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BRISEALI-BHEIRERVERL. EOIELLTLHEETIIENEEERZTHS.
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.2 URILIPRA(ANRSRE AR AT /0 B A&/ 3 (& T — R/ B RO 24 ICBE I B EIRARER &
RURE
3.2.1 E Bl 5O VNOE
(1) HRA

RRY%R% THERP EM%E 1 t#, KR (AU TIXM ThFETOREOFE
DRIREHZF)E RS ATHEANA ED5F 2 R OFHEF A XIZFREILL TS,
MAT. &E.E 2 HKOBZATMYAN-EZFiEELT IDHEAS FDE
1.5 HEDFELRAFEIN TS,
CNETOEASEE (NHER)ITNMA T, AMBRFME, ZRK. LK LT
a=yk PRA(MUPRA) ., To4)ILHRHI#HZE (MCR) ) ~DEA LI R LIRET S
nTHEY. FEDILENEATLS,
ENFFEE. F 4 ARELKTRYEEDHZHMAR 3-1 Th/A—h TS, B
WTIX, TS5V RATE 2 t#£D MERMOS O;EAAMEMIZEDONTNS,
= HALDEN RFF7O2 oM HAMMLAB TlE:KE NRC EDB AT, 28D
FEOFEER BN SHERORELHEBIIIR DT OFREIZEIERHEL, 2R
DRMFEDREILICAIT-HAEEL TS, —HKETIE NRC LEEREHH
FL T IDHEAS FDF 1.5 D FERARITTALTLS, BRIZCEWTLEH
BBV TAVTIRNERR T DA EERAREFTHD,
SHELENFFEOREZRBELENBREZRATIENEFNS, BL. E
NFFEOERNERBECIE. BERORZR YA LTI T—2%IEL. IRELIE
NT—3ZRAWSETHRERLZBETRENH D,
ABDRHAN=Z L (REDORE XBHMOSHEERREDERITEERT D)
PR QAVTFHIRN, CRETORBORBEDREEHE) DKRFED. ARIT
BOREEREDITHIENBREINTETLD, LALIRKRD HRA Fi&lE. Z
DERFEEZTRICMYRAHTELT | FEOIMEICLLHFEHER (HEP) DE
ENKEV FEARRICE, BRI FEOHEILNRETHD, RV ITEHD
RRICKEURET SN T, ERICRHICHEZITORHTREBEIRISTICK
Mg BIENEFEND,
HRA TXR&7T- HEP &, PRA THERAT AHFZFDOHEHRRLLZRFICNYKRAS
MEIMIDNTHIRET DRI H D, BB ABIZEDRBDIRI DAL R
HWIEICERTHVRIICHLTEWLAENEERTESHEEIC HRA O HEP OF
EEHERTEIME/IES,
fEL. HRA DTHENEDI5, EHDEEZEDIR IR IGTHERIGTHERT S
SEITRY B EICKIERXERTELAHENH D, LHL. S8/ T —F
D&ESI2, FENSHERBLISVNSF—FEHEI LD, FAFKETRE HRA Fik
DFEMEIL. PRA DRENSLAIEBRESEIRENHIMNELNALGLY,
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LUEDESIZ, FERAFE(FE 1~5 2 H#HR) IEFERITETLTLS, LMLERKIE.
EMROBEBAIGICE. TSUNMIBI2EROERGEBETNICHETS
BEEORMOAN=ZXLOERREHIHERELTEY., FiEITLY HEP FHE#E R A
3 MEERET ST —RLBESINS, EROREEHRELDODRIGTERDS
RYIH T B EEEBELT, BB TRVAIRISEREIVITEIHTT—
AERMYKRITDZENEEND,

HEP DEEZRHDHIENRELIKIR FFITHHBROLAIL 2 ZF0EEK
RTTIE. ZOEBOKRATOANBITET—25L5EIEEREHLL A
DT—REEBOKERHTIET—ADEINERLDIBILH D) (TIKARELTREL
A

FUBECEILTz HRA & 51=0ICIE. BRIDOEHEICELZDIET DTSR
ROANEDOTEEETIEREZEDLSICEELT HEP #ROT=DMN. ZD
SBAMEEESICTRESEDIIENEETH LN, EESTOFEEICITHEE
DHFNDBEERD(FBYUEADAUEE 1—PRIG- NIRRT DERE),

(2) RILFZ=YE
E, FEBICTIILFI=Vb, RILFHALOYRVEHEICEE T 52 ZEAER
[CEESN TS, BTLEMERELTIZ Y OHRBEDOETILEIZEAT 10
NZEN—F. TILFIZYE TILFHALD)RIFHEIZE TR VIEECTE
BiE. URVBEHEAEV SV RIFHED A REICEFRT 5T —YOMELEHR
2 TN TS,
DU NAZYRDYRAFHEIZE TAH 1=y RO EBER R TS X FF@EAVEEL L
. TILFIZYM TILFHAEDYRVFHEF L. RET DR ETHA-HFRRE
MNEN I SHIERGE) D PRA IZHIT5BEMDETILIEIZDONTIE,
KERT—ELEDTLND,
DO NAZYRDI ARV ETIILELERLT, TILFIZYR TILFHALDY
RAVFHEETIVIEKIRIEICG DT80 EEMGETILOBENEETH D,
ERAMGETILFLIZYM TLFHALOYRIFFEDORRD-HIZ. TEBED
EMAOHARLIT TR YRVERFAELTEHEZE D LSITEIT A, 5
DHEE LA, EVSFIRVFHED A AR LERLEEZETH S,

(3) CMF (=CCF)
(7) ANER
- MEROEBHBISEZRLLET I (EHRFHER KO T—2) B DEGEY,
CCF RAEMEITMFDIAHENIIIEMT 5, CNERRTH-HDIaL—
av(Z&kd CCF HABEDEEILMEILBRIND (FfTk 3-1 B88) L 3aL
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—arEMiDmLElE. ERNSDHIET —2IL TN EAFTELL CCF 2 EFICH
WTIE, BT 2 (HET—R) TR EMT TEHAREMEH T 5,

IRED CCF ETILIEHBOXNMIESHY HFDOEMLGL) ZREL TS, 3E
X F5h CCF (B DEMSHY . EMRMIZIE. A—NDENZKDHERET-BiE- NI -8
E-EAT - ER R RT-ERAREFOEVICL S OE M) DERY HKRUNAYE
RE%E. LYUFHMZE CCF ETIILIEFZLBREIFINTLS (R Tk 3-1 SH). LHL
M5, JERFR CCF (X, BITORHI CCF BT LB ERFHEFIERLIZLT
RAWSILT,. ERLIERICAIEEEE Z D,

TR I&C AITD CCF ETIILHFE . B1# PRA (Dynamic Bayesian
Network(DBN)) [@lI+® CCF ETIILEFE. TILFLZvr S AR AEITO 1=y M
CCF tHEAFHMBET ILAREZEDMRLITONATLS (RTX 3-1 SH]). TO4IL
I&C [1F. BifY PRA MM CCF ETILIX. BITDETILEBHELIZLDOD LS
THY. FEOHRERIIRZToNEL, T )LF1=vk PRA [IT® CCF it
BF(L. 2=y CCF(Inter-Unit CCF) ETILRAFEMNELLGLHMN. 2=V
CCF (Intra-Unit CCF) ETIILME A AEHERT AeHEF AN BEFRRLVIRESI
T (IR E: 018012, AHIER (LRJL 1) TIILF=vk PRA FH@FED
MFE —1=vrEfBRRARETMEFEDIRE—. 2019 £ 5 A BZ. .
=), AFHBICKSEMBRMRNFOREIZLILOD, FHEET /L DOERE
[FHEILSNTLVD,

MR (RAYFOTIF2I—3F) LN THEZET 5. £L55H2_MD CCF
DHEEDRESN TS GR{TER 3-1 S8). LMLEGHAS, BB&LAILOD CCF [F.,
YR LERBEGEHLANILDEFINRELIZZEIZOHF., BNHE (FENGET
IMERREF) Z1TAIE KL RITLTRMBFAREITOREFGVIDEEZ S,
BhHIO—K<v7(2019/2)I2, TEAN CCF TR MDINE - 5747 ITCCF NSA—4f
EFEDEBEITYHR—FRERERD CCFETIVEFEEE D 3IEBENER
FIFLLTREINTNS, ERHAO—FTYTDICCF NSA—FHEFEDE
ST HHEMEELT, Staggered HERDEMFMNL R LHERIEICFRSE
BRI XN ERHAISIRESN TLVS(S. Soga, “Mathematical Justification of
the Staggered Test Scheme by a Time-Dependent Failure Model”,
ESREL2020-PSAM15, November 1-5, 2020), E£1=. S A#ZEEL T, RILLEH
Bho. TREEHE DOBEHOBB LB IL—ELT L. R—TIL—TROH
25% Non-staggered E&T. 2455 L —THD#23% Staggered HERTHRE
FTHILIZKY., BIEHEREZER T 558 & (Multi-Group Staggered Test
Scheme) HMREEIN TLVSH(S. Soga, “Multi-Group Staggered Tests for Highly
Redundant Systems”, ICONE2020-16172, August 4-5, 2020), £EED K512, 1]
KD CCFETIL(WQITFIFETIL. BITIFET /L. Multiple Greek Letter(MGL)
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E7 /L. Binomial Failure Rate(BFR)E7T J/L%).BFR E7/LIZED< Mapping
up FiX. Bayes H#E DFEHTS MEHEF & (F/MEHR Dirichlet F#15>#1 (MIDP)
ZRAWS INL(TAFREIREA) FE) FITOWTH RATBHIY—RZRE
FRETIEHSED D, Staggered RERDEHFERIZ B MHRIIATR (BEFH) DL
HERMEO. ET 2 (BWET - FICKIRAMARETHF < LB FELTULGD
ENHEEERD,

o) HHIER
HE PRA TlE, EROKBEINRRICHESTZZTTHET HIER (HBREHK
[B)ZEETHLENHDHN., HIBFE OIS EHEBEOM HIEREZHEREFL AL
TEHE 3 2 FEILBRCEBHEINTEY[3.2-1]. LANJL 1PRA ETOFEMGHE
REFRBREALEEZOND . EFE ANMBHOLERBOBERUHE
B/ITGV)TAFHEICE TS BB ERBEEREDEZEEDHRRATDISDTA4F
EEELB[3.2-2), BEGFFEAZITR LIS EHEEHEREDOME[3.2-3].
DQFM (Direct Quantification of Fault Tree Using the Monte Carlo Simulation)
EANDOREITEL-HEBRREL EZDORRE[3.2-4]. TIEHERLAEHB DA
K DR A AR DA R[3.2-5]F . FEREL®., SYERGIB SR
TEARIITF LR T HMRELNENAMIITHONATINS,
R PRA £ EBOEBENRFFICHEKTI2ZEDREICL>THIET H2FR (H
BRESE) ZEETLILENH LN, HE PRA Bk, FRFENEHFINTS
Y. [3.2-6]. LNV 1PRAETOFZMNGHARREIBRBREALEZONDS,
BE LA 1 ~LAR)L 2 FTO—ELER PRA OREMEBROIEEEZBE
LT=BA%[3.2-7]1%°. 3 DORBE(EROFKERE - NF—FOEEFE- T
BZD)RAILAN)VIZIG L1 F % (Graded approach) M &AL, /NHF—F-7
FUN)TA VAT LFHEDEGEBOEAKIE, RVRRICLDELADEZEICHT S
VT4 5HE) O fERIZEZRDATR[3.2-8)FEMNFENMICEDHLN TN,

