
INIS-mf—13975

NUCLEAR ENERGY FOR BETTER LIFE
Regional Seminar

co-organized by the International Atomic Energy Agency (IAEA) and
the Committee on the Use of Atomic Energy for Peaceful Purposes

(CUAEPP) in co-operation with the Committee of Energy

16-18 May

NOVOTEL EUROPA HOTEL
131, Maria Luisa Blvd.

1202 Sofia, Bulgaria

SAFETY PROVISIONS OF NUCLEAR POWER PLANTS

F. Niehaus *

Introduction

Safety of nuclear power plants is determined by a deterministic approach complemented by
probabilistic considerations. Much use has been made of the wealth of information from more
than 6000 years of reactor operation. Design, construction and operation is governed by
national and international safety standards and practices. The IAEA has prepared a set of
Nuclear Safety Standards as recommendations to its Member States, covering the areas of
siting, design, operations, quality assurance, and governmental organisations. In 1988 the
IAEA published a report by the International Nuclear Safety Advisory Group (INSAG) on
Basic Safety Principles for Nuclear Power Plants, summarizing the underlying objectives and
principles of excellence in nuclear safety and the way in which its aspects are interrelated.
The paper will summarize some of the key safety principles and provisions, and results and
uses of Probabilistic Safety Assessments (PSA). Some comments will be made on the safety
of WWER 440/230 and WWER-1000 reactors which are operated in Bulgaria.

* Section Head, Safety Assessment Section, Division of Nuclear Safety, IAEA



2. Safety objectives and principles

Fig. 1 shows the structure of safety objectives and principles for NPPs according to INSAG.
Three kinds of safety principles are discussed, relating to management, defense in-depth and
technical issues. Central to management responsibilities is the concept of safety culture. This
is the set of attitudes and qualities in individuals and organizations which ensures that, as an
overriding priority, nuclear plant safety issues receive the attention warranted by their
significance.

In :: .. >i o? . •"•> ->and the concept in such a way that its quality may be judged i-
bpec. _ v... •• iN'• •• hoa identified two components of safety culture. The-first is the
necessary framework setup within an organization and the responsibility of the managerial
hierarchy. The second is the attitude of staff at all levels.

On the technological side, nuclear power plant safety rests on the strategy of defense-in-depth.
This concept involves successive barriers to prevent the release of radioactive material to the
environment and the protection of the barriers themselves and is complemented by measures
for accident prevention and mitigation.

This relationship between physical barriers and levels of protection in defence in depth is
depicted in Fig 2. INSAG explains this Figure in the following way:

"The figure shows radioactive material at the centre. A first level of protection in defence
in depth is a combination of conservative design, quality assurance, surveillance activities and
a general safety culture that strengthens- each of the successive obstacles to the release of
radioactive materials.

The first three physical barriers are the fuel matrix, the fuel cladding and the boundary of the
primary coolant system. All nuclear power plants now operating or under consideration have
all these barriers; some gas cooled reactors also have another barrier in the form of a graphite
moderator in which fuel particles with a graphite or ceramic coating are embedded.

The second level of defence in depth is control of operation, including response to abnormal
operation or to any indication of system failure. This level of protection is provided to ensure
the continued integrity of the first three barriers. Together, these constitute the normal
operating systems and barriers.

A third level of protection is afforded by those engineered safety features and protective
systems that are provided to prevent the evolution of failures of equipment and personnel into
design basis accidents, and design basis accidents into severe accidents, and also to retain
radioactive materials within the confinement.

The confinement is a fourth barrier which is provided unless it has been shown that the
function is provided by other means.

A fourth level of protection comprises measures that include accident management, directed
to preserving the integrity of the confinement.



The fifth level is that of off-site emergency response, aimed at mitigating the effects of the
release of radioactive materials to the external environment."

3. Specific safety principles in design of modern reactors

Specific principles implemented in the design are redundancy, diversity, fail safe, physical
separation and qualification of equipment to withstand environmental conditions under
accident situations. The "fail safe" concept is implemented to ensure that no failure of a
single active component c. ,d s? "~~tion inoperable. The objective of safety in
reactor design is to contro: . ' " nion. ..».»cuient and conditions of radioactive materials
inside the plant. To this end there are three basic safety functions which need to be assured:

controlling reactor power
cooling the fuel, and
confining radioactive materials within the physical barriers.

