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1. INTRODUCTION

The United States AEC General Design Criteria for Nuclear Power Plants
[1] are used throughout the world as a basis for the assessment of nuclear
plant safety. Several of these criteria, which require redundancy of
safety systems, separation of protection and control systems, fire protec-
tion, consideration of natural phenomena, etc, all point in one particular
direction: the necessity of physically separating the various safety-
related systems of a plant. Requirements in this respect have been ampli-
fied by the United States NRC Regulatory Guides and the IEEE Standards.

Another U S criterion of great importance is the single failure crite-
rion. Satisfaction of this criterion requires redundancy, but does not, a
priori, require physical separation. Yet since, to quote from the General
Design Criteria, "multiple failures resulting from a single occurrence are
considered to be a single failure" (common mode failure), the separation
requirement is just round the corner.

The single occurrence that yields a multiple failure may be, for ex-
ample

fire, pipe whip, missiles, flooding, hurricanes, lightning

In all these cases, although to a varying degree, physical separation
of structures, systems and components will improve the safety of the power
plant.
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In Europe, nuclear safety authorities and other institutions have ;
recently emphasized the need for protection from some external events i
("Einwirkungen von Aussen"). Such events include

airplane crash, sabotage

Again, physical separation will effectively reduce the hazards involved
in these events. The crashing of an airplane into subsystem A, for exam-
ple, might be acceptable, if the redundant subsystem B is situated far
enough away from A.

As regards probabilities, experience has shown that - among the
events mentioned above - fire is the most likely mishap. This may be true
even in the case of large fires that soon affect most of the equipment in
the immediate vicinity of the initial flare-up. As examples, the Muhleberg
fire in Switzerland [2] prompted insurance associations to issue a series ^
of requests for improving fire fighting systems, and the Brown's Ferry
fire in the USA [3] is likely to result in requests by nuclear safety
authorities for improvements in the area of physical separation and con-
formance with IEEE 279 [4] or even IEEE 384 [5].

2. REDUNDANCY AND PHYSICAL SEPARATION

Taking into consideration the single failure criterion and the multiple
failures resulting from a single occurrence, a logical step is to design
two full-capacity emergency core cooling systems (ECCS) situated in separa-
ted areas within the nuclear plant. Such designs tend to require rather
short inspection intervals and also limit permissible repair times (without ;,
shutdown) in order to maintain ECCS availability. .j

In 1970, Asea-Atom decided to adopt a design with four half-capacity f
systems for ECCS. There are four low pressure emergency core cooling sub- i>
systems, for example, only two of which have to be credited in the event
of a loss-of-coolant accident (LOCA). Such a design was first applied by
Asea-Atom in the 900-MWe Forsmark 1 plant, which is currently being built
for the Swedish State Power Board. In the Forsmark 1 plant, the 2-of-4
principle was also extended to the containment cooling system, which acts
as a residual heat removal system for any situation in which the turbine
condenser is unavailable as a heat sink. Furthermore, this principle is
suitably matched by the 2~of-4 logic used for the reactor protection
system (RPS) also introduced in Forsmark 1. To keep up with the "single
occurrence" problem, each of the four emergency cooling subsystems (ECS)
is situated in- a separate bay in the reactor building.

The 2-of-4 principle for emergency cooling systems leads to a situation
in which the so-called N-2 criterion can be met or, more precisely, in
which ECS test intervals and repair times can be of convenient length
while still maitaining a high system function availability.

Now the question arises as to when a single failure should be postula-
ted and when not? When to assume loss of offsite power? What about passive
single failures in fluid systems?

In the case of BWRs, Document N 212 of the American National Standards *
Institute [6] - issued for trial use and comment - makes an effort to sort
out combinations of primary events and assumed additional failures. Various
plant process conditions are also combined with the occurrences of natural *•
phenomena. Such combinations are identified as "Conditions of Design". Yet
it is obviously possible to assume all sorts of combinations of events on
a scale of decreasing probabilities, and here the probabilistic approach



is the only effective way of dealing with the problem. In order to obtain
conclusive results, it is necessary for nuclear safety authorities, utili-
ties and reactor vendors to reach a consensus regarding the order of
magnitude of event probabilities.

The US AEC regulations concerning LOCA conditions (10 CFR 20.46) lead
to stringent requirements on ECCS redundancy and separation. These require-
ments also affect supporting systems such as the onsite standby power
units. Postulating the occurrence of a large fire, airplane crash or
sabotage, which could quickly destroy all equipment in the affected area,
brings about even more stringent physical separation requirements concer-
ning (a) reactor coolant makeup, (b) residual heat removal, and (c) reactor
protection systems. As in the case of LOCA, the primary event is then
assumed to entail the loss of offsite power, and, consequently, the loss
of the turbine condenser as a heat sink.

