concrete cylinder. The containment will have a low leakage rate and an 
annulus exhaust system. 

One of the important objectives in the NPI concept is the integrity of the confinement 
during a core melt accident. Provisions are made to avoid basemat melt through either 
by a core catcher or by a design spreading out the molten material so that it will be 
coolable. 

4.1.6.6 Other features 

An in-containment refueling water storage tank (IRWST) is situated in the lower part of 
the containment. During refueling this water will be used for flooding of the concerned 
rooms. Both safety injection systems, the medium head safety injection (MHSI) and 
the low head safety injection (LHSI) take their water out of this IRWST in which the 
water flowing out of the break is collected. In consequence after a LOCA there is no 
switch to the pumps sucking from the containment sump. 

Contrary to German PWRs where the fuel storage tank is in the containment, in the 
present concept the fuel storage tank is situated in the annular building outside the 
containment. A small internal fuel storage tank is used during the refueling process. 
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Fig. 4.1.6.-1: NPI reactor building 
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4.1.7 WWER 1000-V 392 

V 392 is a USSR design based on the WWER 1000 - V 320, which is operating in 17 
units. Main goal of this advanced design is a reduction of severe core damage fre
quency with the aim of values not higher than 10Vyear. Main plant data of the V 392 
design are/4.1.7-1/: 

- Electrical powers 1000 MW 

- Thermal power = 3000 MW 

- Number of coolant loops 4 
- Design life 40 years 

Extra systems are provided to cope with beyond design accidents, such as a fast bo
ron injection system, a residual heat removal system and an additional system of 
hydro-accumulators. 

The safety of the reactor has been improved by increasing shutdown reactivity from 6 
% to about 10 %. This has been achieved by roughly doubling the number of control 
rods. Nuclear feedback is improved by a core design which guarantees negative coo
lant temperature feedback during the entire burnup cycle. It is intended to use burna
ble poison (gadolinium) to achieve this. 

Some additional design improvements are related to other systems and components 
such as steam generator headers and main coolant pump seals. 
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4.2 Evolutionary BWR Concepts 

4.2.1 ABWR1300 

4.2.1.1 General 

The ABWR is an advanced light water reactor designed by GE, Hitachi and Toshiba. It 
is derived from the US BWR6 and the latest 1100 MWel Japanese plant. Experience 
of European (German and Swedish) BWR designs has also been incorporated. Two 
units are planned at the Kashiwazaki Kariwa site in Japan. Construction of the first 
unit has started in October 1991. 

The main plant data are /4.2.1 . -1 / : 

- Electrical power 1356 MW 
- Thermal power 3926 MW 
- System pressure 73 bar 
- Number of internal recirculation pumps 10 

The main features which are safety related improvements compared to the US and 
Japanese reference plants are presented in the following sections. 

4.2.1.2 Core 

The main core changes are made to optimize fuel utilisation and plant operation, ho
wever, some of the changes have a positive impact on safety, e.g. PCI-resistant fuel 
(PCI = pellet cladding interaction) or axially zoned fuel with higher enrichment and less 
gadolinium content in the upper half of the core. This latter feature allows for more 
uniform axial power distribution and thus assures a higher thermal margin. 
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4.2.1.3 Reactor Pressure Vessel and Coolant System 

The most important improvement is the incorporation of internal main coolant recircu
lation pumps. Due to this change all large pipe nozzles below the elevation of the top 
of the active core are eliminated. The reactor pressure vessel volume has been redu
ced by reducing the pressure vessel height. 

4.2.1.4 Containment 

The containment is a steel lined reinforced concrete containment vessel. The concrete 
walls of the containment are integrated with the reactor building. Multiple horizontal 
vents are provided as connection between drywell and wetwell. 

4.2.1.5 Engineered Safety Features 

The emergency core cooling system (ECCS) consists of three redundant and inde
pendent divisions. Each division has one high pressure and one low pressure invento
ry makeup system. One high pressure system also has the function of reactor coolant 
inventory control for reactor isolation transients (reactor core isolation cooling system, 
RCIC). The RCIC is powered by a steam driven turbine, thus providing a diverse ma
keup source during loss of A-C-power events. The low pressure ECCS utilizes the 
three residual heat removal (RHR) pumps in the post-LOCA core cooling mode. 

The ABWR incorporates the electric hydraulic fine motion control rod drive (FMCRD) 
with two diverse drive systems. The electric fine motion is used for control, the hydrau
lic for scram insertion. This drive system has good operational and safety records in 
European BWRs. 

4.2.1.6 Other Features 

The instrumentation and control system uses digital equipment to a high degree; e.g. 
for feedwater control, pump speed control and pressure control triplicated digital con
trol is utilized. Data transmission in the ABWR is done with a multiplexed fiber optic 
data transmission system. 
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4.2.2 BWR 90 

4.2.2.1 General 

BWR 90 is an advanced BWR concept of ABB Sweden with a rating of 1200 MWe. An 
840 MWel version has also been developed. The design is based on the latest Swe
dish BWRs delivered by ABB in Sweden (Forsmark 3 and Oskarshamn 3). In addition, 
experience from Finland is incorporated. The major safety characteristics of these 
operating plants are internal main coolant recirculation pumps, diverse electric/hydrau
lic control rod insertion, a prestressed concrete pressure suppression containment 
equipped with filtered venting and four subdivisions of engineered safety systems. 

BWR 90 /4.2.2.-1, 4.2.2.-2, 4.2.2.-3/ represents a moderate advancement in design 
compared to the reference plants mentioned above, the design project was conducted 
in cooperation with the Finnish utility TVO (Teollisuuden Voima OY). The main plant 
data for the two versions are: 

Electric power 
Thermal power 
Number of internal recirculation pumps 

Reactor operating pressure 

1170 MW 
3300 MW 
8 
70 bar 

830 MW 
2350 MW 
6 
70 bar 

4.2.2.2 Core 

Reactor core design takes into account the continuous optimisation based on the 
SVEA fuel assembly. Features with some safety relevance are increased stability mar
gins and a mechanically favourable fuel channel structure with a very low creep defor
mation rate. 

4.2.2.3 Reactor pressure vessel and coolant system 

Nb essential changes have been made compared to the proven design of the referen
ce plant with internal recirculation pumps. 
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4.2.2.4 Containment 

Design changes compared to the reference design have been made in order to mit
igate the course of a beyond design core melt accident. Main features are: 

Blowdown of steam to the suppression pool via vertical concrete ducts to horizon
tal openings between drywell and wetwell. 

A pool permanently filled with water is provided at the bottom section of the lower 
drywell to collect fuel melt debris 

The containment vessel can be vented through filters which are located in the re
actor building. 

- Arrangements are made to be able to fill up the containment with water up to the 
level of the top of the core, in order to reach a final stable state after severe acci
dents. 

4.2.2.5 Engineered Safety Features 

The design of the engineered safety systems is characterized by a consistent functio
nal and physical separation and a division into four subsystems. Two out of four sub
systems are sufficient to provide water under all postulated LOCA conditions. 

The safety related auxiliary equipment is also divided into four independent and physi
cally separated subdivisions. 

BWR 90 is characterized by diverse means of ensuring the functions of safety related 
systems, e.g. the use of diverse types of valves for pressure relief. 

4.2.2.6 Other Features 

Reactor protection and control system design as well as control room layout are ba
sed on the employment of modem micro-computers. The system arrangement satis
fies the requirements of redundancy and physical separation. 

In case of unavailability of the control room the process will be surveyed from an 
emergency monitoring centre. 
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4.3 Evolutionary Concepts with Enhanced Passive Features 

This group of concepts is characterized by applying proven design features to a large 
extent, but also including new features and functions with special emphasis on passi
ve safety system functions for emergency core cooling and decay heat removal. In the 
American literature, especially in the EPRI ALWR utility requirement document, they 
are referred to as Passive Advanced Light Water Reactors. 

Two concepts have reached a rather advanced design stage: the AP 600 and the 
SBWR. In this group the German advanced containment design concept is also men
tioned, because it is based on passive containment functions. As this concept concen
trates on containment functions, the design of the reactor and coolant system is not 
specified. For the containment design development it is assumed that it is similar to 
the present Konvoi plant. 