(BEXH)

[3.2-1] BRRFHZSEE, RFAREFICHT IMELRREL-FERR
)R EHMZBE I HEMEE2E 2015, AESJ-SC-P006:2015, 2015 4F 12 A

[3.2-2] BIRIED 3 &, MBEISDUTAFHEFZNEELDIRE (DBE. 2016
DK%, 3G05

[3.2-3] KE(EH 2 &, MEICHITHIEGHEEBICET 50K €0 1:thErFHEE
ZHDETE X, 2017 DKL, 3C10

[3.2-4] KE(EH 2 &, HE PRA IZEITHIEGHEEICET 5K €D 2:[5&RF
BOEBEHEIMILEHO S BICEDIETERLIZELEZ ALz DQFM %, 2021
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HEDHE=, 3F08

[3.2-5] KEIEA 5 &, HE PRA IZHITAMESEMEDEEM. 2019 HEDELR.
1L11

[32-6] BRRFHFRZFE. RFNREMICKTHERETERELI-HEERN
YRYEE IR 3B EHEEL#E : 2016, AESJ-SC-RK004:2016, 2017 £ 3 H

[3.2-7] LLWAIEA 5 B, &K PRA BT HEMEROEE 20D 1 FKPRAT
OCIIhDEE, 2019 DK%, 2010

[3.2-8] RKRIEM 11 & REISUMAOBERAZFBLISERISDTFHETF
DEELEHE OAEDRA—TEHRE. 2019 KD KK, 2015

(4) PRAIZERY ST —4
- HEBOEEMT—RICEELT. TURLHEES. FROMS. ATRRELEDIEE
HET—AD/IERNEINTND, CNBIEXFERATESLT—ANVETHDHIE
NEEBETHIN., T—ADHFERELTIEREILHOLNTNERA XEH %A
WTHY. FZEZBROHARRERBH TGV, mXAMBERMSIE. T—2IZEL
THERAEICEEZTL—I RN —DRBEIKT TG,

(5) BRI (F A4 F3v9)PRA
+ INSS Uv—7)L[3.2-9]IZ. Eif PRA AR DO RMIKEABEINTIVS, IR

R.KEBT7AFHREZHFEA (INL) D RAVEN (Risk Analysis Virtual

ENvironment) 3—K[3.2-10]IcX RSN HFE& X DEIR PRA O—FA\E R TR

NTLBLEDD. %58 PRA DX ELGHARZBITLLTO 3 DICEHEINDE

DEEZLND,

> BREGEFHEIRE
BEBE ANV —(DET) iEZALSIEE . STEOXMEIBBUIETE (B
&) IIRTF T %, BfERE RECTH(RBELELT) CETHEIARMTIFS
NERE. FTEDOTHENSNEXRT S, Eftv/LITBEELTHILO
(CMMC);k(&. DET AL BT AL AAMTERERIEFETHIR
H. SHEREZRLIERICEY U TINHEEEOTLEND D, XRHR[3.2-
MIZENIE 0. 1% DHEERTRETHERFIFEEELTHICIE 107
YUTIREDOHEMABLETHY. 1BEM7% PC TIXIREMNLETEFHET
ERBTICERTHEIEREETHLHLIERHRIN TS,

> BUARBONIEEERT —2RUFTHERX DL T
B8 PRA TlX. BAREIMEMZTOIE T, #B R UHEOEDRE (EAH.
BERES) ORBNGELEER TSN TED, MiELP DS
DEERDPRIVNAHFOHBFORET <UL OMEREREL, FIR
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BITKRTFETHEEZONDIENS . RO TOFEIC, RIEITIKFLI-HEER
KEREZHETAODFEXEBET ILENH D, LHLGEHAS, 5T
XBEICIL, THEFREFG T CRM&E (EHR) ToL - HEeRiIE 5
ABREHZATIRENHY, YAVFHEIZHRIIRAEMT 5B NAH S,
> AMBBRETILORLHERE
Iz X, TRITDFE PRA THLWSA TLYS EPRI @ HRA Calculator®T
(. BT R FERILHFRERIZAELCT0.001 (FFARR 60 47) A5 0.1 (FF
B 20 20) (CERFERY (&) ITE1E 95, TD1=8 . HAHBMELZEIZ. A
HIBRFERNVITyDHICEIL T BN B D, $5IZ. BIf PRA Fi&
DRI DEFEIEAV/NSLMEE (X, BETABEROUIYE DY EMZEC
BRICARBIRERELS DRI (FITREEFO) BT HILITHLD, TOHY
MHERNIDELLGD, RAMHERORBRRETIE, AMBREERLHHIEL
TFHE S 2D TIEAL, EREAH TEETES AREREMER T FEEHRIC
FMRTIDENELHAHEEN DS,

[3.2-9] WARIEFMN 28, F4F3Iv5 PRA IZEETBHFZEDLE 12—, INSS Journal
Vol.26 2019 C-2

[3.2-10] C. Rabiti, A. Alfonsi and J. Cogliati, et al., “RAVEN user manual’,
INL/EXT-15-34123, 2017.

[3.2-11] FFERT], RFFTIUMENFHEEERLIZLAIL 2PSA EELFEIC
B9 5%, L, KIRKF,(2011)
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3.2.2

SRORMERES

(1) HRA

HRA FEDHILD=HIZIE. NEDBRRRFORMAN=ZXLOLIYIVREES
EERBLEETILORBEETSVMIBITERIGET—ADRENLETH D, O
DEBRLLT. BEFE—SEROBRERAISICENT, BEE— .EBEEZ. .
HBEZOLWTIhOTIUNMIBNTEL DY IV RALGRIEDIFFHINAEZL ROt
ENETFOLNS, RKEICEVWTIK. BEERACELTAMKELEIRTS
FLEX ZERELT-. COEMMEZFTFMI 57=HIC. THXRRN—FRIILDERE
IDHEAS-ECA (Event & Condition Assessment) % AU =5 fi (&Y. FLEX D=
SEEERLTLVS, BARIZELTE., Phased Approach HERAR(IZHLITL
DYIVREENIZEDBRIZEHOEMMEEEENITRL. REFIGELLFEIC
BVWTEL—TUILIYRELTROLNEZENNEETHD, L. LOYTY
AIIHEDBEANRIET HEHICEDORICEENTHSH—AH. BEFED HRA FiE
FZ2HOPDEED— ADFIEERNIEEEICFHAT 2LDTH L. LWELEE
DFEEIIKRE RENESNA TS,

HATH NRC O SACADA D K57 ARHEREMEICET 5T —R—XHFFKSh
BIENEELLVDIEDERIEKREL,
T—AR—ZDORARIZITBEEGINFEDPADRZANFTARTHY . T—2REIZH 1T
ZBERIIEE P D BREF CEFEDIREDARE., RRTREFELH S,
T—ADWREREIZDOWTIE, ZILRA—TDrL—=05 32 —3FRAVE=D
DOhs, BHNETOT S LERAVERERNT7IO—FICLELDETHRRHDIH.
BEEARKRE T TORBMEED LS54, REOKRTOT—2RIMARELKRT
DABITEI T — 252 EDKILFHETIERT 0. SEROBETRBLLLHATEEN
1H 5,

EEITOEEENRHEINTVE—A, BHFELEROBANSEFINT
AV

BSFEFFANDENELDOD . HEP DEBAMIZOVNTHOEBITESNS,
EHFEEAVSEEICK. BREFELTRAVWIRERY) VT EEZESTA
ENDEBLITOILENHD,
HRADEEILFEEZTNETNHEOTVWSITHZERFNELRLIE—EDREMN
HdH. EESFTRERE TN ICRBTERVATREELAHY . KYREIZEILT:
HRA ELVSERDSIE, EEBILFELEREATHRRELOF v TOIMYIKRLNIZD
WTCIE SR DRI RELGDHATREMEN H D,

BRELTIF. ERBIEFZRICAVWSEHREEESMICTAFLTLSH, KEH
[CIEEEDTOMERICKYBELI-ERIEFEEEIRT LN ERTIEH S,
BEMNINHBROLIGHEBERELILRLDDHY . FEDILRMNEATL
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H(HE., EK. KK MUPRA, T24)L MCR %)M, IBRITEALEICEHES
FRERFLTOSKRTHY . FLEELFENHEILLTWDLIFERT . 5lIEHKE
MEREREIDBETH S,

BE7E HRA FEIXhREIEBIZEITHLAIL 1 ANERAIGE T AN RE
LTHY. B ZREFICKEVETTIITUMNTDORABRNRABENT D4R
ID &I, [LEEAY - BN NET HBRISTT HEHEF X (EHILINTES
T REUEORTEECIFEEMERL - FEOHEILOT —ANENBETH
%,

HRA [ZEICHEBEZHRICAFRINTELN. FT7FHAROY A DI TFH%
KELTEZDRETHD, ERFHTIEENAILEESRIZDONT HRA HARZHL.,
CORHFICHLEAHAHDDH B,

LAJL 2 HRA [T AR FICTFIERFR) (XD SBRVELLG - TS A EE
HEHH5,
(MEFHEXELGZE)BRFALUNOMABHFTOEL—IUIT7IZ—DRYKLVKR
U HRA Z—XIZDWTHRABLLE,