3. LAYOUT AND SEPARATION PRINCIPLES IN THE BWR 3000 PLANT

The layout of the BWR 3000 plant is shown in Figure 1. The essentially
"nuclear" portions of the plant, i.e the reactor, control and waste build-
ings, are situated below the dotted line and are separated from the "con-
ventional" turbine and auxiliary portions by a wide communication area.
This arrangement is advantageous when building the plant, since the con-
ventional part does not interfere with the nuclear part. In a two-unit
station, the control buildings are "plugged in" at opposite sides of the
respective reactor buildings so as to create a suitable acce&s to the con-
trol buildings of both units from the common entrance building at the
centre.

The two-unit plant shown in Figure 2 is arranged in such a manner that
safety-related structures, systems and components are not shared by the
separate units. The only major nuclear portions of the plant shared by the
two units are the liquid and solid waste systems,, which can be housed in
one single compound: the waste buildning.

The layout allows a considerable distance between the two reactors of
the two-unit plant, which reflects a requirement of the Swedish War Protec-
tion Agency.

The following safety related functions are subject to the 2-of-4
redundancy principles:

Shutdown (RPS function)

Emergency core cooling

Reactor coolant makeup

Emergency residual heat removal (reactor and primary containment)

These are functions rather than systems. The emergency residual heat
removal function, for example, affects the following BWR 3000 systems.

Containment vessel spray system

Shutdown secondary cooling system

Shutdown cooling water system

Air cooling system



Reactor protection system

Diesel-backed auxiliary power system

Consequently, all systems supporting the functions of providing emer-
gency core cooling, reactor coolant makeup and emergency heat removal are
completely separated into four subsystems. The separation is schematically
shown in Figure 3.

The location and separation of safety-related systems is further illu-
strated in Figures 4 through 6. The emergency cooling systems are situated
in four separate bays in the reactor building, adjacent to the primary
containment (Figure 4). The auxiliary cooling systems that transfer resi-
dual heat to the ultimate heat sink are situated in four separate rooms,
two on each side of the turbine building (Figure 5). The onsite standby
power units (four diesel generator sets) are situated as shown in Figure
6. Reactor protection system equipment is situated in four separate areas
that are provided with separate ventilation systems in the control build-
ing (Figure 7). In the control room itself, the RPS-related functions are
placed in different cabinets provided with fire-resistant shielding. In
the cable-spreading area below the control room, safety-related cables are
also separated into four channels that are individually shielded. Cable
separation is further described in the following paragraphs.

4. EMERGENCY MONITORING STATION

The US AEC General Design Criterion No 19 requires that equipment
shall be provided outside the main control room with a design capability
for reactor shutdown. More recently, various nuclear safety authorities
have emphazised the need for an alternative location (Notsteuerstelle)
from which shutdown can be initiated and kept under surveillance if the
main control room becomes uninhabitable. In response to these requirements
an Emergency Monitoring Station (EMS) has been introduced in the BWR 3000
plant, and is located away from the control building so as not to be
affected by disturbances in the vicinity of the main control room.

Reactor shutdown and relief valve operation for reactor dapressuriza-
tion can be initiated from the EMS. All subsequent actions necessary to
bring the plant into a hot shutdown condition are executed by automatic
processes. Isolation devices are arranged in such a way that an accident
in the main control room, or other events leading to spurious manuoeuvres,
will not affect the process.

Instrumentation used to monitor the shutdown process is available in
the EMS; this includes monitors for neutron flux, reactor pressure and
water level, containment temperature etc. Emergency communication within
the plant and with the outside world is also available.

5. FIRE PROTECTION

The design goal with regard to protection agains fires within the BWR
3000 plant can be stated as follows:

The safety-related systems shall be so designed and located that the
safe shutdown of the plant is not jeopardized as a result of a fire even
if, independent of the fire, a single failure should occur whitin the sys-
tems required to achieve shutdown.

In this context "safe shutdown" includes the functions of cooli.ng the
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the reactor and removing residual heat.
Some design features incorporated in order to meet this goal will be

described briefly.
First, the application of the quoted separation principles will prevent

a fire from affecting redundant portions of the safety-related systems and
components. The four redundant subsystems - "subs" - are denoted A and C;
B and D. The term "sub" is defined here as one channel or train of a
redundant safety system. Thus, a sub may be a cooling subsystem including
pumps, valves, piping, heat exchangers, etc. A sub may also be one of the
four reactor protection system channels including sensors, transmitters,
cables, relays, etc.