As the evolutionary concepts with passive features deviate more from their respective 
reference design, the presentation of features is more detailed and extended than for 
the concepts in section 4.1 and 4.2. 

4.3.1 AP 600 

4.3.1.1 General 

The AP 600 design is an evolutionary PWR with passive safety system functions. It re
lies on proven PWR technology for its mainline power generation equipment and for 
plant support functions, based on standard 2 loop plants of Westinghouse. 

AP 600's simplified nuclear steam supply system (NSSS) is a compact 2-loop arrange
ment with a lower power density core, passive containment, cooling and passive safe
ty injection and residual heat removal systems. The steam generator and hermetically 
sealed reactor coolant pumps are integrated into a single structure to eliminate the 
need for separate pipe supports. The configuration has no crossover pipe and loop 
seals. Robotics introduced in the design permits steam generator inspection and 
maintenance during refueling, and reductions in worker radiatjon exposure. 
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Characteristic plant data are /4.3.1 .-1 to 4 and 4.1.1 .-21: 

- Electric power 600 MW 
- Thermal power 1812 MW 
- Number of loops: 2 hot legs, 4 cold legs 
- Refueling cycle 18 months 
- Design life 60 years 

The main features related to safety are described in the following sections. 

4.3.1.2 Core 

The standard 2-loop PWR uses 121 (16x16) fuel assemblies and has a power densi
ty of 5.36 kw/ft. The refueling cycle averages 14 months. The low power density core 
for AP600 (3.84 kw/ft) is larger than its standard counterpart: 145 (17 x 17) fuel as
semblies. This approach improves nuclear and thermal parameters by 25-30 % over 
the standard design. It also means lower fuel enrichment and an increase of more 
than 15 % in DNB (departure from nucleate boiling) and LOCA margins. Burnable poi
son is not required after the first cycle of operation. 

The radial neutron reflector was originally designed and tested for the APWR 1300 re
actor programme. It surrounds the core and replaces the former baffle structure bet
ween the core and the lower barrel. This reflector reduces neutron leakage, thereby 
improving core neutron utilization and reducing neutron fluence on the reactor vessel. 
This characteristic of reduced fluence is an important consideration in achieving 
60-year plant design life. 

The standard plant uses 45 control rods. They are used for load follow; however, cur
rent practice requires thousands of gallons of water per day to change the soluble bo
ron concentration in order to meet the daily load follow schedule. AP600 contains 45 
control rods plus 12 to 16 "gray rods". The gray rods (reduced worth control rods) are 
used to achieve daily load follow without having to change concentrations of boron in 
the primary coolant. This greatly simplifies the boron system and load-follow operati
ons. AP600 does retain a boron system as a redundant safety feature: the soluble bo
ron functions as a neutron absorber to achieve redundant cold shutdown (2,000 ppm) 
and helps control core reactivity (800-0 ppm). 
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4.3.1.3 Reactor Pressure Vessel and Coolant System 

The size of the reactor pressure vessel is similar to that of a 900 MWel 3-loop-plant, 
and thus has a larger volume/power ratio. 

The two main coolant loop configuration for AP600 means that there is a single hot 
leg pipe to transport reactor coolant to each steam generator. The piping contains a 
radius bend to direct the coolant up into the steam generator channel head. An 
18-inch surge line is connected to the system through the hot leg. Four cold leg pipes 
(one per pump) transport reactor coolant back to the reactor vessel. 

Bending the coolant loop piping reduces by half the amount of welding required com
pared with the standard plant. From an operating standpoint, pipe bends provide a 
low resistance flow path, as well as flexibility to accomodate the expansion difference 
between the hot and cold legs. 

By adequate loop configuration and material selection it was made sure that the pipe 
stresses are low enough that the primary loop and large auxiliary lines meet leak-
before-break requirements. Therefore pipe rupture restraints are avoided. The NSSS 
configuration is shown in fig. 4.3.1-1. 

The model F steam generator is currently used in 75 plants. Several evolutionary de
sign changes have been made in recent years to improve performance and increase 
service life: thermal treated lnconel-690 tube material is used to improve corrosion re
sistance; upgraded anti-vibration bars have been added to reduce wear; and the pri
mary and secondary moisture separators have been upgraded. For AP600, the model 
F remains unchanged from the tube sheet to the top of the steam generator. How
ever, the design of the channel head has been modified. It will be forged as one piece 
instead of welding it from multiple components so that the pumps can be directly 
mounted and maintenance/inspection procedures can be accomplished more easily. 

Two canned motor pumps are mounted directly in the channel head of each steam 
generator. In this configuration, the pumps and the steam generator use the same 
structural support. The common vertical support is a single column extending from the 
floor to the bottom of the channel head. 
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The reactor coolant pump incorporated in AP600 is based on a pump design develo
ped originally in 1953 for the nuclear Navy programme (SS Nautilus) and subsequent
ly used with good results at Shippingport, Yankee Rowe, and in other Navy projects. 
The AP600 coolant pump contains some new features. It uses larger impeller and has 
a radial bearing motor assembly. These changes were made to increase the pump's 
rotating inertia. 

In lieu of a water seal system, the AP600 pump is hermetically sealed. This eliminates 
the need for continuous charging and simplifies the design requirements for chemical 
and volume control systems. It totally eliminates any LOCA due to seal failure and eli
minates all maintenance associated with seal replacement. 

The AP600 pressurizer is 30 % larger than standard with increased transient margins. 
It contains no power-operated relief valves, and therefore eliminates the maintenance 
associated with reactor coolant system leakage. 

4.3.1.4 Containment 

The containment is a steel containment surrounded by a concrete shield building. A 
special feature is the passive containment cooling system (PCCS) which provides 
containment pressure limitation by cooling the outside surface of the steel contain
ment after a loss of coolant accident or after loss of all alternate ultimate heat sinks. 
The system is described in the next section. 

4.3.1.5 Passive Safety Systems 

AP600's passive safety systems are considerably more simple and straightforward 
than the active safety systems used in today's PWRs. They do not depend on opera
tors to take action. Instead, they rely on natural forces - such as gravity and natural 
circulation - and compressed gas to work. They contain fewer components: no pumps, 
fans, diesels, chillers or other rotating machinery. The design incorporates only a few 
slow speed air or motor valves to align the passive safety systems upon automatic ac
tivation. The passive safety approach does not require safety support systems, such 
as AC power, active cooling systems, nor the earthquake resistant buildings to house 
these components. 
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The AP600 passive safety system consists of: 

• Passive residual heat removal (RHR) 

• Passive containment cooling (PCCS) 

• Passive safety injection 

Residual Heat Removal System/Containment Cooling System 

In AP600, core cooling is greatly simplified compared to conventional PWRs. From 
start to finish, gravity, convection, evaporation and condensation are the forces that 
drive the core cooling system in place of pumps, valves, operators and electricity. 

A passive residual heat removal exchanger (PRHR HX), plus passive containment 
cooling, provides indefinite decay heat removal capability - and no operator action is 
required. Tests show that this system is capable of cooling the containment following 
a severe accident without exceeding design pressure. 

The heat sink for the PRHR HX is the refueling water storage tank located inside the 
containment. The water volume in the tank is large enough to absorb decay heat for 
about two hours before the water would start to boil. If boiling does occur, the steam 
would vent to the containment and condense on the steel containment vessel, collect 
and then drain by gravity back into the tank. 

The steel containment vessel is surrounded by a concrete shield 3-feet thick. Air circu
lating between the two structures augments the cooling process with natural convecti
on of the heat to the atmosphere. 

The elevated PCCS water storage tank will provide water for wetting the containment 
surface for three days following PCCS actuation. Operator action can be taken to re
plenish this water supply through installed piping connections and water sources. If no 
operator action can be taken after 3 days when the tank has drained, natural convecti-
ve air heat removal will continue to function. 

