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SAFETY OF UKRAINE’S NUCLEAR POWER INDUSTRY
IN EXTREME OPERATING CONDITIONS

B. Cranosybos, 1. Koznos, O. Koznos, /]. Bynoes, C. Kocenxo. be3neka siiepHOi eHepreTHKH yKpaiHH B eKCTPpeMaIbLHHX YMOBaX
eKcIuIyaTanii. AKTyalbHHUM THTAaHHSAM CTaHy (PiBHIO) O€3IEKU SIEpHOI CHEPreTMKH YKpaiHH B EKCTPEMAIbHHX YMOBaX € CHTYyallis
HaHaWOLTbIIIH y €Bpomi 3amopizekiii AEC 3 npuuMH pos3TailyBaHHs CTaHLii B 30HI OOHOBHMX Aili Ta TPYAHOLIB B YIpaBiIiHHI Ta
EKCIUTyaTallil, a TaKoX PETryNIOBaHHS O€3MeKH CTaHLii Ha OKymoBaHil TepuTopii. Ha ocHOBI po3po0ieHOI riApoAMHAaMiuHOI Mojeni Ta
PO3PaxXyHKOBHX OOIPYHTYBaHb BH3HAYEHO YMOBM MOXUIMBOTO 3aTOIUIEHHS npommaimandnka 3AEC 3amexHO Bim HOTY:KHOCTI 00HOBOTO
3apsiLy 3 BIANOBIIHOIO cHIIOKO Ail. IMOBipHICHI MiX0aM OLIHKK 00’ €KTUBHOrO craHy (piBHsi) Oe3meku 3amopizekoi AEC y ekcTpemManbHuX
YMOBax HEJIOCTAaTHBO OOIPYHTOBAHI 3 ypaxyBaHHSM YPOKIB HalOUIBIIMX SAEPHHUX Ta pajiauiifHux aBapiil. Ha ocHOBI JeTepMiHICTCHKOTrO
MiAX0/Y BU3HAUYCHO YMOBH KPUTHYHOTO /Ul OE3MEKH 3aTOIICHHS poMMaiinanurka 3anopizbkoi AEC BHacHiok ekcTpeManbHUX 00HOBUX
niif. 3aToruleHHs NpoMMaiiaHuuKa CTaHLil MoXke OyTH NPUYMHOI0 BHHUKHEHHsS JBOX IOYATKOBUX aBapiffHUX IOJii: IOBHE TpHBale
3HECTPYMJICHHS €HEproOJIOKIB Ta MOpPYNIEHHS YMOB TEIIOOOMIHY Y CyXHMX CXOBHIIAX BiJIPallbOBAHOTO SJIEPHOTO MajMBa. 3amoOiraHHs
3aTOINICHHIO NpoMMaikiaaHunka 3anopizekoi AEC mMoxe OyTu 3acHOBaHe Ha OyJIBHMITBI 3aXMCHHMX Oap’e€piB 3aTOIUICHHS Ha y30eperiiKi
CTaBKa-0XOJIO/DKYBa4a. Bu3HaueHO NmepcereKTHBHI HANpsIMK MiBUIIEHHS ¢(peKTUBHOCTI yIPABIIiHHS aBapisMH MOB’A3aHUX 3 MOJEPHI3aIli€r0
MACHBHHUX CHCTeM O€3MeKH SICPHUX CHEProOJIOKIB Ta BJIOCKOHAICHHSM EKCIUTyaTalliiHUX CHMIITOMHO-OPIEHTOBAaHUX aBapiiHUX
IHCTPYKIIH/NOCIOHMKIB 3 KepyBaHHS BaXKUMH (saepHuUMH) aBapisiMu. EdexTuBHaA cTparterisi ynpaBiiHHS aBapisiMM 3 HOBHHM TPHUBAIUM
3HECTPYMIJICHHSIM eHeproOyiokiB i3 BBEP Moxke OyTi 3acHOBaHa Ha KOMIUIGKCHIH MOAEpHi3alii cHCTeM aBapiiiHOrO MiKUBIICHHS
MaporeHepaTopiB HaCOCAMH 3 MAPONPUBOJAAMH Ta KOHTYPAaMH IPUPOAHOI IUPKYJIALIT CUCTEM MACMBHOTO BiJBEJCHHS TEIUIA BiJl repMO00’eMy
PEaKTOPHOI YCTaHOBKH.