The general principle adopted for BWR 3000 is that subs A and C are
separated from subs B and D by being placed in different fire areas. These
are separated by fire-resistant structures and do not share ventilation
systems except at the exhaust air outlet in the main chimney. Exceptions
to this principle are made in the primary containment and the control
room. The fire area partitioning for BWR 3000 is shown in Figure 8.

Subs A and C (or B and D) are separated from each other by distance or
barriers, or by being placed in different fire cells. The fire cells are
separated by fire-resistant structures ana aie subject to restrictions
with regard to the sharing of ventilation systems. The degree of separation
is determined by the fire load of the area considered and also by other
hazards discussed in section 1.

However, separation neither prevents a fire from flaring up, nor puts
the fire out. Fire prevention is a matter of applying strict rules, keeping
the amount of hazardous material at a. practical and economical minimum,
etc, and will not be discussed further in this paper.

Fire fighting includes systems for fire alarm, ventilation and extin-
guishing.

The alarm system automatically detects a fire in supervised areas and
initiates the operation of ventilation fans and dampers, and extinguishing
systems. The alarm system is separated into two independent parts, for the
A/C and B/D portions of the plant, respectively. The control panels of the
alarm system are located in the main control room.

The fire ventilation system is based on the principle that vigorous
ventilation will improve accessibility for fire fighting and will shorten
the duration of the fire. The aim of fire ventilation is also to prevent
the spreading of smoke to adjacent areas, to reduce the hazard to personnel
and to limit economic damage.

The fire ventilation system is dominated by the portions that serve
i:he major cable tunnels and cable storeys. The turbine building is furni-
shed with a separate system. There are also separate subsystems for the
main control room, staircases and communication areas. The design of the
system is somewhat different for the various portions serving different
areas. The system is controlled by the fire alarm system which also governs
the position indication of fans and dampers.

The extinguishing systems include systems for water supply and hyd-
rants, fire sprinklers and halon extinguishers. The water sprinklers are
used for areas in which there is an appreciable fire load, i.e. cable tun-
nels and around the main plant turbo-generator.

The Halon system is designed in accordance with NFPA rules [8]. This
system employs a gas extinguisher (Halon 1301, C BR F3) which is stored in
reservoirs located in the areas to be protected. Such areas are those in
which there is an appreciable fire load but where water is unsuitable as
an extinguisher, i.e. the stand-by diesel-generator areas and the main
computer room.



In summary, the careful combination of fire separation, alarm systems,
fire ventilation and extinguishers, all controlled and backed up by a re-
sponsible crew, should enable the stated design goal to be fulfilled.

A more detailed account of principles for fire protection in BWR 3000
has been given by Kraemer [9].

6. ELECTRICAL SEPARATION

The separation principles set out above reflect the influence of the
United States AEC Regulatory Guide 1.75 [7] and IEEE 384 [5] which provide
far-reaching recommendations for physical independence of electrical sys-
tems.

The separation of safety systems in BWR 3000 is consistently carried
through as regards the electrical equipment. The degree of separation re-
flects consideration of the potential hazard with regard to fire load as
well as the consequence of a fire.

There are four safety-related (Class IE) main cable trains, all of
which are situated in separate tunnels. Furthermore, A/C and B/D tunnels
are separated by being placed in different fire areas. Fire partitioning
between A and C (or B and D) , on the other hand, is optional. In portions
of the reactor building where à more limited number of cables are drawn
and the fire load is correspondingly low, separation by distance is gene-
rally sufficient.

Regulatory Guide 1.75 also stresses the need for independence between
safety-related and non safety-related electrical equipment, the main
objective being to prevent multiple failures to safety-related equipment
induced by failures in less qualified non safety-related equipment. This
too has been considered in the BWR 3000 electrical system design by provi-
ding separation between safety and non safety-related equipment and by
using highly qualified equipment for both safety and non-safety applica-
tions.

Figure 9 gives a simple illustration to the rules of separation between
cables belonging to different subs (A and C) in an area where separation
by distance between A and C is considered sufficient. The mutual separation
between the safety-related (Class IE) cable trays as well as the separation
between these cables and non-safety (Class II and IIIE) cable trays is
shown.

Particular attention must be paid to situations in which exchange of
signals between the four channels of the reactor protection system (RPS)
is required or when interaction between these channels and non-safety
equipment occurs. Exchange of signals between the channels of the EPS is
required in order to derive 2-of-4 trip conditions. The exchange takes
place by communications between the four integreated control modules
(IKM), each related to one of the RPS channels. The IKMs occupy separate
fire cells located in the control building, see Figure 7. The exchanges
are preformed in such a way that short-circuitings or interruptions in an
IKM caused by a fire in one of these cells cannot affect more than one of
the RPS channels.

