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Introduction

According to current regulatory documents in the field of nuclear and radiation safety of nuclear facili-
ties [1], the methodology for safety analysis of nuclear power plants is based, among other aspects, on a prob-
abilistic approach. At the same time, generally accepted safety criteria establish maximum permissible values

of the accident probability P [2]. In the case of a design basis accident, the following condition must be met
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and for a beyond design basis accident —
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The history of radiation incidents and accidents has shown [3] that their cause is usually the human
factor, equipment failure or the impact of natural events that were not foreseen by the design (for example,
the earthquake and tsunami that led to the Fukushima nuclear accident). At the same time, humanity is now
facing a new challenge, namely the existence of a significant risk of an accident at a civilian nuclear facility
as a result of hostilities in the area of its location, or deliberate nuclear terrorism. Unfortunately, examples of
this already exist. This includes the deliberate destruction of distribution substations leading to emergency
shutdowns of nuclear power plant units, the shelling of the South Ukraine NPP that caused damage to a
building and disabled auxiliary equipment, and the transformation of the Zaporizhzhia NPP site into a de
facto military base with heavy weaponry and ammunition depots located in close proximity to reactor units.
Thus, the problem of operational risk assessment of nuclear power plant operation in extreme conditions is
very significant. We add that its analysis under certain conditions consists of two main tasks: calculating the
probability of accidents and determining their consequences. The product of these quantities can be consid-
ered as a quantitative assessment of risk.

The probability of accidents is usually calculated using the event scheme of probability theory in the
form of graph-analytical methods of the event "tree" and the failure "tree" [4]. The general concept of opera-
tional risk assessment of nuclear power plant operation is set out in [5]. At the same time, the specified paper
lacks information on how to develop probabilistic models. By the way, such models should allow calcula-
tions to be made in real time so that the automation and/or personnel of the plant can promptly respond to the
occurrence of extreme operating conditions.

Thus, the problem of developing a methodology for operational probabilistic analysis of nuclear
power plant operation safety is relevant.
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Methodology for calculating the accident probability
We will consider the nuclear power plant unit as an object consisting of two structures. The first one —

{81, 8, ..., Su} — is a set of safety systems which function is to prevent accidents or limit their consequences.
The second one — {D,, D,, ..., Dy} — is normal operation systems and other auxiliary systems.
We will assume that each system D,, n=1, 2, ..., N and every system S,,, m=1, 2, ..., M can be in one

of two states: "operable" or "failed". We will also assume that the safety systems S,, are independent of each
other and of systems D,,.

Let's introduce events 4, k=1, 2, ..., K, each of which will characterize a certain state of the set of
safety systems {Si, S, ..., Sy} regarding their operability. Since each safety system can only be in one of two
states ("operable" or "failed"), then, obviously, the number of all unique possible events that reflect the state
of the set of safety systems will be K=2". Events 4, can be arranged in different ways, but for the purposes
of the following discussion, their order is not important.

We denote the probability that the safety system S, is in the "operable" state, as p,,, m=1, 2, ..., M.
Obviously, in this case, the probability that the safety system S,, is in the "failed" state will be 1-p,,. Since the
systems S,, are independent of each other, the probability of the event A4, is defined as the product of the
probabilities that each of the systems S,, is in the state corresponding to the event 4, i.e.

P4 =q19>-.. qu,
where ¢,=p,, if at the event 4, the system S§,, is in the "operable" state, and ¢,=1-p,,, if at the event 4 the
system S, is in the "failed" state.

Since none of the safety systems S,, can be in the "operable" and "failed" states at the same time,
then all events 4, &=1, 2, ..., K are pairwise incompatible, i.e. they form a complete group of events and the
sum of their probabilities is equal to one

P(A4)+ P(4y) + ...+ P(4) = 1.

Let’s introduce the following notation: 4,(D,), n=1, 2, ..., N — an event that results in a system D,
failure; P(h,), n=1, 2, ..., N — probability of such an event; £, — the corresponding accident at the NPP power
unit initiated by this event.

In addition to failures of systems that are part of the power unit, the causes of accidents can be exter-
nal influences, such as abnormal events in the Unified Energy System, leading to an emergency shutdown of
the NPP from it, accidents at distribution system facilities, terrorist attacks directly on the NPP or on other
energy infrastructure facilities related to its operation, military operations in the immediate vicinity of the
plant, extreme natural phenomena (earthquakes, tsunamis), etc.

To describe them, we will use similar terminology and mathematical apparatus. Let’s set that X,
p=1, 2, ..., u* — a set of external systems (or factors) that can affect the operation of a power unit.