Kniouosi cnosa: exctpeMalibHi YMOBH, IMOBIPHICHI TOKa3HUKH, JIETEPMiHICTCHKHII aHai3, yIPaBIiHHS aBapiaMn

V. Skalozubov, 1. Kozlov, O. Kozlov, D. Bundev, S. Kosenko. Safety of ukraine’s nuclear power industry in extreme operating
conditions. An urgent issue of the state (level) of safety of Ukraine’s nuclear power industry in extreme conditions is the situation of the
Zaporizhzhia NPP, the largest in Europe, due to the station’s location in the war zone and difficulties in its management and operation, as
well as the safety regulation of the station in the occupied territory. In the proposed article, the possibility of Zaporizhia NPP industrial site
flooding is analyzed from the elaborated hydrodynamic model and justifying calculation; the conditions of ZNPP industrial site possible
flooding are determined depending on the warhead power producing a corresponding destructive effect. Probabilistic approaches to assessing
the Zaporizhia NPP safety objective state (level) in extreme conditions are insufficiently justified taking into account the lessons of the
largest nuclear and radiation accidents. On the basis of a deterministic approach, the conditions of Zaporizhia NPP industrial site critical
flooding due to extreme military action are identified. Flooding of the plant’s industrial site may cause two initial emergency events: a
complete long-term de-energization of power units and violation of heat exchange conditions in spent nuclear fuel dry storage facilities.
Prevention of flooding of the Zaporizhia NPP industrial site can be based on the construction of protective flood barriers on the cooling pond
coast. Prospective directions to increase the accident management efficiency related to the nuclear power units’ passive safety systems
modernization and improvement of operational symptom-oriented emergency instructions/manuals for managing severe (nuclear) accidents
have been identified. An effective accident management strategy with complete long-term de-energization of WWER power units can be
based on a comprehensive modernization of emergency recharge systems of steam generators with steam driven pumps and natural
circulation circuits of passive heat removal systems from the pressurized reactor unit.

Keywords: extreme conditions, probabilistic indicators, deterministic analysis, accident management

1. Introduction

Currently, due to the military action in Ukraine extreme operating conditions of Ukrainian nucle-
ar power plants have been developed. Particularly difficult operating conditions take place at the larg-
est in Europe ZNPP for the following main reasons:

— The nuclear power plant is located immediately in the combat zone. Only in the last three
months there occurred 4 emergency shutdowns with the complete de-energization of power units (Sim-
ilar to the initial emergency event at the Fukushima-1 NPP).

— The ZNPP location in the temporarily occupied territory determines the objective difficulties
with its operation, management and safety regulation.

Therefore, a reasonable assessment of ZNPP safety condition regarding the possibility of nuclear
and radiation accidents is an urgent problem. The proposed study is dedicated to solving these issues.
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2. Reference sources data analysis and problem statement

The Europe’s largest Zaporizhia NPP (ZNPP) is located at an altitude of 22 m near the Kakhovka
Reservoir, making part of the Dnipro Cascade of Hydroelectric Power Plants (HPP) (Kyiv, Kaniv,
Kremenchuk, Dniprodzerzhynsk, Dnipro HPP) reservoirs, which system total height is 103 m. [1].

In works [2, 3, 4], an analysis of possibility of the ZNPP industrial site flooding as a result of
natural extreme phenomena such as earthquakes, tornadoes and hurricanes has been done. However, in
the stress tests’ [6] analysis cited in [5], it was declared the factual impossibility of ZNPP industrial
site flooding under any extreme conditions, that provision contradicting the results given in [1 —4].
The source [7] presents the methodological principles of NPP safety probabilistic analysis. However,
the Fukushima accident lessons served to determine the limitations of probabilistic approaches to NPP
safety assessment using probabilistic methods [8]. Priority should be given to deterministic methods of
safety analysis, taking into account the Fukushima accident lessons [9].

Thus, an urgent issue here is the assessment of ZNPP safety under extreme operation conditions
using deterministic methods.

3. Research methods and tasks

In the conditions of military operations in Ukraine, extreme conditions of Ukrainian nuclear
power plants’ operation have developed therefore an assessment of the Ukrainian nuclear power indus-
try safety under such extreme conditions of operation represents an urgent issue.

The presented work purpose is to assess the safety of ZNPP in extreme operating conditions us-
ing deterministic and probabilistic methods.

4. Assessment of NPPs nuclear and radiation safety status

Traditionally, the assessment of the state (level) of NPP nuclear and radiation safety is based on
probabilistic and deterministic safety indicators [2, 7, 8, 9].

The main probabilistic indicators of safety in global nuclear energy:

—the probability of a nuclear (severe) accident with damage to nuclear fuel (FDRC - the fre-
guency of damage to the reactor core): the probability of occurrence of a maximum permissible radio-
active release.