This provides sufficient heat removal to ensure that containment integrity is maintai
ned although containment pressure would increase to near the design pressure. 
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PCCS Structure 

The PCCS structures are schematically represented in the containment general layout 
of fig. 4.3.1-2. The 130 ft diameter steel containment, hausing the primary equipment 
and safeguard systems, includes a cylindrical shell with elliptical heads for both the 
upper and lower head of the vessel. The surrounding concrete shield building has top 
air inlet openings and houses a baffle to create the required air path. A reinforced 
concrete conical roof ends with the air exhaust chimney and houses a 450.000 US 
gallons water storage tank at an elevation sufficient to allow gravity drain of the water 
on top of the steel containment. The roof, 2 ft thick, rests on the cylindric shield buil
ding wall with 16 reinforced concrete columns, 5 ft high and spaced circumferentially 
to leave 16 openings, 16 ft wide. A flat shield plate is suspended from the chimney lo
wer end. 

Heat removal by the PCCS is initiated automatically in response to a high containment 
pressure signal, and, with the exception of the initial actuation, requires no active 
components or electrical power to perform its safety function. Also manual actuation 
can be accomplished by the operator from the main control panel or the safety grade 
shutdown control panel. 

As shown in Fig. 4.3.1-2, actuation of the PCCS initiates water flow by gravity from a 
tank contained in the shield building structure above the containment onto the con
tainment dome outer surface forming a water film over the structure. The path for the 
natural circulation of air upward along the outside walls of the containment structure is 
always open. Heat is then removed from the containment, utilizing the steel contain
ment structure as the heat transfer surface combining conductive heat transfer to the 
water film, convective heat transfer from the water film to the air, radiative heat trans
fer from the film to the air baffle, and mass transfer (evaporation) of the water film into 
the air. Connections are provided to an alternate water source such as the fire protec
tion system to provide longer term (> 3 days) capability of containment external spray. 
Higher air temperature in the space between the containment wall and the air flow 
buffle compared to the air inlet annulus guarantees natural circulation air cooling of 
the containment surface or the water film. 
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Passive Safety Injection System 

The purpose of the passive safety injection system for AP600 is to protect the plant 
against leaks and ruptures of the reactor coolant system and to provide effective core 
cooling for various break sizes and locations. It is designed so that no operator action 
is required for either small or large pipe breaks. When makeup water is needed, it is 
provided naturally. In the event of a serious accident, the entire lower portion of the 
containment would be under water and circulation of the coolant by boiling and con
densing would remove the decay heat. 

The system is shown in fig. 4.3.1-3. It consists of three passive sources of water to 
maintain core cooling; each of them is directly connected to two nozzles on the reac
tor vessel to reduce the possibility of spillage. (Similar connections have been used on 
standard 2-loop plants). Two core makeup tanks (CMTs), each containing 125,000 lbs 
of borated water, are located inside the containment just above the reactor coolant sy
stem (RCS) loop. Relying just on gravity, their purpose is to make up any core coolant 
loss due to minor leakage for extended periods. 

If RCS pressure or water level were to drop abnormally, an air-operated "fail-open" 
globe isolation valve would automatically open and natural gravity would trigger the in
jection flow from the CMTs to the RCS over a connecting line. 

Two pressurized accumulators, each with 105,000 lbs of water and powered by com
pressed nitrogen, would supply additional water in the event of larger leaks or a drop 
in RCS pressure below 700 psig. If the largest RCS pipe was completely severed, for 
example, the accumulators would respond by rapidly refilling the vessel downcomer 
and lower plenum. 

The third water source is the in-containment refueling water storage tank (IRWST), lo
cated inside the containment above the RCS loop. It alone holds 2.9 million lbs of wa
ter, more than ten times the amount of water in the reactor coolant system (280,000 
lbs). Designed at atmospheric pressure, the RCS would have to depressurize before 
IRWST injection can occur. The RCS can be depressurized automatically to 10 psig, 
at which time the water in the IRWST would overcome the residual resistance and the 
slight pressure loss in the injection lines. 
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During a major LOCA the IRWST would provide coolant flow for at least 10 hours. As 
it neared empty, the water level in the containment would more than cover the RCS 
loop. 

These passive safety injection systems encompass four stages of automatic depres-
surization. All stages are activated by the CMTs, using 2-out-of-4 logic to ensure relia
bility and prevent mistaken triggering. 

Supply water to the CMTs, accumulators and IRWST is by gravity flow from a tank lo
cated on top of the containment shield building. This water tank holds a three-days 
supply, after which time the tank would be refilled to help maintain the low contain
ment pressure that would result from a serious accident. 

The number of components required for AP600's safety injection systems are greatly 
reduced from the number required in today's 2-loop plants, as can be seen from the 
following table: 

Component Standard AP600 
2-Loop PWR 

Pumps 4 0 
Tanks 5 5 

Remote Valves 85 28 
Safety Diesels 2 0 

4.3.1.6 Other Features 

The Instrumentation and Control Systems are based on modern but proven technolo
gy. Features of these systems include microprocessor based technology, film-optic 
data highways, advanced alarm, operating display and accident monitoring display sy
stems. 

One important goal of the AP600 is simplification in the design. The vendor quantifies 
the success in this respect giving the reduction in number or size of components, rela
ted to the nuclear island in comparison to a standard 2-loop PWR. 
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60 % fewer valves 
35 % fewer pumps 
75 % less pipes 
80 % less ducting for heating, cooling and ventilation 
50 % less seismic building volume 
80 % less control wiring. 

^ g r x 
Pressurizer 

Hot-leg Pipe 

Cold-leg Pipe 

Standard Model F Steam Generator 

H. High Inertia Canned Motor Pumps 

Fig. 4.3.1 . -1: AP600 Main coolant system 
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Fig. 4.3.1.-2: AP600, Containment general layout 
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Fig. 4.3.1.-3: AP600 - Passive safety injection system 
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4.3.2 Advanced PWR Containment Design (Germany) 

An important safety requirement is the drastic reduction of radioactive releases after 
accidents with severe core damage (beyond design accidents). A further step is the 
aim at a deterministic exclusion of catastrophic consequences to the public after the 
most severe beyond design accident sequences (core melt-through of the reactor 
pressure vessel, steam explosion and/or hydrogen detonation). 

Design concepts with the aim at fulfilling those ambitious requirements have to provi
de new containment functions, while changes in the design of the nuclear steam sup
ply system are of lower importance. 

In Germany conceptional design work for an advanced containment is underway for 
Pressurized Water Reactors. The main design requirements and features of this con
cept are described briefly /4.3.2.-1, 4.3.2.-2/. The containment has to fulfill three func
tions: 

a) For the very improbable (beyond-design) case of core melt the release of ra
dioactivity to the environment must be limited to negligibly small amounts. 

b) No catastrophic failure of the inner steel shell of the outer containment should 
occur and the outer concrete wall must maintain its integrity and impermeabili
ty to the molten core. 

c) The containment must withstand external events of low probability such as air
plane crashes, earthquakes and gas cloud explosions (current requirement in 
Germany). 

A design which fulfills the requirements has to take into account the following pheno
mena and processes: 

Dynamic loads from hydrogen 

Static overpressure loads on the outer containment due to internal energy relea
ses (hydrogen deflagration, steam production due to stored heat and decay heat 
of the core debris etc.) 

Dynamic forces during reactor pressure vessel melt through at high coolant sy
stem pressure 
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Steam explosion 

Basemat erosion 

Bypass leaks to the environment. 

Figure 4.3.2-1 illustrates a conceptual containment design taking into account the 
phenomena and requirements mentioned above. This conceptual containment con
sists of a steel shell and strong prestressed concrete structures and is currently de
signed to withstand an internal static pressure of 2 MPa and a dynamic impulse of 0.2 
MPa-s (hydrogen detonation). The rocket-like behaviour of the vessel must be taken 
into account when designing the RPV support structure. Impact loading of inner con
tainment structures is caused by moving parts of the vessel, while the actuating pres
sure is caused by the expansion of the water steam mixture. It can be shown that the 
kinetic energy of the upward moving vessel head can be absorbed by unbonded pre
stressed cables that are anchored into the very stiff, hollow-box-type structure formed 
by the integrated core catcher and the resulting concrete structure on the ground 
floor. 