Most important is to control reactor power through plant process control systems and
automatic shut down systems if trip parameters are exceeded. Two redundant and diverse shut
down systems are available. Shut down immediately reduces the available energy to several
percent of its original value and to one percent within a few hours. However, the remaining
decay heat is still substantial and cooling is necessary to protect the fuel from melting. This
can be achieved by forced or natural circulation provided a heat sink is available through the
steam generators. In case the steam generators are not available as a heat sink, though there
is redundant feedwater and auxiliary feedwater supply, an emergency core cooling system
(ECCS) exists with accumulators and high and low pressure injection pumps. This ECCS is
also designed to cope with guillotine breaks of the main coolant pipes. A containment ensures
that even for such accidents the radioactivity in the primary coolant is not released to the
outside. Sprinklers and in some cases ice condensers are used to keep the pressure in the
containment below the design pressure for which it is built and tested.

In order to assure the availability and effectiveness of safety systems, the plant is operated
under a set of technical specifications which include allowed outage times for components
(AOTs) and surveillance test intervals (STIs).

All important plant neutronic and thermal-hydraulic variables have assigned operating ranges,
trip setpoints and safety limits.

In addition to these general considerations NPPs are designed to cope with a set of initiating
events (design base accidents), which also include external hazards. A typical list of such
events considered in the design of pressurized and boiling water reactors are given in Fig 3.



4. Probabilistic safety considerations

In spite of all safely provisions accidents can occur. It is therefore necessary to ensure that
the likelihood of severe accidents (i.e. beyond the design basis) with serious radiological
consequences is extremely small.

Over the past two decades analytical techniques for safely analysis were remarkably improved,
in particular with regard to the use of probabilistic techniques.

From the traditional discipline of reliability enjiir. .. ->ab :~ «"*"ety assessment (PSA)
developed as a structured method to identify ace. a ^ - n c e ;>eyoinJ the design basis that
can occur from a broad range of initialing events and to quantify their frequency of
occurrence and consequences.

Three levels of PSA are generally recognized. Level 1 addresses the identification of core
melt scenarios, level 2 studies containment behavior following core melt and the categories
of radioactive releases, and level 3 estimates consequences for human health and to the
environment.

PSAs use inductive (event tree) and deductive (fault tree) logic and plant specific as well as
generic component failure rates and frequencies of initiating events. Plant specific test and
maintenance schedules, human errors and common cause failures are also considered in the
probabilistic models.

PSA is nowadays a fundamental tool that provides complementary guidance to safety related
decision-making. By its very nature PSA recognized the uncertainties associated with the
logic models used to represent reality and quantifies the variability in the data of the
parameters in the models. The ways that PSA is being used in practice include:

identification of plant design and operational weaknesses and most effective
approaches for safety improvement,

establishment of accident management procedures,

selection of areas where safety research would be most beneficial.

To assess plant vulnerabilities to severe accidents most countries are requesting operating
NPPs to perform individual plant examinations using PSA.

In the U.S. a major study (NUREG-1150) was undertaken by the USNRC to estimate plant
risks for five commercial NPPs of different design. As an illustration the core damage
frequency results for the Surry plant due to internal and external initiating events are shown
in Fig 4. Other important insights from this study include the identification of how the
various categories of accident initiators contribute to the core melt frequency. For example,
the plant vulnerability to station blackout is evidenced in Figure 5. Today PSAs have been
performed for nearly all plants in the US.



In France the results of two PSAs conducted for two main reactor types, the 900 MW and
1300 MW PWR series have been reported in May 1990. Among the findings of these studies
it is important to note that 55% of the calculated core melt frequency in the 1300 MW plants
and almost one-third in the 900 MW plants comes not from the reactor operating in power
but rather from shutdown and refueling states. The French study also revealed the importance
of accident management procedures in risk reduction. Overall, procedures reduce risk by
factors of 10 to 100.

Techniques are now available to instantaneously update PSA results on personal computers
in order to reflect changes in the plant configuration (i.e. components out of service for
maintenance or repair). This allows for on line monitoring of'he bai. ; lo r»f t .•' v
instantaneous core damage frequency), to optimise maintenance schedules, ailcrwcu outage
times and surveillance test intervals.

The "bottom line" results of PSAs, though not the most important results, can be used for
comparisons to probabilistic safety criteria as indicated in Fig 6. Results of leveI-3 PSAs
provide an overall perspective on the comparison of nuclear and non-nuclear risks, (see Fig. 7
and 8).