We introduce the following notations: H(X,), u=1, 2, ..., u* — an event that consists in the failure of
an external system (or the appearance of an external negative factor) X,;; P(H,), p =1, 2, ..., p* — probability
of such an event; E, — the corresponding accident at the NPP power unit initiated by this event.

We will assume that all events 4y, k=1, 2, ..., K, h,, n=1,2, ..., N, H,, p=1, 2, ..., p* are independ-
ent due to the structural architecture of the power unit. Since both the failure of normal operation systems
and external influences can lead to an accident, in order to reduce the calculations, we will not make a dis-
tinction between them further, and any event, either 4, n=1,2, ..., N, or H, p=1, 2, ..., p* will be denoted as
dy, and the corresponding accident — as Ey.

To prevent accidents Ey, in the event of dy, the latter one is parried by the safety systems of the
power unit. Since these systems in the event of dy can be in only one of the set of states corresponding to the
events 4;, k=1, 2, ..., K, only those safety systems that are operational for this current event 4, will be oper-
ated. Let P(E\4,) be the conditional probability of an accident Ey in the event 4;. Then, according to the
formula of total probability, the probability of an accident £y due to an event dy; can be expressed as

P(dy - Ey) = p(dy)- Y P(4,) P(Ey \ 4). (1)

k=1
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Accident risk assessment

In addition to the probability of an accident, when assessing its risk, quantitative indicators of its con-
sequences are also considered, in particular, the costs of eliminating these consequences. Such quantitative in-
dicators depend on many factors, including the reactor power at which it was operating at the time of the acci-
dent. Usually, the lower the reactor power is, the smaller the magnitude of the consequences of the accident, in
particular, the monetary equivalent of the costs of post-accident restoration of the power unit will be.

Let 1 be the moment of time when the initiating event d;; occurred. After this moment, the safety sys-
tems work out a certain period of time [t, 1], which may allow to maintain the magnitude of the accident
risk at an acceptable level during it and not to stop the operation of the power unit, reducing only its power if
necessary. If the risk is high, the operator can put the unit into a shutdown state.

Let c(0) be the magnitude of the costs that can be used to eliminate the consequences of the acci-
dent during time 0, and ¢,,,(0) be the maximum value of the costs that can be used. We consider the magni-
tude of the accident consequences Ey, which in dimensionless form is written as

cy(®) V(0
gu(0) =L U @)
max (9) WO
where V(1) is the reactor power at the moment of the initiating event dy; W, is the nominal reactor power.
Then the accident risk can be written as the product of the consequences times its probability

0
R0 =T p(dy () PUES () oo
max 0

3)
where p(dy(t)) is the probability of the initiating event dy, which can occur in time [0, t]; P(E(t)) — prob-
ability of an accident due to the event dy.

Since the probability of any design basis or beyond design basis accident should not exceed the

value P*, that is,

. 1
p(dy(0)-P(Ey(1)) S P - ————, “4)
reactor x year
then from (3) we obtain
RU(G,‘C)S CU(G) . VU(T) P 1 . (5)
I C) /A reactor x year
Inequality (5) has expert status, since the quantities P*, c((0), cnax(0) are determined by experts.
If the power unit operates at nominal mode, i.e.
Vi(v) = W, (6)
then (5) gives an estimate for the risk
RU(G,‘E)SCU—(G)'P*: pr_ L (7)
max () reactor x year
where y = ¢y ) )
Conax (0)

Determination of the maximum allowable reactor power

The magnitude of the risk Ri(0, T)uom=y-P* will be called normalized because based on (4)—(7), it is
the maximum permissible one in the event dy. Thus, if R/(0, T)>Ry(0, T)wom, then continuation of the power
unit operation in the existing mode is unacceptable. In this case, it is necessary to either stop the power unit
or reduce the reactor power.

Let us find the maximum permissible power V(1) of the reactor, at which the following condition is
fulfilled

Ru(6, 1) < RO, T)norm.- (8)
Taking into account (3), inequality (8) gives
V. (t
Ry (0.9 =152 pd, () P(E (9) < 7P ©)

0
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Since the event dy; has already occurred, then p(dy(t))=1, and from (9) we obtain

V,(t
0
From which
. Pk
VU(r)S—WO o (10)
P(E, (1)
Thus, the maximum permissible value to which the reactor power must be reduced is equal to
W, -P*
VU(T)pcrm:O—‘ (11)
P(E, (1))

At the same time, we note that in the case of P(E(t))>P*, inequality (10) cannot be fulfilled, since
Vi(t) must always be less than the nominal reactor power W,

So, we have the following algorithm of actions in case of occurrence of event dy. If P(Ey(t))<P*,
then it is possible to reduce the reactor power to the value (11), or, based on additional considerations, fur-
ther reduce its power up to shutdown. In case P(Ey(t))>P*, shutdown of the reactor is mandatory.