Figures 4.3.2-1 and 4.3.2-2 depict the conceptual design of a core catcher system 
that withstands high pressure and basemat erosion. A heavily latticed concrete struc
ture in the upper part of this core catcher cellar is designed to absorb the kinetic ener
gy of the downward moving end-cap missile from the pressure vessel, thus preventing 
the early destruction of the core retention device located in the lower part of the con
tainment. The molten core is cooled by water evaporation. For this purpose, a wa
ter/vapour circulation system is introduced to operate completely inside the outer con
tainment. With this design, the heat from the molten core is transferred to the steel 
shell of the outer containment and then dissipated by natural air convection through 
the chimney formed between the steel shell and the outer concrete shell of the con
tainment. Other design variants to remove the afterheat from the inside of the outer 
containment are under consideration. 

The composite concrete-steel wall system shown in Figure 4.3.2-1 reacts to close the 
gap between the steel shell and the outer concrete walls when the increasing pressu
re inside the containment causes the steel to approach the yield limit. 
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Fig. 4.3.2.-1: Conceptual design of advanced PWR containment 
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Fig. 4.3.2.-2: Concept for molten core cooling and retention device 
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4.3.3 SBWR 

4.3.3.1 General 

SBWR (Simplified Boiling Water Reactor) is a design concept developed by GE with 
the cooperation of other US and foreign partners (especially from Italy, The Nether
lands and Japan). Special emphasis is laid on utilizing passive safety system features 
and simplifying the entire design to the largest possible extent. Characteristic plant da
ta are /4.3.3.-1 to 4/: 

- Electric power 600 MW 
- Thermal power 1800 MW 
- Number of recirculation pumps 0 
- System pressure 7,2 MPa 
- Refueling cycle 24 months 

4.3.3.2 Core 

Main core design change is a lower power density of 42 kW/l (compared to about 50 
kW/l for conventional BWRs). It is designed to use any standard BWR fuel. 

4.3.3.3 Reactor Pressure Vessel and Cooling System 

The SBWR reactor pressure vessel (RPV) is 24 m high and has a diameter of 7 m, ex
cept at the bottom where it is 6 m (see fig. 4.3.3-1). 

The RPV height is a key factor in establishing the required natural circulation core 
flow. Core flow is enhanced by incorporating a "chimney" in the space between the 
top of the core and the steam separator assembly. The diameter is wider at the top to 
increase the water inventory above the core. The diameter is smaller at the bottom to 
reduce the volume of water needed to be replaced to provide core cooling. 

The large reserve of water above the core translates directly into a much longer time 
being available before core uncovery can occur as a result of feed flow interruption or 
a loss-of-coolant accident. This means that there is ample time for the automatic sy-
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stems or the plant operators to re-establish reactor inventory control using any of se
veral non-safety-related systems. Timely initiation of these systems will preclude initia
tion of the emergency safety equipment. This easily controlled response to loss of nor
mal feedwater is a significant operational benefit. In addition, the larger RPV volume 
leads to a substantial reduction in the SBWR pressurization rate that would occur after 
a rapid isolation of the reactor from the normal heat sink. This characteristic permits 
considerable simplification of the pressure relief equipment. 

As mentioned above the SBWR operates without main coolant recirculation pumps. 
Heat is removed under all conditions by natural circulation. 

Design simplification efforts have led to the SBWR having only four conventional 
pneumatic/spring-actuated safety relief valves (SRV) to provide over-pressure protec
tion, whereas existing plants can have as many as 20. This reduction is possible be
cause of the low rate of pressure increase for the SBWR reactor system following up
set events. 

Furthermore, there is ample time during which operator actions can be initiated. This 
will terminate a reactor pressure increase below the SRV lifting setpoints. 

Operation of the Gravity Driven Cooling System (GDCS) requires reactor depressuri-
zation. This depressurization is accomplished with six depressurization valves (DPV) 
located on the steam pipes in the upper drywell. Squib valves were selected for the 
DPV function. 

4.3.3.4 Containment 

The containment structure and the location of different safety systems and compo
nents are shown in figure 4.3.3-2. The description of the various systems is given in 
the following section. 

4.3.3.5 Engineered Safety Features 

The design is characterized by providing passive safety system functions to a large 
extent. Those systems are gravity driven emergency core cooling system (GDCS), 
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passive residual heat removal system (isolation condenser, IC), and passive contain
ment cooling system (PCCS). 

Gravity Driven Core Cooling System (GDCS) 

In the event of a loss-of-coolant accident (LOCA), the SBWR core will not experience 
uncovery or fuel heat-up due to loss of reactor coolant inventory, this is achieved by: 

- Eliminating all large nozzles from the lower region of the RPV 
- Providing a large inventory of water in the RPV region above the core 
- Depressurizing the reactor in the event of an accident to near ambient conditions 
- Flooding the reactor with low pressure gravity-driven flow from the elevated pools 
located in the containment. 

Following completion of the blowdown/flooding sequence, there is sufficient water in 
the GDCS and suppression pools to flood the entire containment to a height of at 
least one meter above the top of the active core. Consequently, the core will remain 
adequately cooled for an indefinite period following a LOCA. 

Isolation Condenser System (ICS) 

The function of the Isolation Condenser System is to remove decay heat when the re
actor becomes isolated during power operations as a consequence of a transient; the 
system shall control reactor coolant pressure and temperature within a range so that 
Safety/Relief Valves will not lift and automatic reactor depressurization will not occur. 
These functions, when the Isolation Condenser System has come into operation, are 
to be performed in a completely passive way with no need of both operator actions or 
control and external AC power sources or forces. The vendor states that the isolation 
condenser system is not defined as an "Engineered Safety Feature" since other ESFs 
provide reactor protection and incident mitigation should the ICS be unavailable. The 
system, however, is designed as a safety related system to prevent unnecessary re
actor depressurization and operation of Engineered Safety Features. 

The ICS consists of three independent loops, connected directly to the steam region 
and the downcomer region of the reactor pressure vessel; they provide core heat re
moval relying on natural circulation to transfer residual heat outside containment 
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through heat exchangers (IC condensers) immersed in water pools vented to the at
mosphere. Each loop is designed for 30 MW heat removal capacity; three loops are 
provided to obtain the required system capacity (60 MW) and redundancy. 

Figure 4.3.3-3 is a simplified diagram of a typical ICS loop. A single steam supply line 
connects the reactor vessel to each IC unit, placed in a large pool of water outside the 
containment at a higher elevation. On the run of the steam supply line, inside the con
tainment boundary, are located two normally-open isolation valves in series; the line 
vertically penetrates the containment roof slab and, up to the connection to the IC 
unit, is enclosed in a guard pipe in order to avoid any large steam-LOCA outside the 
containment. On the condensate return piping, also located inside containment, are 
provided two normally-open isolation valves in series and, just upstream the reactor 
vessel entry point, a loop seal and a pair of condensate-return valves in parallel. The
se two valves are closed during normal power operation and since the steam supply li
ne valves are normally open, condensate will fill the IC unit up to the steam distributor 
above the upper headers. 

On a high reactor pressure signal or a main steam line isolation signal one 
condensate-return valve in each loop opens starting the ICS into operation; the con
densate inside the IC units is drained into the reactor vessel downcomer and the 
steam-water interface in the IC tube bundle moves downward, below the lower hea
ders to a point in the main condensate return line. 

When non-condensable gases build up in the condenser, vent valves open and the 
gases are routed to the suppression pool. 

Passive Containment Cooling System (PCCS) 

The Passive Containment Cooling System funtion is to remove decay heat from the 
containment after a loss of coolant accident, maintaining the containment pressure 
within the design limits. 

The containment heat removal function shall be provided for a minimum of 72 hours, 
in a passive way, without any external intervention by support systems or operators. 
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The passive containment cooling system consists of two independent loops open to 
the primary containment, connecting the drywell with a steam condenser (the Passive 
Containment Cooling Condenser) located outside the containment in a large pool of 
water vented to the atmosphere. Figure 4.3.3-4 is a simplified diagram of a typical 
loop. The condenser receives a steam-gas mixture directly from the drywell through a 
central supply line which penetrates the containment roof slab vertically and has no 
isolation valves. 