HBXED . TV D ERMICR M HICABEBERITRGEEIND L
BEINTOSD ., TNEFRELTHK T LB LR TIEEFEF A (EF
HET . SEORMBREBETHLILIIMEIN D,

(2) wILFZ=YE
RILFA=YrDYRVFHEE. FEOMRRARBRBETHY . KL BIZDERICE
9% PRA ETILORFENROONDS, F£f-. VRAVBEHREAOHRANDL. TILTF
A=Y, RILFHALDIVRGFHED = —X (LA A, VRV IESREREL TEHEE
EDQELSITENT D FHED S FIFEIEMD ., LWLV BREDLETH D, VRAVIE
HEADBERATOFMEDA)YNCFIE)ERT LT EEXERICETIMETFE
DHERPCAMBROEBEZERIEIELHILEROLND,
NIER BFITHE) DTILFI=Vb, TILFHAEDURIFHBEET ILDEEIC
BLTIE HEADETIVENEELL SO B OEY . BEMITHRLI LI KRE
FROEMR. RUKSE. REOEEOTEICFRIZEMROELDIESHRD
Y (N
HE, FRFEORKRBELLENIHFA. 50~70km BRI ERFICHKETHATHEME
NHb. TD=O. FARLANILTIFGL, TVTFLRNILTOREBECHKDE
WHODLETHD,
A=Yk, YA EEETHIEDT A YREIT TR Ay b (BESEEF, S, 2
BARGIORECHELE) ZEHTEEMITFHE. LLETES K57 RV
HEERHATHIENDBETHD,
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BEDHEZRETIX. FFFEMRTOER (ROP) THWLWSWAKSAHFERL) X
JEMETILETILFI=Yb, TILFHARIILRL., FHET 5 &IEH#LL, £
D=8, EEL (BB LI=ETIIVILEZITORENH D, REMLGREDTILF
AZYh IILFHACDYRIFEBET VEEBET H-HIZ1F. BRHWLZETIL
BEL ETIVEEOHAT AINEEZETRINEETLHLD) DI O MR B E
TH5, B EXTHTITT. RBEABEREOA—DTHATENE.,. BERLGHAR
[2DENBEEZEZAOND, Tz, BRIELIZETILORFKE. RUETILERIIT S
=D T—RUNEEEMIZITSZEERHOEND,

(3) CMF (=CCF)

(7) RMIEZR

- EBISUMLOD CCF T—ARILFEIEFRE RADHEWN =, BT —HFBEHT
TEOAREMEDH A IaL—avBEMHAKIEETHS BL. RIET 20D
BONIEMG, FMFMEESLYL RFUEZMYRALEZFEET ILEER
FRELEZD,
< )LF1=vhk PRA [ITMD CCF #fifiBAF(E. 2=y CCF ETILOEKKIL
TATATITHEILILTLDEDO D, AEFFMICLIEHBRAMRFZDORENE-
THY. MERAROMENEEND,
BATDHIY—RIEBRETARETEDHDEDD . KERREBEHITTEHIENE
W&ESIZ, CCFETIILDHFMZ BHEREIARD KOG ER/MZT . LLITHET
—R%E(Z&D CCF ETIIVIREIMRZ. ENTER R LBBL LD ELHDHEE
Z%

() SMIER

HE PRA (&, EAMLFEMEFEEIBEILTLDIOD, 750UT+FEBEL
B3, BEGFHEAZICRDOAEEHRETME A EOMEE. FEmELLLIRE
[CHBHEEZOND, LWL, BMICFZZFMIE T AL EIRMMEMLTER
ISt 275K 51-8 . TEIRCO B ZEZERNICED-MERENFICER
12353 DEEZD,
EIEPRAICEAL T, LNV 1 ~2FTO—5EE D FHEFZEE L. URILA
WIZIELEV RV EEILFEBEZORENRTEIN TV DD . IR
PEDEEEHE LM EETE @I ERAon ST LML, CCF FHlFAICD
WTIE, SR OBRMTEEREILRZ T4, (BL., #E PRA R4k, B LAERTFE
ZDFHMIENBELLHEIARMBBRTEULLOT, SHEIR D BIZEE
BAMICEDO-AERAENEEICLDIDEEZ D,

(4) PRA IZERY 3T —4
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T—RIET A RRAFEIENT HBLEFEL,
EXRTE. BBOEERT IR—RDEHELEPHTERLTEY. CD
EHTHGEAICREL TUOSRELH D,

(5) BRI (A A4 F32vY)PRA

- BB PRA MEEIX. 7) BRAFHEIRN () RW/KBOHBEERT—2RV
AKX DT, RV () AMBRETILOZLMHRFICHIEEZD,
STHEOXNDERICIE. KYEFFULEIM PRA FERAK. HLUL. BEMEER
L PRA ETILARNERIZGLHEEZ D,
ERNZENTER PRA FERAREISEHNIZITHONATOSIZEELLT | Ef
BRANEILSICEFLZVERICIK. HFEIARMDBENEIHHLEHASIND,
RAREFEZDERLEZRET HICIE. THHEEFORBLERAFIHE 1 D FE MR
BRBICRA T, YRV O RER Gl BEET SR HF) PHERE. &
Y RVFHEICEL-FEZ . X ORRICEENICRETIENERICEEIC
BBHEEZLND,
[WED PRA [F&XYUELD SSC ZMYRALETHMIEDO—ZETW->THEY. JRY
E2IICETIRMIIANBERCTHER/ TS GE2EEH5, TD=H.
Br—ADBRERTVBENDHSD CMMC DES3EFEEFEELT ST TIE, £
RICEZFHEY—ILDEETR#ELEZ S,
—AH.PRAETILEREZEEMICERILTEHILETI T—RXHT=Y D) X FHEF
RZERT DA EE. SFEIRMERICED THDHEEZ D, LHLEAS, PRAE
TILEERIL T HRRICIE. B PRA DFHERER (VRY) DERBMZEHAREIZLT
BLENHDEEZ D, FIZIE. VRIDEHEDFEMEE B LT HI5E1L. &
FIEETILEHMET L (FRITOEM PRA ETI/L) EDBE M (RZEDFHEANH
RETHICL)ZHERTILENHY. . HAEN LA D, LT, BFEOIRIOAY
FDEM-EEICHESVRIOELEZBNET LS. FHlETILEORES
HHERICRIHEZENTH S0, SENGHERIL PRA ETILOBEE. RUGH
HAOXRMDZELENR PRA FHEFZDBENBR R (CRLHLHRIEIND,
DIZDNTH, PIER. YR DB ELERIZEIR PRA ORI A B MZHIET 52&
T.HALTFEXZEBEIIRDYIC. BRLGFEXZEET H-ODOF EFF
NECLDLHERIIND,
(DIZDNTIE, FER D HRA FEFHR Q7SI PRA Fi% (DET FiE4> CMMC &
F)IZEBIERLTHSHZET, HITO HRA Fi4 (HRA Calculator) DENHY PRA
~DEADE LML T IVLENHLHEEZD,
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3.2.3 PRA i LMIEM D BHEDO AMBRA S
(1) YRVFHEmE A
RIADFETFERINEEEBIZTOTVDRIICRZITON 510 BELETE
BIEMFFE5—DDFERELT, EHARBEOREICEVTEEOARICRIFERSE
EZEBHICRETHIENEZOND,

(2) HRA

- TSR PRA EA—TUT7IE—(HF) D 3 DOBENTURILEKFTEHILN
HRA OEMRITKROEND, ZDLIBEAMIEIHETHLII LMD, RFHEREL
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An improved multi-unit nuclear plant seismic probabilistic risk assessment approach
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An improved approach is proposed to external event probabilistic risk assessment for multi—unit sites.
The issues in dependency modeling in multi—unit seismic PRA are discussed.

The issues related to the current discretization—based scheme are highlighted.

A case study is developed for the seismic—induced SLOCA for a hypothetical nuclear plant site.
Three multi—unit CDF metrics are calculated and discussed in the case study.
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The capacity loss of a RCC building under mainshock-aftershock seismic sequences
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Reinforced concrete containment (RCC) building has long been considered as the last barrier for keeping the radiation from leaking into the
environment. It is important to quantify the performance of these structures and facilities considering extreme conditions. However, the
preceding research on evaluating nuclear power plant (NPP) structures, particularly considering mainshock-aftershock seismic sequences, is
deficient. Therefore, this manuscript serves to investigate the seismic fragility of a typical RCC building subjected to mainshock—aftershock
seismic sequences. The implementation of the fragility assessment has been performed based on the incremental dynamic analysis (IDA)
method. A lumped mass RCC model considering the tri-linear skeleton curve and the maximum point—oriented hysteretic rule is employed for
IDA analyses. The results indicate that the seismic capacity of the RCC building would be overestimated without taking into account the
mainshock—aftershock effects. It is also found that the seismic capacity of the RCC building decreases with the increase of the relative
intensity of aftershock ground motions to mainshock ground motions. In addition, the effects of artificial mainshock-aftershock ground motions
generated from the repeated and randomized approaches and the polarity of the aftershock with respect to the mainshock on the evaluation
of the RCC are also researched, respectively.
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A method to improve cutset probability calculation in probabilistic safety assessment of nuclear power plants
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EPRI report [32] introduces many successful events in the seismic PSA cutsets.
This results in drastically overestimated top event probability.

In order to overcome this problem, the author developed ACUBE software.

ACUBE calculation can be determined according to the cutset structure (Section 4).
ACUBE calculation removes unnecessary conservatism in the top event probability.