5. Safety of WWER 440/230 reactors

These reactors have been designed in the 60's with emphasis on high plant availability. Thus
the design is rather robust. In particular large water inventory and low power density, six
loops with six steam generators and main coolant piping made out of austenitic steel are some
of the positive safety features. The main deficiencies relate to:

redundancy, diversity and physical separation
fire protection
containment function
capacity of emergency core cooling
instrumentation and control systems
embrittlement of RPV
operational practices

In the meantime significant improvements have been made or are underway in these reactors;
in Kozloduy, in particular in the following areas:

control systems and instrumentation
cooling systems
RPV integrity
leaktightness of compartments
electrical power supply systems
fire protection
operational practices



More detailed lists arc available in related IAEA documents. However, these improvements
are not sufficient to bring these reactors to a safety level which is commonly in use in other
countries. The feasibility of major reconstruction needs to be considered if long-term
operation is envisaged.

6. Safety of WYVER-1000 reactors

These reactors are more similar to western reactors. Safety features haw been significantly
mr ed * rir<-i detailed design review is being performed at present using ih< /.-._

.'»!"' ^s a :.i~erti.ee plant. However, a meeting with designers and users evaluate! a ..Jt u.
proposed improvements. In particular these refer to die following areas:

core design and control, (control rod insertion reliability)
instrumentation and control (signals)
environmental qualification of cables
integrity of piping (in particular older units)
containment function
passive fire protection
steam generator integrity

7. Concluding remarks

The safety of nuclear power plants is continuously being improved. To date, the combination
of several layers of protection has led to an excellent safety record when compared with other
means of power production. However, continuous efforts have to be made to update the
safety of older reactors or such reactors need to be closed if obsolete. A new generation of
reactors will add again an order of magnitude in safety for the future.
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(I J Increase in heat removal by I lit- sfcoiul;irv system
(a) Decrease in feedwater temperature
(b) Increase in feedwatcr flow
(c) Increase in steam flow
(d) Inadvertent opening of a steam generator relief or safety valve
(e) Steam system piping failure inside and outside of containment in a

PWR
(1) Decrease in heat removal by the secondaiy system

(a) Loss of external load
(b) Turbine trip
(c) Loss of condenser vacuum
(d) Closure of main steam eolation valve (BWR*
(e) Steam pressure regulator failure (closed)
(f) Loss of non-emergency AC power to the station auxiliaries
(g) Loss of normal feedwater flow
(h) Feedwater system pipe breaks inside and outside containment (PWR)

(3) Decrease in reactor coolant system flow rate
(a) Loss of forced reactor coolant flow including trip of pump and

controller malfunctions
(b) Reactor coolant rotor seizure and reactor coolant pump shaft break

(4) Reactivity and power distribution anomalies
(a) Uncontrolled control rod assembly withdrawal from a subcritical or

low power startup condition
(b) Uncontrolled rod assembly withdrawal at power
(c) Control rod misoperation (system malfunction or operator error)
(d) Startup of an inactive reactor coolant loop or recirculation loop at an

incorrect temperature, and flow control malfunction causing an increase
in BWR core flow rate

(e) Chemical and volume control system malfunction that results in a
decrease in the boron concentration in the reactor coolant (PWR)

( 0 Inadvertent loading and operation of a fuel assembly in an improper
position

(g) Spectrum of rod ejection accidents (PWR)
(h) Spectrum of rod drop accidents (BWR).

(5) Increase in reactor coolant inventory
U) Inadvertent operation of ECCS and chemical and volume control system

malfunction that increases reactor coolant inventory.
(6) Decrease in reactor coolant inventory

(a) Inadvertent opening of a PWR pressurizer relief valve or a BWR relief
valve

(b) Radiological consequences of the failure of small lines carrying primary
coolant outside containment

(c) Radiological consequences of a steam generator tube failure (PWR)
(d) Radiological consequences of main steam line failure outside of

containment (BWR)
(e) Loss of coolant accidents resulting from spectrum of postulated piping

breaks within the reactor coolant pressure boundary.
(7) Radioactive release from a subsystem or component

(a) Waste gas system failure
(b) Radioactive liquid waste system leak or failure (release to atmosphere)
(c) Postulated radioactive releases due to liquid-containing tank failures
(d) Radiological consequences of fuel handling accidents
(e) Spent fuel cask drop accidents.

(8) Anticipated transients without scram.

K i n . ' - 1 - i s t " I i n i t i a t i n g e v e n t s
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Fig. 5 - Contributors to mean core damage frequency from internal events
NUREG-115O Surry Plant Results
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Fig. 6 - Probabilistic safety criteria
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