Steam is condensed inside the vertical tubes of the PCC condenser and drained to 
the Gravity Driven Cooling System pool located inside the containment drywell. On the 
drain line and submerged in the GDCS pool, just upstream of the discharge point, is a 
loop seal: it prevents back flow of steam and gas mixture. Non-condensible gases are 
routed to the suppression pool in the wetwell through a vent line, which, like the drain 
line, has no valves. 

The Passive Containment Cooling System, therefore, is always in a "ready standby" 
condition. Its safety function is initiated by the pressure increase in the drywell due to 
the loss of coolant accident itself, the difference in pressure between drywell and wet-
well initially provides the driving head for the steam-gas mixture flow through the con
denser. Then condensation promotes the steam flow causing a local pressure reducti
on and drainage of condensate to the GDCS pool relies on gravity. The PCCS is the
refore a completely passive safety related system 

4.3.3.6 Other Features 

The vendor states that the design also retains several non-safety grade motor-driven 
systems as backup to the passive system. 

The control rod drive system is diverse (electric-hydraulic), similar to that of the 
ABWR. The Instrumentation and Control System is digital, signal and data transmis
sion is by multiplexing. 

The following safety grade equipment of standard BWRs is eliminated in the SBWR: 
Diesel generators, ECCS pumps, cooling water systems, standby gas treatment sy
stem. 
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Fig. 4.3.3.-1: SBWR, Reactor pressure vessel and internals 
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Fig. 4.3.3.-2: SBWR, Simplified safety systems and their location in the containment 

structure 
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Fig. 4.3.3.-3: SBWR, Isolation condenser 
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4.3.4 Additional Concepts 

Worldwide there are additional conceptual studies on medium size advanced LWRs 
with passive system features. In most cases the known design features are less detai
led than for the concepts described above. However, it is important to mention these 
concepts which may reach a more detailed design stage in the future. 

The B600 PWR is a Babcock and Wilcox concept of a 600 MWel plant with passi
ve features such as emergency decay heat removal, emergency feedwater stora
ge tanks and containment natural circulation air cooling /4.3.4.-1/. 

Japanese vendors have "simplified" medium size concepts for both PWRs and 
BWRs. MS-300 and MS-600 are PWR concepts of Mitsubishi with 300 MWel and 
600 MWel power. The "simplified" concept of Hitachi is the HSBWR, a Boiling Wa
ter reactor of 600 MWel /4.3.4.-2/. 

A USSR design concept of a large size advanced PWR with passive safety sy
stem features is being developed under the name V-410 /4.1.7.-1/. 
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4.4 Innovative Concepts 

4.4.1 PIUS 

4.4.1.1 General 

The process inherent ultimate safety (PIUS) reactor is a 600 MWel pressurized water 
reactor based on a concept developed and verified at ABB Atom during the last 10 
years. It is designed to eliminate any possibility of a core degradation accident. Its ba
sic design feature is a core, that is openly connected in a natural-circulation circuit to a 
large pool of highly borated water. This pool is kept in place by a prestressed concrete 
pressure vessel provided with redundant leakage barriers. The coolant pumps are 
operated so that there is hydraulic balance in the opening between the primary coo
lant loop and the pool. Therefore, the hot, low-boron primary loop water is kept sepa
rated from the pool water in spite of the always open natural-circulation path. In seve
re transients, such as loss of feedwater, this balance is affected, and pool water in
gress occurs. Reactor shut-down and long-term residual heat removal are ensured wi
thout monitoring and active intervention. Thus, safety is independent of potentially 
failure-prone devices and cannot je jeopardized by mistakes or malicious human acts. 

PIUS-600 main data are given in table 4.4.1-1. The information presented here is col
lected from several publications /4.4.1.-1 to 4/. 

4.4.1.2 Core 

The reactor core is an open, PWR type core made up of 213 fuel assemblies with 
standard PWR fuel rod diameter, reduced height, and arranged in an 18 x 18 square 
rod array with 16 Zirkaloy skeleton tubes system and five Zircaloy spacer grids. The 
2000 MWth core is located near the bottom of the reactor pool which is a high-boron 
content water mass enclosed by a prestressed concrete vessel. The PIUS reactor co
re does not use control rods, neither for reactor shutdown, nor for power shaping. The 
reactivity control is accomplished by means of coolant boron concentration control -
chemical shim - and temperature control. 
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The core data (table 4.4.1-2) are significantly relaxed in comparison with current PWR 
practice in terms of average linear heat load, temperatures, flow rates and associated 
pressure drops. The reactivity compensation for burnup is accomplished by means of 
a burnable absorber (gadolinium) in some of the fuel rods, and the moderator tempe
rature reactivity coefficient is strongly negative (in the range of -30 to -50 x 10-5 Ak/k 
per degree) throughout the operating cycle. 

4.4.1.3 Reactor Pressure Vessel and Coolant System 

The large prestressed concrete reactor vessel has a total height of 43 m and a width 
of about 27 m. The cavity, containing a pool of 3300 m3 of water with a boron content 
of about 2200 ppm has a diameter of 12 m and a depth of about 38 m and is provided 
with a stainless steel liner on its inside. The core is located near the bottom of the re
actor pool (see fig. 4.4.1-1). 

The pool water is cooled by two systems; one with forced circulation through out-of-
vessel heat exchangers and one with entirely passive function, utilising natural water 
circulation and dry, natural-draft cooling towers. The passive system ensures the pool 
cooling in accident and station blackout situations and prevents boiling of the reactor 
pool water inventory. In the hypothetical case that all pool cooling systems fail, the 
water inventory ensures the core cooling for a protracted period of time (seven days). 

From the reactor core, the heated reactor coolant passes up through a riser pipe, at a 
temperature of 290°C, and leaves the reactor vessel through nozzles on the sides of 
an upper plenum. The coolant continues in four hot leg coolant pipes to straight once-
through steam generators, mounted on two sides of the concrete vessel. The main 
coolant pumps are located below and structurally integrated with the steam genera
tors. The pumps are sized-up versions of the glandless, wet motor design pumps that 
have been successfully utilized as recirculation pumps in BWR plants. 

The cold leg piping enters the reactor vessel through nozzles in the upper plenum at 
the same level as the hot leg nozzles, and the 260°C return flow is directed down
wards to the reactor core inlet via a downcomer. On its way down, the flow is accele
rated, and there are open connections between the downcomer and the pressuriser 
providing a siphon breaker arrangement. The siphon breaker serves to prevent sipho-
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ning off the reactor pool water inventory in the hypothetical event of a cold leg pipe 
rupture. During normal operation, the siphon breaker does not affect the water circula
tion. At the bottom of the downcomer, the return flow enters the reactor core inlet ple
num. 

A one metre diameter pipe that is open to the enclosing reactor pool is located below 
the core inlet plenum. A tube bundle arrangement inside this pipe minimises water tur-
bulance and mixing and ensures stable layering of hot reactor loop water on top of the 
colder reactor pool water. This pipe, with the bundle arrangement and the stratified 
water, is called the lower "density lock" and is one of the special components required 
to implement the basic design philosophy. The position of the interface between hot 
and cold water is determined by temperature measurements, and this information is 
used for controlling the speed, and hence the flow rate, of the main coolant pumps. 
There is another "density lock" arrangement at a high location in the pool, connected 
to the upper riser plenum. This reactor configuration, with the two continuously open 
density locks connected to the high-boron-content pool water, provides the basis for 
the PIUS principle. 

During normal plant operation, this natural circulation from the pool, through the lower 
density lock, to the core, up the riser, through the upper density lock and back to the 
pool, is kept inactive by controlling the speed of the main coolant pumps. In case of a 
severe transient or an accident, the natural circulation flow loop is established, provi
ding both reactor shut-down and continued core cooling. 