Reliability
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Eniltr::g;]gce&t‘ A simulation—informed method for Common Cause Failure (CCF) Analysis is developed.
v Y Simulation—Informed Probabilistic Methodology for Common Cause Failure Analysis Physical failure mechanisms are explicitly incorporated by simulation models.
Volume 185, . . L . - .
Simulation—based CCF data is integrated with existing CCF data by Bayesian method.
May 2019, Pages . . . . . .
84-99 Probabilistic Validation characterizes and propagates epistemic uncertainty.
=5 4 EE 1A
TILFNYF—RYRGOT ) —ay
Safety Science The importance of communicating the level of trustworthiness for DM is demonstrated.
Volume 121, A new framework for multi-hazards risk ageregation A framework is developed to assess the level of trustworthiness of PRA models.
January 2020, seres DST-AHP method is used to implement the developed framework.
Pages 283-302 The weighted posterior method is used to consider the trustworthiness in MHRA.
An application to a case study is provided to show the feasibility of the framework.
) t—IT1EEF T AREDYRYEFHE
Combined Safety and Security Risk Evaluation Considering Safety and Security-Type Initiating Events Thlslresearch thesis cont‘alns thr‘ee major ana.|y5|s sgctlons that prowdels security, safety, and comblnefi safelty-securlty risk analysis that
studied and analyzed possible accident scenarios. This research starts with the security pathway analysis, which eventually calculated the
TILFNHF—FK initiating event frequency of a successful adversary attack and estimated the security risk value.
http://dx.doiorg 2 EHEERBROIY KLY
/103327 /taesj After the severe accident at the Fukushima—Daiichi nuclear power station, the regulation of nuclear plant safety in Japan was upgraded, and
J16.013:10 continuous effort to enhance risk management in the medium and long term is required. Seismic risk is important in Japan, and one of the
refs. 6 figs. 6 major issues of current probabilistic risk assessment (PRA) methodology is the enhancement of seismic PRA including the evaluation of
tabs. This Proposal of evaluation methodology of multiple=failure—initiating events for seismic PRA initiating events induced by simultaneous multiple failures of components and of subsequent accident sequences. The Nuclear Regulation
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Application of [RFHFEFOME |PSAM 13 Fire PSA for nuclear power plants (NPP) are performed in order to assess the contribution of fire events to the overall risk of the facility and |OECD FIREF—4AR—X OFERmAVfAR
Generic Event Trees |ZimMAEICTT |(2016) to identify possible weaknesses within the fire protection concept. The fire event sequence can be generally characterized as a continuous & ERENSORIFOERNIREINTV
Derived from the 30ECDNKT—4 stochastic process depending on manifold random influences. The so-called event tree analysis method is applied for determining the Bo
OECD Fire Database |X—-ZMMEMNz |GRS (RMY) [conditional probability of fire induced failures. An event tree is a simplified and discretized form of the stochastic fire process.
for Probabilistic —RREIIRA R BY ERONKBRE, IBESNTEZNAA
Investigations of 1)—-iE Fire behavior and development of an incipient fire at a given fire source are analyzed with respect to fire detection, alarm and suppression RO NY=-D—T> A CEIDHTEZIEN

Nuclear Power Plants

considering plant layout, combustibles and structural conditions inside the NPP buildings. Fire occurrence frequency as well as branch point
probabilities of the event trees have to be determined for quantifying the fire induced damage probabilities. For this purpose, a suitable
database is needed.

Databases are efficient tools to collect and process events such as fires in a traceable manner. In the early 2000s the international database
OECD FIRE (Fire Incidents Records Exchange) was developed aiming on recording operating experience from nuclear power plants with
respect to fire events in a consistent and quality assured manner. Meanwhile this database covers more than 450 event records from twelve
OECD NEA (Nuclear Energy Agency) member countries involved in the FIRE Project.

In this paper, the most recent results from probabilistic analyses and applications of the OECD FIRE Database are presented. In-depth
investigations of fire events recorded are e.g. used for deterministic as well as probabilistic assessment of fire protection means within the
general concept of nuclear safety. In particular, it is demonstrated that any real fire event can be assigned to a sequence in each of the
specified generic event trees.

For this purpose, three types of generic event trees have been developed characterizing the fire behavior and development over time (FET-
T), the sequence of fire detection and alarm (FET-D) and the time dependent development of fires with respect to the different fire
suppression measures including manual fire fighting (FET-S). The results of the corresponding analyses of these three new and complex
characteristics (attributes) of fire events are presented and discussed in more detail.
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OECD Fire Database

notable.

In total 49 event combinations have been identified in the FIRE Database up to the end of 2015, the vast majority of them representing
combinations of initial internal hazards, such as high energy arcing faults (HEAF), explosions or missiles, and consequential fires.
Approximately 1 % of the entire events collected in the FIRE Database are fires resulting from external hazards. Approximately one quarter
(12 events) of the above mentioned 49 event combinations recorded are fires and consequential events: seven of these initial fires resulted
e.g. in an internal flooding as a consequential event.The number of records of fire event combinations with more than one consequential
event, of which at least one represents a fire, is seven representing 15 % of all event combinations identified in the database. This number is
non-negligible and also indicates potential domino effects which may impair nuclear safety.

One general conclusion from this study is that event combinations fires and other events (hazards) and their potential consequences to
plant safety need to be more systematically analyzed and considered in probabilistic risk assessment (PRA). They have also to be adequately
addressed in the plant design. This underpins similar lessons learned from post-Fukushima investigations.

Combinations of a majority of internal and external hazards not exceeding the design basis have already been accounted for in the plant fire
safety concepts and are also addressed in the regulations of several countries. However, some consequences of fires, in particular flooding
from extinguishing activities, need more systematic consideration. Moreover, the consequences of event combinations involving HEAF and
fire need further in-depth investigation. This may result in plant modifications in the future including improved procedures.

EpvE Hs/EEE FIZANSIN S ELEANE
Consideration of NKPRAICHIID  |PSAM 13 The international database OECD FIRE on fire incidents in nuclear power plants (NPP) has been recently investigated regarding the OECDZHNEICHIFD N K EADDIBSR
Event Combinations |N$&Z0MDE  |(2016) operating experience in the participating member countries with respect to event combinations of fires and other events. Causally related (\Y=R) ofEHFEDEI(CET2ER
of FIRES and Other |ROEEEIRET- events, either fires and consequential events or initiating events and consequential fires, have been observed as well as combinations of fires |#RER(CREL TRIAABINLEEFHHE
Events in FIRE PRA - |OECDX7—4 |BfE (R{Y) |and other events having occurred independently of each other at the same time.The fact that the amount of such event combinations is BFION KEICBET DEBRT AN~
Insights from the R=ZNSDRR more than 10 % of the entire 448 event records in the database, of which the majority are fire events without safety significance, is AOECD FIRENSOAIRAEC#EHINTL
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Data Collection in NKPSATOT—4 [PSAM 13 IRSN (as French Nuclear Safety Authority TSO) develops level 1 Fire probabilistic safety assessments (FPSAs) in order to consolidate its own |J5>XDREFHFEEPITHRALINK
Fire PSA e (2016) independent opinion on the assumptions and results of the Fire PSA that are conducted by EDF which is the Licensee of French NPPs. IRSN |SB#0fi#tfe . FFERalBSENYRMET S
Fire PSAs are extensions of the IRSN in-house developed NPP Level 1 PSAs for internal events. RET B L NBER BIRE 5T S DI,
IRSN (I3~ WMEBRT—INIRSNICL > TEDLSITUR
A) The FPSAs developed by IRSN focuses on few compartments which contains important safety components. But for each compartment 2N NKPSADIHEH TEDLSIfE

selected a detailed study is done. Thereby, IRSN needs a large amount of data, mainly for the fire scenarios modeling and for conducting
fire simulations as a support of PSA.

The objective of this article is to present how the necessary data are collected by IRSN and how they are used in the frame of FPSA. Data
are collected by the analysis of the fire incidents occurred in French NPP and by walkdown on the studied NPP to complement the design
and operational information provided by the Licensee.

The collected data are then stored by IRSN in databases. One of them contains all the fires occurred in French NPP since the
commissioning. The information collected to establish the Database covers the period from April 21, 1975 to December 31, 2014. It
represents more than 900 fire events for more than 1600 reactor.years. Another Database contains the description of the compartments
studied in the Fire PSA with their detailed description (geometry, size, openings, equipment, cables and automatic system of detection and
extinction inside), their adjacent compartments and what they contains in terms of equipment and cables. The data collected concern also
flowrate and pressure measurement in ventilation conduct and at fire doors to take the ventilation system into account in fire simulation.

These data are important to quantify the frequency of fire scenario. Data are used to develop statistical parameters like fire frequency of
equipment, failure rate of fire protection systems (e.g. fire dampers), human actions and intervention delays of different teams to extinguish
fire (e.g. operating team, firefighting team, etc.) or to define fire scenario. Data are also used as input of the IRSN SYLVIA code (a two-zone
fire model) which is employed to simulate the fire effects in the frame of IRSN fire PSA. The objective of fire simulation is to estimate the
consequences of fire in terms of failure of equipment and cables.
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The international fire incidents database OECD FIRE (Fire Incidents Records Exchange) is one of the four nuclear power plants (NPP)
operational events databases currently operated under the umbrella of the OECD Nuclear Energy Agency (NEA). This database collecting
detailed information from fire events at nuclear power plants from meanwhile thirteen NEA member countries is already in its fifth phase
and mature enough for first applications in fire probabilistic risk assessment.

The most recent version of this database covers already more than 450 well documented fire events during all operational phases of the
entire plant life cycle from construction up to the longer term safe shutdown before decommissioning. The number of recorded events
increases continuously within each annual update. A suitable database structure enables the analyst to make search queries for different
aspects and investigations of even more complex fire scenarios. Various analyses can be systematically performed in an automated manner,
from generating different samples up to a more or less complete statistical analysis.

The paper presents a brief overview of the manifold application possibilities of the OECD FIRE Database for supporting nuclear power plant
operators as well as regulators in assessing fire safety issues, in particular in the frame of probabilistic safety assessment (PSA). Each
application presented is illustrated by examples. One important objective of the data collection is to generate generic compartment specific
as well as component related fire occurrence frequencies for different reactor types and plant operational states.

Other applications with significance for regulatory assessments are in-depth investigations of transformer fires and event combinations of
fires and other events. From PSA viewpoint, control room habitability as well as risk significant contributions in PSA for fires has to be
analyzed. For the latter, available Fire PSA have to be analyzed compartment or component specifically to identify significant elements in
PSA and to find out if there is consistency with and within the OECD FIRE Database.

Moreover, the FIRE Database Project shall support providing analytical tools for performing Fire PSA by using different fire simulation codes
to establish the differences between the outputs of the codes using the data within the FIRE Database. Last but not least one objective of the
next Project Phase is to collect new or sort out from existing fire records of already collected and known fire events, those ones that have
some multi-unit/area effects.