Note that a similar method of estimating the maximum permissible reactor power can also be used in
case of forecasting the initiating event dy. In this case, p(dy(t))<1 and (9) gives

. Pk
Vo (e = (12)
p(dy (1) - P(Ey (7))

When using (12), as in the case of the occurrence of the event dy, it is necessary to check the condition

VA perm<Wo, 1.€. p(di(7))-P(E(t))<P*, and in case of its violation the only way out is to stop the reactor.

Example of determining the maximum allowable reactor power

As an example, let us consider the problem of reducing the power of a VVER-1000 reactor in the event
of a failure to close one of the main safety valves of the pressurizer power-operated relief valve (PORV).

The nominal thermal power of the VVER-1000 reactor is 3000 MW. According to [6], the probability
of failure of the PORV is 5-10~°. Taking the highest probability limit of a design basis accident P*=107" [1],
according to (11) we obtain

W,-P* 3000-10"*
VU (T)perm = . = -3
P(E; (1) 5-10
i.e. in case of the PORYV failure, the reactor power must be reduced to at least 60 MW.
However, if the power unit operator believes, based on the current situation at and around the plant,

that the PORV failure may lead to a beyond design basis accident, then P*=10"" and in this case, according
to (11), Vi(1)perm=0.06 MW, i.e. the reactor should be shut down.

Conclusions

The proposed accident risk assessment methodology allows to give a hint to the power unit operator
when making a decision on adjusting the reactor power or its complete shutdown. Such a hint reduces the
risk of making wrong decisions, i.e. reduces the influence of the human factor.

We also note that for many design-based accidents and various scenarios of their development, cal-
culations according to formulas (11), (12) can be made in advance and the obtained results can be integrated
as a database in the APCS of the power unit.

All these measures can be taken to increase the safety of NPP operation, especially under extreme
conditions.

=60 MW,
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OnepatuBHuii iMOBipHICHHI aHAJI3 0e3MIeKH ATOMHOI eJ1eKTPOCTAHNLII,
10 MPAII0€ B eKCTPEeMaJbHUX YMOBAX

A. O. Kocrikos, JI. 1. 3eBin

[HCTHTYT eHepreTHIHNX MamuH i cucteM iM. A. M. Ilizropaoro HAH VYkpainu,
61046, Ykpaina, M. Xapkis, ByJ1. KomynaneHukis, 2/10

Poszensimymo npobremy onepamueno2o oyiHio8aHHS pUSUKY eKCHIYamayii amomHoi cmanyii 6 eKcmpemaibHux

YMOBAX, SIKI MOJCYMb ICIMOMHO NIUHYMU HA s10epHY U padiayiiny besneky. Ha ocnosi nioxody, wo ipynmyemscs Ha tmo-
BIPHICHOMY aHani3y Ge3neKu, OMpPUMAHO MemOOUKY 05l OYIHIOBAHHS PUSUKY ABAPii, 3ACMOCYBAHHS AKOI 003601UmMb nep-
COHATY CMAHYIi npu HACMAHHI NOOTL, WO MOodIce ICMOMHO BNIUHYMU HA De3neKy eKCHIYamayii, WeuoKo nputiMamy piiet-
H5l W000 HeOOXIOHOCI 3HUNCEHHS. NOMYICHOCMI peakmopa abo 3ynuHenHs eHepeoonoka. Ompumaro gopmyny 0t 0ouu-
CNIeHHSI MAKCUMATBHO OONYCIUMOT 8eIUYUHU NOMYHCHOCII PeaKmopd, 3a AKOi MOXCHA NPOO08XHCY8AMU eKCHIYamayiio
cmanyii 6 excmpemanvruux ymosax. Iloxkasano, wjo y pasi nooitl, sKi CMaHoIAMb SHAYHUL PUSUK Y 3MO3I Npu3gecmu 00
asapiti, 00YiNbHO 3YRUHAMU OJIOK, OCKITbKU MONCYMb OYMuU NOPYULeHi Medici 11020 be3neyHoi eKCnayamayil.

Knrouosi cnosa: amomna cmanyis, UMoGIpHICHUU aHani3 Oe3neKu, MaKCUMAIbHO NPUNYCIUMA 8eTUYUHA NO-

MYAHCHOCMI peaKxmopa, 3ynuH peakmopad.
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