The nuclear steam supply system is enclosed in a containment structure, in a similar 
way as other LWRs, and this is in turn partly enclosed in a reactor building. Pools for 
storing spent fuel and for reactor internals during refuellings are arranged in the reac
tor building, on top of the reactor containment. The containment and the fuel pool por
tion of the reactor service room are designed with sufficient strength to provide protec
tion against a crashing aircraft. 

4.4.1.4 Containment 

The PIUS reactor is provided with a containment that encloses the reactor concrete 
vessel, the reactor coolant loops with steam generators and the RCPs, as well as 
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other high-pressure, high temperature reactor systems and components. The contain
ment is of the pressure suppression type used in all ABB Atom BWR plants. It is made 
of concrete with an inner steel liner to ensure adequate tightness. 

The PIUS plant has two major advantages over a conventional LWR in terms of tight
ness and cooling requirements of a containment. First, core damage protection in PI
US is provided by the passive self-protective design. It does not depend on active 
components or operator action, so no damage to the fuel occurs following an acci
dent. The release of radioactive material to the containment, therefore, should be 
smaller than in conventional LWRs. 

Second, following the initial depressurization of the reactor after a loss-of-coolant acci
dent, the PIUS reactor is cooled by the passive long-term RHR system and no further 
escape of steam or radioactive material occurs to the containment. The short-term re
lease of hot water and steam from the reactor is absorbed by the containment con
densation pool. No long-term containment cooling systems are required. 

4.4.1.5 Engineered Safety Features 

- Residual Heat Removal Systems 

Steam generators are used for normal residual heat removal (RHR). If they are not 
available, the decay heat is removed via the pool. The pool is cooled by conventional 
forced circulation cooling systems. 

Passive natural-circulation cooling systems to the ambient air are used as a backup 
for long-term core cooling in case of total station blackout. The system, which is 
shown in fig. 4.4.1-2, consists of natural-convection coolers that are submerged in the 
reactor pool and connected via intermediate cooling circuits to natural draft cooling to
wers located at the top of the reactor containment. 

- Density Locks 

The density locks (upper and lower) are unique features of the PIUS design that mini
mize the mixing of primary coolant with pool water. The density locks consist of bund-
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les of parallel open vertical pipes (1 m long) where hot primary coolant is stably laye
red above the cold borated pool water. 

If the core outlet temperature becomes too high and the water density too low, particu
larly when there are steam bubbles in the water, the pumps will not longer be able to 
hold the hot/cold interface at the required level. In such a case, the borated pool water 
will enter the primary system and cause the reactor to shut down. 

If the forced circulation flow is too large, primary system water will be expelled through 
the lower density lock and pool water will enter the system through the upper lock, al
so causing a reactor shut-down. 

- Siphon Breakers 

Outflowing primary loop coolant flashes to steam in the containment. 

The hot leg pipe outflow stops when the water level in the vessel has dropped below 
the hot leg nozzle, and pressure equilibrium between the containment and the reactor 
vessel is established. The siphon breaker arrangement provides "containment" pres
sure also on the inside of the cold leg nozzle, and the large outflow from the reactor 
system stops - all by itself. 

4.4.1.6 Other Features 

The built-in safety greatly reduces the number and significance of safety grade sy
stems. For example, the following safety grade systems can be deleted: 

- Control rods and drives 
- Safety grade electrical power 
- Auxiliary feed water system 
- High- and low-pressure coolant injection systems 
- Automatic depressurization system 
- Closed cooling water systems 
- Containment spray systems 
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Core thermal power 
Net electric power 
Circulating water temperature 
No. of fuel assemblies 
Core height (active) 
Core equivalent diameter 
Average fuel linear heat rate 
Average core power density 
Core inlet temperature 
Core outlet temperature (mixed mean) 
Operating pressure (pressurizer) 
Core coolant mass flow 
Average burnup 
Equilibrium core ingoing enrichment 
Concrete vessel cavity diameter 
Concrete vessel cavity volume 
Concrete vessel total height 
Concrete vessel thickness 
No. of steam generators and coolant pumps 

2000 MW 
640 MWe 
15°C 
213 
2.5 m 
3.76 m 
11.9 kW/m 
72.3 kW/l 
260°C 
290°C 
9MPa 
13000kg/s 
45500 MW d/t 
3.5% (12 months) 
12m 
3300 m2 

43 m 
7-10 m 
4 

Table 4.4.1-1: PIUS 600 Main Data 

Operating pressure 
Fuel rod diameter 
Pellet diameter 
Average coolant temperature 
Core active height 
Power density 
Average fuel rod linear heat rate 
Average cladding heat flux 
Core coolant flow velocity 
Core pressure drop 

90 bars 
9.5 mm 
8.2 mm 
275°C 
2.5 m 
72 kW/l 
11.9 kW/m2 

400 kW/m2 

2.8 m/s 
36kPa 

Table.4.4.1-2: PIUS core data 

57 -



Fig. 4.4.1-1: PIUS reactor design 
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4.4.2 SIR™ 

4.4.2.1 General 

The Safe Integral Reactor (SIR) project is a joint acitivity of four partners, ABB, Com
bustion Engineering, Rolls Royce, AEA Technology and Stone and Webster. 

The SIR™ (named SIR in the following text) is a small integral PWR with passive-
acting safety systems. This integral design has all the major components - core, 
steam generators, reactor coolant pumps and pressurizer - contained within a single 
large pressure vessel (fig. 4.4.2-1). 

This reactor pressure vessel with its internal components is called a module because 
there is the possibility of combining two or more modules in one plant design. 

Main data of the SIR module are /4.4.2.-1, 4.4.2.-2/: 

- Electric power 320 MW 
- Thermal power 1000 MW 
- Main coolant pumps 6 
- Refueling cycle 24 months 
- Design life 60 years 

4.4.2.2 Core 

The SIR core design is based upon existing LWR technology and the fuel designs uti
lized in ABB-CE operating reactors. The core operates under subcooled, forced circu
lation coolant conditions, but differs from conventional PWR operation in the following 
respects 

- soluble boron is eliminated in all operating modes 
- average core power density is substantially lower. 

Soluble boron free operation is accomplished by the use of proven burnable poisons 
to compensate for excess fuel reactivity throughout cycle, and by use of control ele
ment assemblies (CEAs) for reactor regulation and shutdown. The SIR™ design achie-
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ves a large control worth by providing a CEA for each individual fuel assembly. The 
low average power density serves both to provide large core thermal margins during 
power operations (about 25 % higher than required) and to facilitate natural cooling 
under transient or shutdown conditions. 

The core comprises 65 fuel assemblies of the 22 x 22 array design. Though not requi
red for operation, a soluble boron system is provided as a diverse shutdown system in 
case of Anticipated Transients Without Scram. 

4.4.2.3 Reactor Pressure Vessel and Coolant System 

The Reactor Pressure Vessel (RPV) has an inside diameter of 5.8 m and a height of 
about 24 m including the closure head. As mentioned above, it houses all compo
nents of the main coolant system (see fig. 4.4.2-1 and 4.4.2-2). 

The SIR reactor design features twelve cylindrical once-through steam generators 
(OTSGs) located above the core in the annular region between the core support bar
rel and the reactor vessel wall. 

The OTSGs deliver superheated steam and require no separators. In the SIR design 
the secondary coolant is inside the tubes. Therefore the tubes are under compressive 
loads from the greater primary pressure, reducing the probability of tube rupture. The 
OTSGs have an outside diameter of 1.09 m, and 2728 straight tubes per steam gene
rator, of length 8.5 m. The tubes and headers are fabricated from Inconel 960. Access 
for remote tube inspection and plugging is provided through the steam headers. 

In the event of a tube leak, the affected SG can be isolated, and full power operation 
continued to the next scheduled outage using the remaining eleven units. 