This activity may provide some support for Site Level PSA (representing an ongoing task of the OECD working group on risk assessment
(WGRISK). In the future, efforts will be started to publish insight reports, which evaluate causes of fires in the Database content. The
reports will be available to designers of nuclear plant fire detection and extinguishing systems and layout. It is expected that this could
support activities for preventing fires and their combinations with other anticipated events.
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Explicit Modeling of  |#@EIXEfFATICS |PSAM 13 A Fire PRA plant response model is to be capable of identifying significant contributors to CDF and LERF, including plant initiating events, BEHXBONKSFIAOETIUL(GE
Fire Barriers in Multi- | (¥3B5XEEDBAR |(2016) accident sequences, and equipment unavailabilities. Multi-compartment fire scenarios consist of a fire initiating event and fire damage 2. Bt ETIENRXESTUADEEN
Compartment HETIUE occurring in one physical analysis unit (PAU), followed by propagation of the effects of the fire to one or more additional PAUs due to the E2{bEN. BEBENS 0T SEIAR
Analysis Enercon (K [failure or unavailability of credited fire barriers. FITHRZSNRV, S5(C, REEDEEE
E3)} ZRHEICETE I 3L TERL,
Based on Fire PRA peer review observations, multi-compartment fire scenario modeling typically quantifies the frequencies of multi-
compartment scenario in side calculations, and the contribution from barrier failures is not explicitly captured. This results in both the COfth. RS FIAL B NEEDE 5 D)
admission of non-minimal cutsets to the final results, and difficulty in determining the risk significance of individual fire scenarios. In AIEEE R BEIBRNTET 2LHIERT
addition, importance measures of the barriers cannot be easily calculated. E. U TBIFON S PRADIEHI X iEIfR
HT—RRIRIERIIY MY MEEAT
The objective of this paper is to demonstrate an easy-to-apply methodology to explicitly model barrier failure events resulting in Fire PRA VVRLVN SEPRATY Moy NCE B fE RIS
cutsets that can be used to directly identify the risk importance measures of both fire scenarios and fire barriers for use in applications, and |#B8%BRMICETIUET ZI2HOEH R
that do not contain the non-minimal cutsets typical in existing Fire PRA multi-compartment analyses. FEERHLTS.
Fire Modeling of NKEPSADEEIX [PSAM 13 The preliminary construction of the Hanul Unit 3 fire PSA model was performed with the fire modeling of only three fire areas. 3DON KX EEETIAEL THEEZNTZ
Switchgear Room for | BIA S UA(CE] | (2016) Quantification results of the Hanul Unit 3 fire PSA model showed that the multi-compartment fire scenario of the switchgear (SWGR) room |Hanul 35#0X $PSATTIUIDEE
Multi-compartment |3 2BIEAZRZEDN was one of significant contributors to the core damage frequency (CDF). In this study, fire modeling of a multi-compartment scenario of ;LU TW3,
Fire Scenario in Fire |$$EFIUL KAERI(328[E) [SWGR room A was performed by Consolidated Fire Growth and Smoke Transport (CFAST) to identify the possibility of fire propagation from

PSA

SWGR room A to B. Hanul Unit 3 has two SWGR rooms A and B for redundancy.

The severe fire scenarios assumed were HEAF (high energy arching fault) induced cabinet fires: (1) the simultaneous fires of non-class 1E
4.16kV and class 1E 4.16kV cabinets, and (2) a 480V load center cabinet fire. Since the non-segregated phase bus (NSPB) is connected to
the non-class 1E 4.16kV and class 1E 4.16kV cabinets, it was assumed that simultaneous fires might occur. The vertical cables are
connected to 480V MCC and 480V AC load center cabinets. Thus, they can be ignited when any 480V cabinet fire occurs. The horizontal
cables located near the vertical cables will be also ignited when the flame of the vertical cable fire reaches their heights. Fire simulation
results showed that the peak hot gas layer (HGL) temperature of SWGR room A is 73.1 °C and 120 °C, and that of SWGR room B is
between 21.3C and 35C.

From the fire simulation results, we can determine that a fire of SWGR room A or B does not affect the integrities of the cables and
components in adjacent fire areas. Thus, multi-compartment fire scenarios of SWGR rooms A and B were not considered for the Hanul
Unit 3 fire PSA model.

SWGREADEEXE S FUADNKE
TIUEF. SWGREANSBADN KGR
DOEJEEM BT DI, NEGERE
JERREOHS (CFAST) ([CEOTHEE
Enrz.
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IDENTIFICATION |OECDN¢5—% |PSAM 13 Precursor analysis is widely used in the nuclear industry to judge the significance of events to safety. However, in case of events that may  |BiJkEEMf(d. BRI T IBROEE
OF FIRE MODELING |R=ZM03EES |(2016) damage equipment through effects which are not ordinary functional dependencies, the analysis may not always fully appreciate the 4% HIRTI B IZDILAEREIN TS,
ISSUES BASED ON | DfAfICEDLEN potential for further evolution of the event. For fires, which are one class of such events, the paper discusses modelling challenges that need | XE(CREL T, R RAIRIIR AR Z R
AN ANALYSIS OF KETIUEORERED|ENSI (R4 to be overcome when performing a probabilistic precursor analysis. The events to exercise the approach on are selected from the OECD T93LE(CTRRI ZDENGZETIUL
REAL EVENTS FROM [4F7%E A) FIRE Database. DFRRE(OVTEEEHL TLD,

THE OECD FIRE
DATABASE

EWD#EFNB3ER(E, OECD FIRET—4
N=ZN5EREN D,
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Impacts of Emissions | AO/\F7DEEA |PSAM 13 The present article deals with a quantitate methodology to determine the impacts of fires which can occur in different types of buildings on  |SUFKZF0OTOSTI N —AICL>THFE
on the NKICHBIFBIRIEBEA[(2016) the environment developed by project team from University of Zilina in Zilina. The main outcome is stating hazardousness of different kind |z, < RIEFEOZY) TRET 30]
Envinronment within | DHERORZE of buildings for environment in case of fire occurrence and risk matrix which can be used in risk assessment process for impact analysis. BEMEDHD N K DERIBADR &% kT
Fires in Buildings JJFK (RO/N | There were experts not only from the university environment (project team) involved, but also from practice contributing to the compilation | 27z8DE 2L 75EICDVTEEEL TL
Occurrence in +7) of a structured and systematic approach. B
Slovakia
FRFERE NEFERFOER 2 RIESR
DY OERIRIC S DfEMRIEE . 22T
HOTHOURVFHTE SO LR TEMATES
YRR NI % RL TS,
Insight from Low NUREG CR- PSAM 13 Low power and shutdown (LPSD) fire Probabilistic Risk Assessment(PRA) for construction plant was performed based on NUREG/CR-7114 [NUREG CR-7114(CE &SR0T
Power Shutdown Fire|7114(CED<2:% | (2016) and NUREG/CR-6850. The current framework for LPSD fire PRA doesn't provide sufficiently enough or detailed information for treating the| 5> NYEH F{Z LA SEPRANS DA
PRA for Plant Under [Fa75> bt plant status change led by maintenance activities on operating plants as well as plants under construction. There are also many limitations | R#5E#HU TL\%.
Construction Based | 7MELEEFASKPRA|KEPCO (58 in directly using the methodology which leads many kinds of conservative assumptions in performing LPSD Fire PRA.
on NUREG CR-7114 |hs0A1R E3)} BREESZT A A TFOREEND

According to the experience gained through LPSD fire PRA, power supply-related systems such as Unit Aux Transformer (UAT) and Station
Aux Transformer (SAT) can be vulnerable depending on a specific Plant Operating Stat (POS) due to the relevant maintenance activities. In
addition, unlike at-power operation,charging pump-related operation can be critical from Core Damage Frequency (CDF) and Large Release
Frequency (LRF) perspectives because most Reactor Cooling System (RCS) cooling operation is being achieved through Chemical and
Volume Control System (CVCS).

28 FFEDT S NBERIRAE (POS)
(CEo TIHARIBICR B ETRE N DD, &5
(2. ZKORCSOBAIRIEILCVCSICED
TEREN TR0, KB FER
N, FETARY TEHEDEEHCDFS LU
LRFOBRNSEE THhrd.
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Insights from CANDUAEURY [PSAM 13 This technical paper presents the insights gained from the previous CANDU 6 plant fire risk assessments and the fire PSA walkdown of a O BRFIFERET OB NICEIT S
CANDU Fire Risk FHEOFRERNSD  [(2016) CANDU 6 plant to support the fire protection considerations of new builds, advanced reactor design, as well as fire PSA projects for other ERBEIE. BLUhOBE TR OCANDU
Assessment R operating CANDU 6 plants. It also discusses the applicable codes and standards, industrial practice and CANDU operating experience. 675> NONSEPSATO D1 M Bik—
Experience FERETHT 93l LEIOCANDU 675> N
- (@) The objective of this paper is to bring insights gained from the previous CANDU 6 plant fire risk assessments and the fire PSA walkdown of a [N URTEHEINSESNIEAIRE
CANDU 6 plant into the fire protection considerations of new builds, thus supplementing the design assist role of the deterministic fire hazard| CANDU 675> MO SEPSATA—H4
assessment. It also discusses the fire protection philosophy, requirements and industrial practice, as well as insights applicable to the fire PSA |7>%RUTWLS,
modeling and approach for other operating CANDU plants.
Fle. ZEH ISR, EEROE
1T. BLUCANDU DBERARERICDOVTH
SEEHL TS, .
Modeling Main NKEPSADNKIC [PSAM 13 In fire probabilistic risk assessments, the human reliability analysis (HRA) of main control room abandonment due to fire induced loss of NS L B HIEIDFEIR(C L B R FIFEHIZE
Control Room L BHIHEERICED[(2016) control hinges in great part on the timing performance shaping factor, i.e., the evaluation of the time required vs. time available to perform |[REOARMEFE SR (HRA) (L&
Abandonment Due | FRolIfHIZ=IRERD human actions. ImERINSEOEERAIEZ ZHIL
to Fire-induced Loss [EFJUE Jensen W8,
of Control in Fire PSA Hughes (K [The present paper summarizes key aspects of a method that was recently applied for such an HRA performed on a boiling water reactor.
=) That evaluation involved 1) defining abandonment criteria for loss of control, and 2) characterizing the multiple timing parameters using an | Z0FHEIC(E, 1) HIFHEERCTT 2B

approach where the state of knowledge about each parameter was structured to permit a robust evaluation of the most uncertain
parameter.

This structured method was intended to improve transparency and traceability, which in turn helped ensure the robustness of the results
and confidence that the abandonment risk was adequately represented.