Exchange of signals between the reactor protection system and non-
safety equipment is necessary since RPS-signals are fed to non-safety
equipment as well as to safety-related equipment. Interference between
safety-related IKMs and non-safety IKMs can also occur because non-safety
control units (e.g. for manoeuvering valves or pumps) can be triggered by
safety-related as well as non-safety signals. The principle for such
exchange or interference is that only non-safety cables carry information



between the IKMs. If safety-related cables were used, an impermissible
mixing of safety channels would occur in the non-safety IKMs. So non-
safety voltage collects information from relay contacts in safety-related
IKMs or transmits information to relays in these IKMs. In this manner the
exchange of signals takes place while maintaining galvanic isolation
between safety-related and non-safety cables and equipment.

7. ACCIDENTS AND CONSEQUENCES

Accident analyses of the BWR 3000 plant are greatly simplified by the
design features described in the preceeding paragraphs. An accident that
would affect more than one of the redundant safety-related subsystems
would be extremely unlikely. Thus, even considering an independent failure
of a second subsystem, two subsystems would be left intact and would suf-
fice for safe shutdown, core cooling and residual heat removal.

In order to minimize the effects of an airplane crash, additional
crash-proof walls can be installed to protect systems in such a way that
the airplane would destroy only one of the redundant subsystems. The prin-
ciple is illustrated in Figure 10. The roofs of the control building and
the reactor service room can also be made crash proof so as to maintain
shutdown capability and fuel pool integrity, respectively.

The comprehensive redundancy and the separation of safety systems ren-
der the plant inherently well protected against sabotage. In the event
that the control room should become uninhabitable, the reactor can be shut
down from the Emergency Monitoring Station, as described previously. A
separate "bunker" that houses extra emergency cooling equipment may be an
alternative for a plant that has been designed on the basis of other
separaion criteria than those discussed here.

8. SUMMARY AND CONCLUSIONS

Since the appearance of commercial nuclear power plants in the six-
ties, physical separation of safety-related systems has always been used
as an effective means of assuring power reactor safety. Redundancy prin-
ciples and separaion arrangements described for the Asea-Atom standard BWR
3000 plant result in a design that exhibits broad safety margins in the
face of postulated hazards, particulary related to external events. This
st-̂ iidard has evolved from the Forsmark 1 design that has been only margi-
nally modified.

A consistent and logical application of the principles of physical
separation also means the absence of complicated links, interactions and
interconnections between safety related functions, which simplifies safety
analysis and should speed up licensing procedures.
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Building arrangement

Figure 1
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Figure 2
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Figure 3
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Figure A

BWR 75 - PHYSICAL SEPARATION

Bottom part of the reactor building (below the reactor

containment)
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Figure 5

Physical separation of auxiliary cooling systems

• Circuits A
H Circuits B
U Circuits C
B Circuits D

124 Auxiliary systems buildings A1B
131 Auxiliary cooling water building
136 Cooling water screening plant

building

712 Shutdown cooling water system
721 Shutdown secondary cooling

system
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Figure 6

Physical separation of standby power plant

• Diesel subdivision A
ED Diesel subdivision B
Ei Diesel subdivision C
§ Diesel subdivision D

127 Diesel buildings A, B. C. D
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Figure 7

Control building layout

• Subdivision A
H Subdivisions
U Subdivision C
g Subdivision D

1 Central control room
2 Computer room
3 Office area
4 Control room ventilation

5 Other ventilation
6 Safety-related control equipment

(IKM. etc.)

7 Operational control equipment, reactor
plant (IKM. etc.)

8 Operational control equipment, turbine
plant

9 Safety-related control voltage supply
10 Operational control voltage supply
11 Lighting and general power distribution
12 Batteries. 124 V
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Figure 8

Fire protection areas

121 Reactor building
122 Turbine building
123 Condensate cleanup system building
124 Auxiliary systems buildings A, B

125 Entrance building
126 Control building
127 Diesal buildings A. B.C.D

128 Waste building

129 Active workshop building
131 Auxiliary cooling water building
132 High voltage switchgear building

133 Generator switching device building
(36 Cooling water screening plant building
148 Storage building
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PRINCIPLES OF SEPARATION BETWEEN CABLE TRAYS

Figure 9
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Vertical distance between cable trays is minimum 300mm.

The screen consists of flame-proof material.

Sub M contains non-safety cables connected to A/C bus-bars.

Sub N contains non-safety cables connected to B/D bus-bars.
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Figure 10

Aircraft protection
Protected areas

121 Reactor buildinq

124 Auxiliary systems buildings A, B

126 Control building

127 Diesel buildings A, B.C.D

131 Auxiliary cooling water building

136 Cooling water screening plant building
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