The pressurizer is located in the reactor vessel head, and is separated from the flo
wing primary coolant by an insulated base plate. Functionally, it is identical to the 
pressurizer of any other PWR, in that pressure is maintained above core outlet satura
tion pressure by the use of electrical heaters in a stagnant volume containing both sa
turated water and steam, and connected to the flowing region of the primary circuit by 
a surge connection. Transient overpressure is controlled by condensing steam in the 
pressurizer, by a spray of relatively cool water from the circulating region of the prima-

60 



ry circuit. In a typical PWR this water is taken from the primary circuit pipework in the 
region of the reactor vessel inlet nozzles, and the surge connection is to the outlet re
gion. The spray is thus driven by the reactor pressure drop, and it is necessary to con
trol it by means of a spray line valve. In the case of SIR both connections are to the 
core outlet region. Spray is induced passively by an increase of pressure in the flo
wing region, relative to the pressurizer space. However, in order to prevent excessive 
flow through the surge connections starving the spray, there are fluidic diode devices 
in the surge connections, with their high pressure drop direction restricting flow into 
the pressurizer. Response to a reduction in the pressure of the main primary circuit is 
a flow out of the pressurizer through the diodes in their low pressure drop direction, to
gether with an increase of the power of the heaters. The ratio of pressurizer volume to 
reactor power is about four times that typical of current designs of PWR. 

Six reactor coolant pumps (RCPs) are horizontally mounted in the region above the 
SGs. They are derived from existing designs for BWR recirculation pumps, and are of 
the wet-winding glandless design, which eliminates the problems of conventional 
seals and their associated systems. In order to achieve required design values of the 
departure from nucleate boiling ratio in the core during transients induced by loss of 
pump power, it has been necessary to increase the intertia of the RCPs by incorpora
ting an internal flywheel. 

4.4.2.4 Containment 

The SIR containment design utilizes an innovative, passive, modular pressure sup
pression system that requires no operator action to ensure containment integrity after 
a postulated accident. The containment (see fig. 4.4.2-3) consists of a Reactor Vessel 
Compartment (RVC) which houses the reactor pressure vessel and support structure, 
eight cylindrical steel pressure suppression tanks with external fins, each containing a 
pool of water, and a vent system that connects the RVC with the pressure suppres
sion tanks. 

The RVC is a steel-lined reinforced concrete cylindrical structure capped by a remova
ble steel dome. A vent pipe connects the RVC to the cylindrical steel pressure sup
pression tanks. Each tank has a finned exterior surface to promote heat transfer to the 
ambient air. The pressure suppression tanks are housed within a reinforced concrete 
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structure which has outside air intake and discharge provisions for circulating ambient 
air. 

The design pressure of the containment is 0.24 MPa and the design temperature of 
the RVC is 171 °C. The design temperature of the suppression tanks is 116°C. The 
containment free volume and passive heat sink area are sufficient to limit the maxi
mum pressure and temperature following an accident to less than these design va
lues. The containment atmosphere is inerted to prevent hydrogen ignition. 

4.4.2.5 Engineered Safety Features 

Passive safety systems are (apart from the passive containment cooling system men
tioned in the previous section): 

- Emergency Coolant Injection System (ECIS) 
- Secondary Condensing System (SCS) and 
- Safety Depressurization System (SDS). 

The Emergency Coolant Injection System (ECIS) consists of a steam injector taking 
suction from the suppression tanks and injecting coolant into the pressure vessel 
downcomer near the top of the steam generator. The steam injector is a passive devi
ce which uses a jet of high pressure steam to accelerate cold water from a low pres
sure source and thus create a high dynamic pressure. Two independent ECIS trains 
are provided. 

The makeup function is to provide adequate inventory to prevent core uncovery as re
quired for all design basis accident conditions and to provide vessel refill and level 
control so that decay heat removal systems can function properly in the long term re
covery mode following an event. 

The Secondary Condensing System (SCS) consists of the condensers, natural circu
lation condensing pool, charge tank, steam generator modules and the necessary pi
ping and isolation valves. Four of the twelve steam generators are configured for de
cay heat removal. Each of the four steam generators has a separate condensing loop 
with two condensing pools per reactor. 
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The function of the Secondary Condensing System is to remove residual heat from 
the primary circuit coolant at hot conditions without requiring operation of supporting 
systems. Battery power is used to initiate the systems. Natural circulation is used to 
circulate the coolant in the condenser loop and through the secondary side of the 
steam generators within the reactor vessel. The condensing pool is the heat sink. It is 
sized to absorb a minimum of 72 hours of decay heat. Since the pool is outside of the 
primary containment, refill is also simple, thus extending the operating time indefinitey. 
Each condensing loop is designed to be able to remove decay heat and maintain the 
reactor coolant at a hot standby condition. 

The Secondary Condensing System would be actuated in all events where the reactor 
coolant approaches a saturated condition, including LOCA. Except for automatic initia
tion by opening and closing valves, there are not active components in the system. 
Components are arranged for optimum natural circulation and gravity drain. 

The Safety Depressurization System (SDS) consists of two sets of pipes and valves 
connecting the primary system to the suppression tanks. This allows the primary sy
stem to be depressurized and coolant to drain by gravity from the suppression tanks 
to the reactor vessel. The Safety Depressurization System also may be used in con
junction with makeup systems in a feed and bleed mode. This system has the capabi
lity for depressurization in severe accidents. It would only be used when all other coo
lant makeup systems (normal charging and emergency cooland injection) fail to ope
rate. The safety depressurization system is manually initiated. The operator will have 
time to respond to an inadvertent actuation of automatically initiated systems without 
inducing an extended plant outage. Manual operation of the depressurization system 
is not required until after 72 hours for postulated events, therefore, sufficient admini
strative controls can be used to prevent inadvertent use. 
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Fig. 4.4.2.-1: SIR, reactor vessel and internals 
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Fig. 4.4.2.-2: SIR, primary circuit flow paths 
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Fig. 4.4.2.-3: SIR, reactor containment boundary 
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4.4.3 WPSPR 600 

Some conceptual design studies are underway in the USSR. One of the concepts is 
the WPSPR 600 (Water Passive Safety Power Reactor), which is a highly integrated 
PWR. In this integral reactor system the main elements of the primary circuit (reactor 
core, once-through steam generators, steam and gas pressurizer, main circulation 
pumps) are installed inside its vessel. 

The reactor core is composed of hexagonal fuel assemblies, the design of which is si
milar to that of WER-1000 reactor, and is characterized by negative reactivity coeffi
cients that ensure self limitation of the reactor power level in case of unplanned power 
or temperature increase. 

A built-in steam and gas pressurizer ensures overpressure to guarantee sufficient 
subcooling in the system. It does not require electrical heaters. The once-through 
steam generator consists of 12 modules located in the annular space between the co
re barrel and the reactor vessel. 

The reactor, equipment and piping of the primary circuit are located in a metal guard 
vessel designed to withstand pressure in case of loss of integrity. In addition the guard 
vessel houses the primary coolant purification system, passive liquid absorber system, 
emergency core cooling condensers and all other systems that are hydraulically con
nected to the primary circuit. 

In case of loss of heat sink incidents, the plant is cooled by the passive heat removal 
system. 

The passive heat removal system consists of four loops. Each loop is connected to 
one steam generator and transfers heat to an independent water heat exchanger lo
cated in the water storage tank. In case of loss of electricity supply the system switch-
on valves are put into a position that ensures the system actuation. The heat removal 
from the reactor to the ultimate heat sink is guaranteed by a water storage tank with 
the water inventory necessary to ensure passive cooling during at least three days. 

In case of severe accidents related to the loss of all external heat removal loops, inc
luding the postulated failure of the passive heat removal system, the reactor is cooled 
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down by the emergency core cooling system through emergency condensers located 
in the guard vessel. The condensers are actuated if the reactor pressure is increased 
after the operation of membrane devices that are installed in pipes connecting the 
condensers with the reactor. The steam from the reactor is condensed on the conden
ser surface, and the condensate flows back into the reactor under gravity. The heat 
from the condensers is transferred to the water storage tanks and air heat exchan
gers. After the evaporation of the water from the tank the heat removal will be carried 
out only by air heat exchangers during an indefinite period of time. 

The reactor facility is located inside the containment, which is an additional protective 
barrier and serves mainly as a protection against external events, since due to the 
presence of the guard vessel there is no need to design it to withstand high pressure. 

4.4.4 Additional Innovative Concepts 

In addition to the two concepts described above, several innovative light water reactor 
concepts are known. In earlier publications some designs based on the PlUS-concept 
had been presented, such as SECURE and PIUS-BWR, however, the design which is 
being developed now is the PIUS reactor described in section 4.4.1. 