BEEDBRIE(L, 2) &/(SA-HICBET
BHRNREREESER/ SA—H D%
BIHECT BB N F A2 £
UTAEE A1 ) (BT B)\5A—5D
HEEHENEENS.
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Statistical [RFHFEFET |PSAM 13 Since the publication of NUREG/CR-6850 / EPRI 1011989 in 2005, the US nuclear industry has sought to re-evaluate the default peak BREBENENSORAREE (HRR)

Characterization of |OEBZEENKNS |(2016) heat release rates (HRRs) for electrical enclosure fires typically used as fire modeling inputs to support fire probabilistic risk assessments ZHETE I DBERFERICOVTEEEHL T

Heat Release Rates | DREAZEDHETH (PRAs), considering them too conservative. A major effort by the Electric Power Research Institute and Science Applications International (A

from Electrical Hr ST US.NRC (K [Corporation in 2012 was not endorsed by the US Nuclear Regulatory Commission (NRC) for use in risk-informed, regulatory applications.

Enclosure Fires for =) NUREG/CR-6850DFATLARE. N

Nuclear Power Plant Subsequently the NRC, in conjunction with the National Institute of Standards and Technology, conducted a series of tests for EFIUEA > TyNEL T, HEDICHIRSTH

Application representative nuclear power plant electrical enclosure fires designed to definitively establish more realistic peak HRRs for these often THdEEZSN TR ESES N K ORAK
important contributors to fire risk. HRROBFHEINRSHSN Tz, KDIRE

B2 ER AHRRZFEIL T B1zsblc, AZREY

The results from these tests are statistically analyzed to develop two probabilistic distributions for peak HRR per unit mass of fuel that refine |RESEEONKEDT I MEMEEN. TR
the values from NUREG/CR-6850, thereby providing a fairly simple means by which to estimate peak HRRs from electrical enclosure fires | M&&R(E. &R AHRRD2 DDIER 3%
for fire modeling in support of fire PRA. Simulations using variable fuel loadings are performed to demonstrate how the results from this BIFE T BIe8blC, FRETHVICARMTEN Iz,
analysis may be used for nuclear power plant applications.

ADVANCED NHEPRAZHR— N | ANS_PSA In this paper, blended approaches are presented for model development and circuit analysis of digital control systems for Fire PRA. NEPRATOT SHIVHIFEIS 2T LDE]RE

TECHNIQUES FOR | 937 >4L#l4> |2017 FRATEET IV LD DHES (BT DA

MODELING FIRE- AT LDNKICED As with analog control circuits, a “one-size fits all” approach for digital control circuits is not appropriate. Digital circuits can be functionally | R#ZiR#I2HIC. NKEPRADTZHIL

INDUCED CIRCUIT |[EIB#EEETIUL |Jensen categorized, which allows a customized and more representative strategy to be applied to the circuit analysis of each category. This IS 2T AOET)VBIFE OIS AR E

FAILURES OF OrHOIERAT [Hughes (X |approach focuses on establishing different circuit analysis boundaries best suited for each of the different functional categories, which in RS UERDAEATOWVWTEREL TLV3.

DIGITAL CONTROL E3)} turn results in more optimal and realistic model developmentin support of Fire PRA.

SYSTEMS IN
SUPPORT OF FIRE
PROBABILISTIC
RISK
ASSESSMENTS

These analysis methods can be used as tools to reveal potential vulnerabilities in nuclear power plant digital circuit designs for internal and
external hazards, reduce biases and undesired conservatism, provide more realistic failures and effects, improve consistency, minimize
unproductive analysis time, and control project cost.

The purpose of this paper is to highlight issues and provide insights on advancing the techniques of circuit analysis and modeling of digital
control systems in a Fire PRA (Probabilistic Risk Assessment).

FSHEBRIIHEBERIC D HET BTENT
F NRIYA TSN EDREN R 5R%E
EHh7FI)-OEEMBTSERTES.
o7 TO0—F(¢. BRZHEEHTIUOZN
TNCRELRRLBEIEARATDND S

NSEPRAZ SRS B LD IRIE TIREH
RETIVFIFENETREICR D,
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DEVELOPMENT OF |F—=JLXSENSOM [ANS_PSA Fire Probabilistic Risk Assessments (PRAs) require the analysis of fire hazards in the presence of exposed structural steel to determine NEPRATIE. YIS ERESMNE
COMPUTER EHABHEREIOE (2017 whether the structural integrity of buildings is compromised. Specifically, the combined ASME/ANS PRA Standard requires the quantitative |[BHNTLBHESHEHIKTT BT6(C. 18
PROGRAM TO FIUEDRHOI> assessment of the risk associated with such selected fire scenarios in @ manner consistent with the Fire Quantification (FQ) requirements, IEFNEHR U IHRRE TN S \H— R
MODEL ¥1—45-7J04934 [Jensen including collapse of the exposed structural steel. RATHEREND . MAREARNKET
CYLINDRICAL DBIFE Hughes (K WRE, IR ARIRRR IS AT,
INCIDENT =) The current available simplistic methods, such as the point-source and solid flame models, may not account for near-field radiation effects. |iTiZEUIIREIR E%ERTERVGEN
DISCRETE The Fire Dynamics Simulator (FDS)software can certainly be utilized to model such scenarios in detail, but involve expertise in creating 5%

EMISSIVE such simulations that can be labor intensive.
RADIATION RALIKZT VN SEDSBENTAZPRTHY
(CINDER) FROM The purpose of this paper is to provide the analyst a tool to model such scenarios using existing correlations and fundamental concepts to SEMREEZ IR RMBIOREZHE
POOL FIRES provide a more realistic analysis without requiring modeling details that would be required for such general purpose software codes. Because |EL. NS FHIADRERNDOZNERIRE
of this, the Cylindrical Incident Discrete Emissive Radiation(CINDER) computer code was developed to address this particular need, in that |7)Utdfzsh, CINDEREMEENZ T
the ability to analyze structural capability in the presence of oil pool fires can be more easily analyzed without requiring the modeling details | 1—%—1—RhBaFENTZ,
and expertise that would be required given the absence of such a method. The CINDER software program was designed to calculate the
temperatures of exposed structural steel that would be experienced given a wide range of oil pool fires and target geometry in an interactive |CINDERI(Z. Clindrical Incident
format with limited knowledge of fire modeling details. Discrete Emissive Radiationz#& 9
SEFEETONAYINI I7I-RCERE
This paper introduces the concept of creating a computer code called CINDER, which is an acronym that represents Cylindrical Incident N3ETIULEMZLEL RS, LDIR
Discrete Emissive Radiation. CINDER estimates the temperature of target materials subjected to radiant heat transfer at a distance from a | SEMRERFZIRILT 2120, BEFFDHE
hydrocarbon pool fire, and was designed for quick and efficient modeling of such fire scenarios. BARSRE EAML S ZERAL TETIULT
2Y—)T. CO1— &Rk I L2058
THTOVTEEEL T3,
Development of Fire |BADRFIFEE [ANS_PSA Internal fires within a nuclear power plant (NPP) can be a significant risk contributor. Fire PRA is a useful tool to identify vulnerabilities of NUREG/CR-68508& Ui DFAFE
PRA Guide for PREIFDONSEPRA (2017 NPPs for internal fires. In order to assist utilities in Japan in conducting fire PRAs, Nuclear Risk Research Center (NRRC), in cooperation with [FAZE#ERICEDVT. BAROSS> NIE
Japanese NPPs 11 ROBIF Japanese reactor vendors and experts from the U.S. with fire PRA experience, has embarked on the development of a fire PRA guide. BORET LR B AR fHAHA
NRRC (H AEBROFEFHFEEFREIFOA L
x) The fire PRA guide is intended to provide Japanese nuclear industry a state-of-the-art method and supporting data. The guide is based on PRA A ROBAFE(CDOWTEEEKL TLVD,

NUREG/CR-6850 (Ref.1) and recent developments and research results. Furthermore, the guide incorporates design features and
operating experiences specific to Japanese NPPs.
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Emulation-Based NKEHFSZ1L— [ANS_PSA Emulation, also known as meta or surrogate modeling, provides a feasible approach for conducting quantitative uncertainty analyses where |/X$¢FH)ADCFD 1L -3 FODIE
Uncertainty 23 0MIZ1L—33(2017 computationally intensive modeling codes have been applied. HERIZIL -2 B L MREET 2180

Quantification of a

IR=ADFETE .

DOFEADERDHAHCDWVTELHL TLVS,

Fire Dynamics [oha==d WEC (CKE) |This paper documents initial efforts to generate and validate accurate emulators for simulation of fire scenarios.

Simulation RE|IRSIZIL—23>(F AFENTW
Representative simulations were conducted using the publicly available Fire Dynamics Simulator, the emulator development was performed |2 XN F 1L —5%ERLTITH
with the Smart UQ software,and the uncertainty quantification was performed in MATLAB (note that this paper is not an endorsement of n. Izab—49-0mFEEFSmart UQYJ
any particular software or product). NIIPTEITEIN, AEEEOER1L(E

MATLABTEITENZ,
The initial design of experiments is discussed as well as some of the theory and trade offs of the different emulation techniques that were
tested. The resulting emulators were evaluated for accuracy and their utility in probabilistic risk assessment demonstrated.

HAZARD CURVE ZESEBRES AT [ANS_PSA This study evaluates a hazard curve of smoke effects generated by a forest fire by applying a new method using a logic tree which consists |FRMNSE (N SEFAEIFREEZ DIBPTR

EVALUATION FOR | LADFFMMNKDIE (2017 of variable parameters on a forest fire (e.g. fire breakout time and its location), weather conditions (e.g. prevailing wind velocity), types of  [&) . &RREZMHF (RRRE) | HEEL

FOREST FIRE [C&BFZEICEHTD vegetation and topography (e.g. yield of particle matters and a land elevation map), and simulation conditions (e.g. a model of smoke FEORERE (R FHEOE T TR

SMOKE EFFECTS J\U—Ren#REsTi  |JAEA (BHA) |captured on air filters). A response surface of the smoke spatial density at a nuclear power plant is evaluated using two simulation codes: BEYYIRE) | BLUTTIL -3V

ON AIR-COOLING
DECAY HEAT
REMOVAL SYSTEMS

FARSITE for forest fire propagation and ALOFT-FT for smoke transportation.

It is followed by a Monte Carlo simulation on a certain set of parameters for the logic tree followed by obtaining a corresponding result of the
amount of the smoke by the response surface, and finally the histogram of all the Monte Carlo sample results gives the hazard curve
representing the annual exceedance frequency of the total amount of the smoke captured on air filters of the decay heat removal system.
The evaluated hazard curve, normalized per air filter area (1 m2) and per intake air velocity (1 m/s), is about 1x10-1 per year for 1
kg/m2/(m/s) and about 1x10-2 per year for 3.5 kg/m2/(m/s).