The main probabilistic safety indicators in the global nuclear power industry:

— probability of occurrence of a nuclear (severe) accident with damage to nuclear fuel (FDRC -
frequency of damage to the reactor:

FDRC ~ IPs; (1)
— probability of occurrence of the maximum permissible radioactive release:
FPRR ~ FDRCxPy, (2)

where | is the probability of the initial emergency event (IEE) occurrence;

Ps — probability of the nuclear power plant safety systems critical configurations failure;

P, — probability of failure of protective safety barriers preventing from radioactive emissions oc-
currence.

Events/incidents/violations of normal operating conditions that lead to the reactor’s emergency
shutdown regulated as IEE:

— leaks/ruptures of pipelines and steam pipelines of systems important for the nuclear power
plants safety (NPP SIS);

— de-energizing the power units;

— SIS failures under normal operation;

— extreme natural phenomena (earthquakes, floods, tornadoes, hurricanes, etc.);

— fall of large objects on the power unit, etc.

In particular, emergency shutdowns of Fukushima-Daiichi NPP power units in 2011 occurred au-
tomatically on the registered signal of a powerful earthquake (with an epicenter in the Pacific Ocean at
a distance of more than 100 km from the powerplants location coast).

Probabilistic criteria for nuclear safety [10]:

FDRC — 1071/ (reaktor - year) — for existing NPP;
107°1/ (reaktor - year) — for new NPP, @)
_4 _ - - .
N = NPAZ = 1071/ (reaktor - year) — forexistingNPP;
107°1/ (reaktor - year) — fornewNPP.
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Probabilistic criteria of radiation safety:

107°1/ (reaktor - year) — for existing NPP;

FDRC = ()
1071/ (reaktor - year) — for new NPP.

The long-term global experience of nuclear power plant operation and safety regulation, as well
as the lessons of major nuclear and radiation accidents have determined the insufficient validity of tra-
ditional probabilistic indicators and safety criteria (1) — (4). In particular, all the Fukushima-Daiichi
NPP power units at the time of that big accident in 2011 met the established criteria for nuclear and
radiation safety. Other examples may be related to the results of a probabilistic safety analysis (PSA)
of Ukrainian nuclear power plants with WWER-type reactors, where it was assumed that the occur-
rence of an IEE with a complete long-term power units blackout (analogue of the Fukushima-Daiichi
NPP IEE) or a tornado of any intensity class unambiguously lead to failure of safety-critical systems
(Ps=1). However, the probabilities of these IEE | were assumed to be a sufficiently small value satisfy-
ing the established criteria and safety conditions. One of the main lessons of the Fukushima accident
refers to the need to provide for the possibility of relatively unlikely IEE that involves catastrophic
consequences [2].

Deterministic criteria of nuclear and radiation safety are usually defined by:

— maximum permissible temperatures of nuclear fuel and fuel element shells;

— maximum permissible pressures in the reactor and hermetic volume (containment);

— maximum permissible concentration of hydrogen;

— maximum permissible doses of radiation exposure to personnel, the public and the environment.

The Chernobyl and Fukushima accidents’ lessons determine the relevance of following additional
deterministic safety criteria:

— maximum permissible conditions for the occurrence of steam energy explosions;

— maximum permissible conditions of extreme external influences (earthquakes, tornadoes, hurri-
canes, flooding of industrial sites, loss of the final heat sink, fall of huge objects on the NPP industrial
site), etc.

Nuclear power plants with WWER have the necessary systems to prevent nuclear and radiation
accidents at IEE taken into account at project level (pipeline leaks, de-energization of the power unit,
failures of normally operated SIS, unintentional erroneous actions of personnel, earthquakes, etc.).
However, in extreme operating conditions of difficult wartime, it is necessary to assess the safety level
of Ukraine’s nuclear power plants, that is the purpose of the proposed study.

5. Assessments of the nuclear power industry of Ukraine safety state in extreme wartime
conditions

Assessment of the state of safety of Ukraine’s nuclear power industry in extreme wartime condi-
tions.

The situation with the largest in Europe Zaporizhia NPP is the key issue as to the state of the
Ukraine’s nuclear power industry safety under extreme wartime conditions for the following reasons.

The NPP is located in the military operations region. Therefore, under such conditions, the prob-
ability of both intentional and unintentional IEE increases, and, accordingly, an increase in the core
damage frequency [1].

Obijective difficulties in the management, operation and regulation of safety due to the presence
of the NPP in the temporarily occupied territory.