Another concept which is based on the idea of PIUS is the 210 MWel ISER concept 
(Intrinsically Safe and Economical Reactors) developed under the leadership of the 
University of Tokyo /4.4.4.-1A 

The "Minimum Attention Plant MAP" of Combustion Engineering is a 300 MWel highly 
integrated PWR concept with all primary coolant system components being located in 
the reactor pressure vessel I AAA.-21. 

Another approach of a PWR with completely passive emergency shutdown and decay 
heat removal system is the MARS (Multipurpose Advanced Reactor, inherently safe) 
concept, developed at the University of Rome "La Sapienza" /4.4.4.-3/. 
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5 Classification of Safety Related Design Features 

Safety improvement can be achieved in many different ways in an advanced design, 
depending on the state of the reference plant, the basic safety requirements and the 
development trends in safety philosophy. 

In this section the attempt is made to classify the safety related design features of the 
advanced concepts into different classes according to the main objective of the impro
vement. To chose the different classes is a somewhat arbitrary process. Here, a clas
sification in five classes has been made. 

This does not imply any quality ranking. The idea is to specify classes which relate to 
different trends of the defense in depth concept. In addition, the trend of "innovative" 
designs with passive safety system features has been taken into account by introdu
cing one class for those features. The five classes are listed in table 4.5.-1. 

In this table the main safety features of the design concepts described in section 4 are 
listed and marked under certain classes. It is obvious that one particular design featu
re can be related to several classes when the design improvement has different ef
fects. 

In some cases the classification is difficult due to lack of necessary information. Often 
a design improvement is described without giving the reason for it. In some cases a 
clear classification is only possible upon the knowledge of analysis results. 

A clear distinction between "Improved Incident Behaviour" and "Preventive Accident 
Management Measure" is often not possible because of lack of information, whether 
the relevant case is a design basis case or a beyond-design case. 

For many plant designs, microprocessor based control and protection system func
tions are foreseen. These improvements have not been classified with respect to the 
safety effect. Lack of detailed information on these systems and their performance 
make it difficult to judge the degree and way of a safety improvement. 

Despite of some uncertainties and deficiencies this classification is a helpful step to
wards an evaluation of safety concepts. These tables can give a first indication, in 
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which area of safety an advancement was made. The number of marks is not a safety 
ranking criterion for the different designs! 
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Table 5.-1: Classification of Safety Related Design Features 
Plant/ 
Design Improvement 

Reliability 
Enhance

ment 

APWR 1300/1000 
Reduced power density 

Increased pressurizer and RPV volume above core 

Four train safeguard system, physically separated 

Installation of low head core reflood tank 

Separation between control and safety systems 

Steam generator overfill protection 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

X 

X 

X 

Inherent 
and/or 
Passive 
Feature 

Preventive 
A..M. 

Measure 

Mitigating 
A.M. 

Measure 

X 



- J 

Classification of Safety Related Design Features 

Plant/ 
Design Improvement 

System 80+™ 
Reduced core outlet temperature 

Increased pressurizer volume 
Increased steam generator secondary water volume 

Four train safety injection system 
Automatic emergency feedwater system (4 trains) 

Safety depressurization system 

Reactor cavity flooding system 

Reliability 
Enhance

ment 

X 
X 
X 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

Inherent 
and/or 
Passive 
Feature 

Preventive 
A.M. 

Measure 

X 

Mitigating 
A.M. 

Measure 

X 



CO 

Classification of Safety Related Design Features 
Plant/ 
Design Improvement 

NPI Concept 
Double containment 
(prestressed concrete containment with steel liner and reinforced concrete) 
IRWST for LHSI and MHSI 

Enlarged PRZ and SG volume 

Safety Condenser (SACO) 

Primary circuit bleed (hot leg bleed) 

Basemat protection for core melt 

Reliability 
Enhance

ment 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

X 

X 

Inherent 
and/or 

Passive 
Feature 

Preventive 
A.M. 

Measure 

Mitigating 
A.M. 

Measure 

X 

X 
X 



Classification of Safety Related Design Features 
Plant/ 
Design Improvement 

ABWR1300 

Axially zoned fuel gives higher thermal margin 

Internal main coolant pumps 

Increased redundancy in emergency core cooling system 

Diverse control rod drive mechanism (hydraulic and electric) 

BWR90 

Increase stability margin 

Containment venting 

Water inventory in the bottom section of drywell 

Increased diversity in safety system functions, e.g. valves 

Reliability 
Enhance

ment 

X 

X 

X 

X 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

Inherent 
and/or 
Passive 
Feature 

Preventive 
A.M. 

Measure 

Mitigating 
A.M. 

Measure 

X 

X 



Plant/ 
Design Improvement 

Classification of Safety Related Design Features 

AP600 

Lower power density 

Larger RPW and pressurizer volume 

Canned motor pumps, integrated in bottom part of steam generator 

Considerably reduced number of components 

Passive residual heat removal system 

Passive containment cooling system 

Passive safety injection system 

Reliability 
Enhance

ment 

X 

X 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

Inherent 
and/or 

Passive 
Feature 

Preventive 
A.M. 

Measure 

Mitigating 
A.M. 

Measure 

X 
X 
X 
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Classification of Safety Related Design Features 
Plant/ 
Design Improvement 

SBWR 
Reduced power density 
Larger pressure vessel volume above core 

Reduction of number of relief valves 

Gravity driven emergency core cooling system 

Isolation condensor system 
Passive containment cooling system 
Diverse control rod drive (hydraulic/electric) 

Reliability 
Enhance

ment 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

X 

Inherent 
and/or 
Passive 
Feature 

X 

X 

X 

Preventive 
A.M. 

Measure 

X 

Mitigating 
A.M. 

Measure 



Classification of Safety Related Design Features 

Plant/ 
Design Improvement 

PIUS 

Reduced power density 

Inherent shutdown by highly borated water from a surrounding pool via a "density lock" 

Passive pool cooling system (= passive long-term residual heat removal system) 

Deletion of unnecessary safety grade systems 

Reliability 
Enhance

ment 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

X 

X 

Inherent 
and/or 
Passive 
Feature 

X 
X 

Preventive 
A.M. 

Measure 

Mitigating 
A.M. 

Measure 



00 

Classification of Safety Related 
Plant/ 
Design Improvement 

-

SIR™ 
Reduced power density 

Increased shutdown reactivity 

Steam generators: secondary coolant with lower pressure inside tubes 

Passive pressure suppression system 

Passive emergency coolant injection system 

Passive secondary condensing system 

Passive safety depressurization system 

Design Features 
Reliability 
Enhance

ment 

X 

Improved 
Accident/ 
Incident 

Behaviour 

X 

X 

Inherent 
and/or 
Passive 
Feature 

X 

X 
X 
X 

Preventive 
A.M. 

Measure 

X 

Mitigating 
A.M. 

Measure 



6 Conclusion 

New light water reactor design concepts have been developed and are being develo
ped in many countries for various reasons. One of the important reasons is the world
wide recognized need to further improve safety. Therefore, safety improvement is an 
important factor within the design of those advanced reactors. 

This report aims at a collection of safety features of advanced light water reactor de
signs. It is supposed to be a "snapshot" reflecting the situation in the second half of 
1991. This collection is meant to be an information basis for further studies, especially 
those which aim at safety evaluation. The grouping of concepts and the classification 
of features has been done to make such further steps easier. For the same reason, 
reference has been made to utility design requirements on which most of the designs 
are based. 

Another development related to reactor safety has not been touched within this report, 
but which becomes important in the future in connection with a safety evaluation of 
the various concepts. It is the development in safety philosophy and in safety objecti
ves and criteria, performed by safety and licensing authorities in various countries and 
by international organisations. The process presently underway is one of search for in
ternational harmonisation on the highest possible safety level. The development of fu
ture safety objectives and requirements is closely related to the design concept deve
lopment. This requires detailed information exchange and cooperation among all parti
cipants involved in this process. 
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