(I7I1V—THRENTIEDET IV
&) ([CRT 282 BINSA-FTHBRZEN
3By -2 ERU I FETERY
BIEICED BRRANKCIOTHAET D
JEDRZE D)\ — REFHROFHIECOWTET
#HLUTLS,

FNOLSHERF (SFR)ODBEATE
RICLOTEENT SHARABRE S ZT LD
BRI CERSNIZIT7 I4V5—(1C
EReHTT AR OEDRZE(CE
U T &SNS Ml A OV T E
ICEREAT B,
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This paper mainly describes a newly improved assessment methodology for smoke effects of a forest fire, focusing on the air filters equipped
in the air coolers of the decay heat removal system operated by natural circulation in an sodium-cooled fast reactor (SFR) ; it can also be
applied to other equipment such as air cooling emergency diesel generator.

This paper provides 1) a logic tree to obtain a hazard curve of the smoke effects, 2) an analysis of a smoke behavior generated by a front
area of a forest fire and smoke spatial density around an NPP, 3) response surface of the total amount of smoke captured on the air filters
according to forest fire conditions, and 4) a result of a Monte Carlo simulation to obtain the hazard curve of the total amount of smoke
captured at the air filters. The key output in the hazard assessment is an annual exceedance frequency of the hazard intensity, namely, the
total amount of smoke captured on air filters.

As for the analysis on a smoke behavior, a previously developed method, Ref. 12, is applied to obtain the response surface, where smoke
production and its transportation behavior in accordance with the forest fire propagation have been numerically simulated. The forest fire
propagation simulations, Ref.13, utilize FARSITE code, Ref.14, to evaluate temporal propagation of a forest fire frontal location, the changes
of the reaction intensity and the fire line intensity, and ALOFT-FT code, Ref.15, to simulate the smoke transportation for the evaluation of
spatial distribution of the density of smoke, specifically particle matter (PM).

The time-dependent changes of the spatial PM density evaluated in the simulation are then applied to calculate a cumulative amount of PM
captured on the air filters, which are finally utilized to obtain the response surface of a cumulative amount of smoke on the air filters.
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HUMAN NKEPRAICHIFD  |ANS_PSA NUREG-2180, Determining the Effectiveness, Limitations, and Operator Response for Very Early Warning Fire Detector Systems in Nuclear |IRIEDARBMSFEMERMT (HRA) FkE
RELIABILITY FIEADN SAREND 2017 Facilities - Final Report, provides information on the performance and use of "very early warning fire detector systems" (VEWFDS) and the |E&{tAEMEHIITRLHRA/PRAT
ANALYSIS FOR feshD A FEREME associated fire human reliability analysis (HRA) and probabilistic risk assessment (PRA) quantification, for electrical cabinet installations. TT =23V CEDESERTEZMC.
IMPLEMENTATION  |f##fF US.NRC (K [This report documents the results of confirmatory research for an earlier, interim NRC staff position on the use and PRA quantification of  |4F(CEREZHTT. NUREG-2180TiR
OF INCIPIENT FIRE E3)} these systems. HENBZHRAOEZE R AIEZETL TL
DETECTORS IN 3
FIRE PRAS The fire risk reduction approach used in NUREG-2180 credits any additional time provided by VEWFDS toward an earlier time for fire
suppression initiation. The HRA approach for this research addressed a number of novel aspects for HRA/PRAs, including: NUREG-2180DN YR MK T S
all operator actions taken without a reactor trip O—F(&. BEANSHRAEIR ST AIC
actions of licensed operators in the main control room, as well as that of field operators and instrument and control technicians SO TEHEENELRZ0% . TH AR
no standard requirements for job aids (e.g., procedures) supporting operator actions BOTZHDBFREICFE TS . COFFTDHRA
time available for operator actions represented by a probability distribution, rather than a single point estimate 770-F(&. A TFEEOHRA/PRADS
<OFRLWMRIE (ST 12,
This paper summarizes key aspects of the HRA provided in NUREG-2180, especially focusing on how current HRA approaches and FEFFENYTRUTRITINZIATD
quantification methods can be used for this non-traditional HRA/PRA application. B EIRIE
RRFIHZETOREROELSIE
1B, BLUIRIGESR S L 5Tl
BORE
B B IRER YIR— NI DB
(Flare) (CRIT AZHEMERRL
H—ORHEEMETERL, EEDIMT
RENZEI R BIRVEIfER TE 25/
IMPACT OF NEW NEEPRADFTULY [ANS_PSA Recently, three new NUREG's have been issued which impact the fire modeling and results of Fire PRA. NUREG 2169 updated ignition R, NSPRADETIULESERICEE
NUREGS ON FIRE |NUREGOFZ |2017 frequencies, bins, and non-suppression probabilities. NUREG 2178 updated heat release rates for electrical cabinets. NUREG 2180 25 22U T D3 D0FTULINUREGHSFE
PRAS addresses updates to area wide incipient detection. 17&N. ENUREGHHLVBNIESICRAT
EPM CKE) PMNIERERMERICEI T Bk DT

These NUREGs were implemented in the recent update to Harris and Robinson Nuclear Plant Fire PRA models with clear trends and deltas
from the values from NUREG 6850 . The purpose of this paper is to discuss larger trends noticed when each NUREG was implemented.
Finally,some of the fire modeling changes that were required to implement the NUREG's will be briefly covered with conclusions about their
impact to the model.

LTS,

-NUREG-2169 : HMEE, X5, &
JUIEH NFEZRDERR
*NUREG-2178 : EXVEOREZED
BEr

-NUREG-2180 : TU7£A0OHHAR
HIDER
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Insights Gained from [ N S¢PRADFEASHE | ANS_PSA Fire Probabilistic Risk Assessments (FPRAs) continue to generate results that dominate the overall nuclear power plant risk profile. Historically | X $¢PRADFENESEE CEDUAINDE S
a Review of Fire PRA [EX9ZEMURY (2017 there have been many discussions, presentations, and reasons that have all generally made claims that the available consensus methods are | DL E1—N5E5NARICOVTEREHL
Risk Contribution by |[AOFS5OLE1— generating unrealistic results. In 2013, an effort to illustrate this was presented using a plot of the percentage of plant fire risk contribution [T\,
Ignition Frequency |M5E5NIAIR  |Jensen for each ignition frequency bin. A comparison of fire event frequency predicted by the FPRA models and actual fire events also indicated that
Bins Hughes (K |the analyses over-predicted the frequency of fire events with significant potential consequences. That insight led to industry efforts and NRC
E3)} tests that ultimately resulted in NUREG 2178 (and EPRI3002005578) [1].

This NUREG modified the consensus values for electrical cabinet heat release rates and introduced the obstructed plume. Various other

methodology and data changes have also occurred since 2013. These changes in FPRA data and treatments were predicted to have a

notable impact on the calculated fire risk. An effort was undertaken to collect updated (current) fire risk metrics from the US nuclear power

industry to re-assess the risk contribution, per ignition source, in light of developments in FPRA methodology and the larger number of

available FPRAs for review. The predicted frequency of high risk consequence fires is compared to NRC data regarding the actual number of

high risk fire events experienced to determine if theFPRA results are consistent with actual operational occurrences.
IS FIRE MODELING [ANETIUEEELS [ANS_PSA As state-of-the-art fire modeling tools such as Fire Dynamics Simulator (FDS) continue to evolve and hopefully progress with each version |&EU)-Z&NNEHFESZIL—4
GETTING BETTER? |#2TW%h? - |2017 release, curious minds ask “how much” though exact metrics are often difficult to quantify. It is generally accepted that software developers | (FDS) OFR/N—Ja>&, KEEFTI
- A COMPARISON  [#EROIEREOHD are continuously refining their product both for improved functionality and accuracy, but also to take advantage of advances in computing | h8&ULS5¢EL TUVBEEIRIDRERT 9L
OF RECENT FIRE RIEDNKEHFS [IDM hardware. DEIO—AZEIRYV &KV N LEETILORSF
DYNAMICS Z1L—4-/{-23 |Consulting =079 Ny NOLEEICDWTEEEL
SIMULATOR S OHER CRE) A properly benchmarked fire modeling workflow may, and should in the author’s opinion, produce a comparison between the output from |TWL\%,
VERSIONS FOR FDS and known experimental data. This can be done using publicly available industry verification and validation (V&V) fire models.
RESULT TRENDS However, historical trends are often not a typical interest of probabilistic safety assessment (PSA) fire modeling studies; often being left as

research or educational topics.

This paper will present a comparison of a common V&V fire model’'s benchmarking outputs between recent major version releases of FDS
and to the known experimental data which the fire model is attempting to replicate. In addition, fire model execution time differences, if
any, between FDS versions on this same workstation, will be presented.
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LESSONS LEARNED [AS¢PRAICHIID |ANS_PSA In 2013 the two subject plants submitted a License Amendment Request (LAR) to the NRC in support of adopting NFPA 805 as the new fire |#JIREIS R T LB HIIT BIE(CLBUR
APPLYING NRC- WEBRANIL Dwh 12017 protection licensing basis under 10CFR 50.48(c). As part of the LAR, each plant committed to add Incipient Detection systems to a number [ 7RIl Dy iNEZREL T, B0
APPROVED NONRCEREIFE of low voltage electrical cabinets in order to reduce fire risk in some of the most significant areas. The risk reduction credit taken for these | NCEITRIRERUAVBZIERKT DIHIC
METHODS FOR SEROEE FirstEnergy#t [systems was calculated in accordance with FAQ 08-0046 as agreed upon by the industry and NRC. WERBNWEZE (BIITRSAEZTT
INCIPIENT (CKE) L\ NUREG-21698&LUNUREG-
DETECTION In July 2016 NRC issued a letter to NEI retiring FAQ 08-0046 in favor of NUREG-2180, which was still in draft at that time and for several |2178MH4 49> ZNS#TUVFENSEREE
CREDIT IN FIRE months after. The beneficial credit allowed by the NUREG for Incipient Detection systems was substantially less than that prescribed in the |[EE%#HHAH BIMEEZFIRY
PRA FAQ, and when applied caused a significant increase in CDF for both subject plants to the point of exceeding RG 1.174 risk criteria in the |3 PRAFRATNRUSE%#Z112TU70D:F