Currently, in the global nuclear power industry (including in Ukraine), the principle of “security
downgrade acceptability (SDA)” has become widespread during nuclear power plant upgrades [2]. In
accordance with this principle, the nuclear power plants safety level downgrade is permissible under
the condition:

AFDRC
FDRC,

where FDRC, is the basic probabilistic estimate of FDRC;
AFDRC is a deliberate or unintentional increase in FDRC.

In NPP, extreme operating conditions the A FDRC may be associated with an increase in the
probability of IEE I, and if the events/incidents/violations of normal operation satisfy condition [11],

<1, %)
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then the necessary level of safety is maintained and further operation of power units is permissible at
the current time. However, this does not exclude the possibility of new IEE with violation of condi-
tion [12]. In addition, as mentioned above, the lessons of well-known nuclear accidents call into ques-
tion the validity of the entire VAB methodology for an objective assessment of the safety status of nu-
clear power plants (including the SDA principle).

A deterministic approach based on modeling the impact of specific extreme events on security
conditions is more justified for an objective assessment of security state (level) One of such topical
issues may be the assessment of the flooding conditions of NPP industrial site due to the ingress of
live charges into the dam or the Kakhovka reservoir or into the cooling pond. The flooding of the Fu-
kushima-Daiichi NPP industrial site in 2011 with the tsunami was the determining cause of the com-
plete long-term blackout (CLB) of power units, nuclear accidents and catastrophic environmental con-
sequences.

In the stress tests on the reassessment of the safety of Ukraine’s nuclear power plants, taking into
account the lessons of the Fukushima accident, a deterministic analysis of the possibility of flooding of
the NPP industrial site due to the destruction of the dams of the Dnipro cascade of reservoirs under the
influence of a beyond-design earthquake was carried out. As a result, it was found that there was no
possibility of flooding the Zaporizhia NPP industrial site. However, when modeling flooding process-
es in stress tests, simplified quasi-stationary hydraulic models were used, and the influence of extreme
events (earthquakes, tornadoes, hurricanes) directly on the volume of the Kakhovka reservoir and
cooling pond was not taken into account.

In [2, 3], an improved hydrodynamic model of possible flooding of the industrial site of the NPP
due to the impact of extreme events on the dam and the volume of the Kakhovka reservoir and cooling
pond was developed. Extrapolation of these simulation results to extreme military conditions of the
Zaporizhia NPP allows us to believe that flooding of the NPP industrial site is possible when warheads
hit the dam and the volume of the Kakhovka reservoir and cooling pond is capable of destroying more
than 30 % of the dam or would be equivalent to an earthquake with an acceleration response on the
ground surface of more than 1.2g or a tornado of more than class 2 intensity or a hurricane with a wind
speed of more than 80 km/h.

Taking into account the above results, the conditions of flooding of the NPP industrial site at the
power of the combat charge with the impact force F:

F >1.2pHS,g, (6)

and/or
F>APRS,, @)

and/or
F >0.36S,, 8

and/or
F>V2pHS, /L, (9)

where p is the water density;

H — height of the NPP industrial site above the cooling pond level;

S;, S, are the cooling pond surface area and the surface area of the Kakhovka reservoir dam re-
spectively;

g — acceleration of gravity;

AP, — pressure dilution in a tornado of the 2nd intensity class;

o — maximum permissible stress of the Kakhovka reservoir dam concrete destruction;

V. — maximum permissible speed of hurricane wind;

L — the equivalent (reduced) length of the cooling pond.

In the post-Fukushima period, emergency measures were developed for Ukrainian nuclear power
plants, mainly related to the qualification of diesel generator systems, the installation of powerful DC
batteries, the expansion of the capabilities of passive safety systems, the introduction of operational
instructions/manuals for the management of accidents with limit acceptable conditions, etc. However,
the effectiveness of all these measures to overcome the consequences of flooding is not obvious
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enough, since at the time of the accident at the Fukushima-Daiichi nuclear power plant, all of the
above measures were implemented, but it ultimately failed to prevent nuclear accidents, destructive
combined-cycle explosions and catastrophic environmental consequences.

In addition, it is necessary to take into account that dry storage facilities of spent nuclear fuel are
located at the NPP industrial site, when the cooling of nuclear fuel is carried out by natural air circula-
tion. In case of flooding together with garbage, the conditions for the necessary cooling of the storage
system may be violated, which corresponds to additional IEE.

Thus, the critical consequences of flooding of the NPP industrial site can be represented with IEE:

— complete long-term de-energization of the power unit;

— violation of the conditions of heat exchange in the dry storage for spent nuclear fuel.

The operating organization of the State Enterprise NAEK Energoatom performed a deterministic
analysis of the limit permissible conditions IEE in the nuclear power plant with WWER-1000, as a
result of which the nuclear accident conditions occurrence was stated (according to the criterion of the
fuel element shells maximum permissible temperature) with a residual heat output of less than 2 % of
the nominal reactor power and complete dehumidification of steam generators (SG). It was also found
that in order to prevent a nuclear accident with the LAC and the IEE sufficient is to ensure the SG
feeding along the 2nd circuit with a feed water flow rate corresponding to the flow rate of one emer-
gency feeding electric pump (EPEP).

Promising areas for improving the efficiency of accident management at the WWER nuclear
power plant are associated with the modernization of passive safety systems for emergency SG feed-
ing and the improvement of operational symptom-oriented emergency instructions/manuals for the
management of severe (nuclear) accidents (SOEI/MMSA).

One of the modern approaches to the modernization of passive safety systems for emergency SG
feeding is based on connecting the volume of SG along the 2nd circuit to the system of passive heat
removal from the hermetic volume (SPHR HV) of the nuclear power plant [13, 14, 15]. The SPHR HV
consists of a closed natural circulation circuit with a heat exchanger located outside the HV, and is
designed to remove heat and reduce pressure in the HV.

Equation of motion in a closed loop of natural circulation in a stationary approximation:

GZ
(P, —p.)OH =E—7, (10)
pF
where p;, p, are the density of the flow medium in the lowering and lifting sections of the natural cir-
culation circuit, respectively;

g — acceleration of gravity;

H — circuit height;

& — total coefficient of hydraulic resistance;

G — mass flow rate;

F — area of the flow section of pipelines.

Equation (10) implies the required height of the natural circulation contour of the:

. &6
- p(pl _pz)ng

Thus, in order to ensure the flow rate in the natural circulation circuit of the SPHR SG pipelines
equivalent to the flow rate of the EFEP, the required height of the SPHR SG above the hermetic tank
can be hundreds of meters. The installed SPHR SG do not meet these requirements.

Another approach to the modernization of passive safety systems for emergency SG feeding is based
on the proposal of Professor A.V. Korolev [16] to duplicate the EFEP with emergency steam-driven pumps
from SG (EPSD) with a similar pressure-flow characteristic. However, the effective performance of the
EPSD is possible at relatively high pressures in the volume of SG along the 2nd circuit.

Thus, a comprehensive approach to the modernization of the accident management system with
limit acceptable conditions is advisable: at the initial stage of the accident, the SG recharge can be car-
ried out by the EPSD, and at the final stages — the SPHR SG.

In the WWER-1000 SOEI/MMSA developed in the post-Fukushima period, the actions of opera-
tional personnel to manage accidents with limit acceptable conditions are actually reduced to measures
to restore power supply and connect all available means of cooling the reactor core (including DC bat-

(11)
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teries to ensure the operability of electric pumps of active safety systems). It should be noted that at-
tempts to implement all these measures were also made while the Fukushima accident occurred. How-
ever, it was not possible to avoid nuclear accidents, destructive explosions and catastrophic environ-
mental consequences. Therefore, there are no grounds for the effectiveness of these measures in ex-
treme conditions of flooding of the NPP industrial site.

To prevent possible flooding of the NPP industrial site the construction of dams on the coast of
the cooling pond can be effective.

Conclusions

1. The situation at the Zaporizhia NPP, the largest in Europe one, illuminates an urgent issue of
the nuclear power industry safety state (level) in Ukraine in extreme conditions for reasons of the sta-
tion’s location in the combat zone and difficulties in its management and operation, as well as regulat-
ing the safety of the station in the occupied territory.

2. Probabilistic approaches to assessing the objective state (level) of safety of the Zaporizhia NPP
in extreme conditions are insufficiently justified taking into account the lessons of the largest nuclear
and radiation accidents.

3. On the basis of a deterministic approach, the conditions of industrial site critical flooding at the
Zaporizhia NPP due to extreme military action are determined.

4. Flooding of the plant’s industrial site may be the cause of two initial emergency events: com-
plete long-term de-energization of power units and violation of heat exchange conditions in dry stor-
age facilities of spent nuclear fuel. Prevention of flooding of the Zaporizhia NPP industrial site can be
based on the construction of protective flood barriers on the cooling pond coast.

5. An effective strategy for managing accidents with complete long-term de-energization of
WWER power units can be based on a comprehensive modernization of steam generators emergency
recharge systems with steam-driven pumps and natural circulation circuits of passive heat removal
systems from the pressurized reactor unit.
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