Fire PRA models in use at the time. Discussions with NRC, followed by an additional RAI, effectively required each plant to incorporate this  [#ii2 X SKEETIUEO A ZSS(CHEEE

change in guidance before NRC would complete their review and issuethe NFPA 805 Safety Evaluation for each plant. I BIHOEAREDIAA) (CDOVTEE

;U TV,

This paper will describe the additional work which was required in order to achieve workable risk values for these plants in light of the

reduction in credit for incipient detection; specifically efforts to further refine both the PRA analyses as well as the detailed fire modeling in

the affected areas, including taking additional field measurements and incorporating new ignition frequencies and heat release rates from

the guidance in NUREG-2169 and NUREG-2178, and committing to additional modifications. Discussion will also briefly cover the attendant

schedule delays and cost increases.
LESSONS LEARNED [X#PRADARSME [ANS_PSA One of the key challenges in the evaluation of fire risk in a probabilistic risk assessment (PRA), especially with regard to its human reliability | ANSSOSZENARITEIOEFEEE X
IN FIRE PRA HUMAN |$814f#ATOEEN | 2017 analysis (HRA) component, is how fire impacts affect performance shaping factors that underpin the reliability of human actions. PITERERCEDLICRET DN
RELIABILITY DWWT. ARMEFEMART (HRA) hS18
ANALYSIS Jensen This paper focuses on two lessons learned from such HRAs. The first discusses the impacts that a complete dependency level between BN2DOHENCERZ L TTEIEE/L T

Hughes 3k |human actions may have on the modeling of main control room abandonment and its integration in the fire PRA. The second focuses on Wdo
E)} improving the modeling realism of time-sensitive actions by taking credit for hot short duration probabilities.

128 ABOITEROTRRKTEFL
NI IEIHEIREOETIULEZD
NKEPRANDIRE(CH A BFZE(COVT
Bl ERN

2283, NEUTL IR BIRE R DbE
R FHIES BTECED. BEREICBURRIAT
BOETIUEDRRICERZHTTVS,
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MODELING BHONAF > A% |ANS_PSA The updated guidance for modeling Very Early Warning Fire Detection Systems (VEWFDS), also referred to as incipient detection, in NUREG-2180 CHIHA&AIL BT (EN D
INCIPIENT FIRE ERURAKEDE] (2017 NUREG-2180 replaces guidance found in FAQ 08-0046. To better understand the full impact of differences in guidance, the individual BHIN SRR EIRS AT I\
DETECTION WITH |EBt&RXI0DETIUE changes to the event tree approach from the FAQ are evaluated by solving the Fire PRA models for several nuclear power plants. Because (VEWFDS) OEFILEICEALT. ¥
UPDATED EPM CKE) [incipient detection is often applied to fire scenarios with high CCDPs, changes in guidance are magnified. ENTHAH > 2B e K SEOFIERRR
GUIDANCE HOETIUEICOVWTEEEL TWVS,

In some cases, detailed fire modeling of specific electrical cabinet and compartment configurations is required to isolate the exact impact of

the NUREG-2180 event trees. With the additional detail available from this approach, more refined results are obtained. From these general

cases, conclusions are presented for areas of future research and refinement.
MODELING THE BEFHFEBFION |ANS_PSA This paper develops a methodology for “explcit” modeling of the interface between manual fire protection (i.e., manual fire detection and [RFHREBPRONKPRAT, NKEHNZFE
INTERFACE OF KPRAICHIFZN (2017 suppression) and a Computational Fluid Dynamics (CFD) fire progression model, utilizing Fire Dynamics Simulator (FDS), in Fire Probabilistic [>=1L-—% (FDS) %L T, F&h(c
MANUAL FIRE SEREFENDIS Risk Assessment (PRA) of nuclear power plants (NPPs). £BBHN (DFD, FENCLZNK DR
PROTECTION NEENDA>H— [NPRE (CKE) EHN) EDDE1-FRENE
ACTIONS WITH J1-ZA0ETIUE A literature review revealed that there had been no research on developing an “explicit” interface between a CFD-based fire model and (CFD) DA >H—-J1—-ADBRARET

FIRE PROGRESSION
IN FIRE
PROBABILISTIC
RISK ASSESSMENT
OF NUCLEAR
POWER PLANTS

manual fire protection until very recently, when Kloos et al. integrated FDS with dynamic event trees and Human Reliability Analysis (HRA).
The research demonstrated in this paper has been conducted in an Integrated PRA (I-PRA) framework, i.e., an integration of classical PRA
of the plant and a simulation-based module, and therefore, using dynamic event trees is not applicable. However, to obtain a more accurate
and realistic estimation of fire-induced NPP risk, there is a need to account for (i) the performance of the plant’s crew in manual detection
and suppression, and (ii) the interactions of the crew with the fire progression. In the existing Fire PRA methodology (NUREG/CR-6850),
manual suppression is addressed by a data-driven approach, where the time to manual suppression is estimated by a non-suppression curve
- a statistical probability model derived from historical fire event data.

Meanwhile, the interactions between manual suppression and fire progression are addressed through an implicit method based on the
competition between two separately computed time quantities for “time to target damage” and “time to fire suppression”. In the
methodology introduced in this paper, the explcit interface between FDS and manual fire protection is developed using a data-driven model
for manual suppression. To build this interface, the Heat Release Rate (HRR) curve, which is an input to FDS, is modified based on data-
driven probability models of three timings associated with manual fire protection: time to fire detection, time to fire brigade response, and
time duration of fire suppression.

INEOFEDRFECOVWTEEEHL TW.

FEHNET-FRBET7TO-FICLO
THRELENTHD . FEHNE TORFRE(E
IEHNER (NEBREENSELE
NIFEHEERETIL) (CLoTHEZN
3.

FDSEFENHNEDRDBASHRA >5—
JIA A(E FEHNOIHDT—FERED
BETIEERL THRFENTVS,

COA VH—T1—-RAEREERT BIhIC,
FDSADANTHZMEE (HRR) H
RE FEOMNICEEES 23020512
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A case study, using a typical NPP fire scenario, is conducted to demonstrate the implementation of the explicit interface and to illustrate the
impact that the interface can have on the results of Fire PRA. The results show that the fire-induced damage probabilities computed by the
I-PRA framework are smaller than those computed by the existing Fire PRA of NPPs (i.e., NUREG/CR-6850 methodology).
MOVING FORWARD |BEZENIZN K ANS_PSA After transition to the risk informed performance based fire protection or NFPA 805, US utilities encounter new challenges in using, NEPRAETIVOIER. EB#T, BLUTY
WITH DEVELOPED |PRAETILCHll- 2017 updating, and upgrading their fire PRA models for continuously supporting NFPA 805 implementation and other risk informed applications. |74/ —RCHII2 LR EETZRT 2
FIRE PRA MODELS - |EFIFIEEDR TeolC. 3EBEDBEIEDRTE . HELBED
A MODEL OWNER’s |s& Southern To overcome such challenges, it was proposed to set up three tier goals, identify technical skills/expertise to achieve each tier goal, and ENEZIEMR T BRI AFIL/EPIXN
PERSPECTIVE Nucleartt develop training programs to acquire the required technical skills/expertise. HORFE . BLUBBRIXAMRFIL/EP
CRE) iz BEI 30 —=>970J35
The proposed approach will help US utilities in acquiring technical capabilities for dealing with the most urgent needs, or plant change LOBIFIREICOVTEEHL TLVB,
evaluations for NFPA 805, as soon as practically possible and for gradually developing in-house technical capabilities for updating and
upgrading their fire PRA models.
STATISTICAL [RFHFEFE |ANS_PSA Since the publication of NUREG/CR-6850 in 2005, the US nuclear industry has sought to re-evaluate the default peak heat release rates | EBSENKENSOERABEE (HRR)
CHARACTERIZATIO |(HorsbnESEE (2017 (HRRs) for electrical enclosure fires used as fire modeling inputs in fire probabilistic risk assessments (PRAs). An effort by the Electric Power |Z#EE S 2R5EERFERICOVTEESL T
N OF HEAT NSEEDBDRTERER Research Institute and Science Applications International Corporation in 2012 was not endorsed by the US Nuclear Regulatory Commission [\3.
RELEASE RATES OFEETHI4FIESTE |US.NRC (K [(NRC) for use in risk-informed, regulatory applications.
FROM ELECTRICAL =) NUREG/CR-6850DFATLARE. N

ENCLOSURE FIRES
FOR NUCLEAR
POWER PLANT
APPLICATIONS

Subsequently the NRC, with the National Institute of Standards and Technology, conducted tests for representative nuclear power plant
electrical enclosure fires to definitively establish more realistic peak HRRs. The results are statistically analyzed to develop two probabilistic
distributions for peak HRR per unit mass of fuel that refine the values from NUREG/CR-6850, thereby providing a fairly simple means to
estimate peak HRRs from electrical enclosure fires in support of fire PRA. Unlike NUREG/CR-6850, where five different distributions are
provided, or NUREG-2178, which now provides , the peak HRRs for electrical enclosure fires can be characterized by only two distributions.
These distributions depend only on the type of cable, namely qualified vs. unqualified, for which the mean peak HRR per unit mass is
essentially a factor of two different. Simulations using variable fuel loadings demonstrate how the results may be used for nuclear power
plant applications.

EFIALA > TYRL T, HFEDICHARFH
THBEEZSNTVWSESEN K DR
HRROBEHEARSHSNTL . LOIRE
HIRERAHRREFEIL S Izl HRREY
REIUEONKLOTZ MZEREN. TA
MER(E. RAHRRD2DDIER DTz
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STATISTICAL [RFHFEFOE |ANS_PSA Since publication of NUREG/CR-6850(EPRI/NRC-RES Fire PRA Methodology for NuclearPower Facilities) in 2005, modeling of fire growth to |[RFHDREBEFIOETEE N K DRARE
CHARACTERIZATIO (&8 NSKEDERARZ (2017 peak heat release rate (HRR) for electrical enclosurefires in nuclear power plant probabilistic riskassessment (PRA) has assumed an average |ZI(GEY ZEFRIOHETHIRFIESTAMRIC DO
N OF THE TIME TO |BAK(GEY 255/ 12-minute rise time. TEHEHL TS,
REACH PEAK HEAT |OD#t5ta4%FIEETATE | KE
RELEASE RATE FOR NUREG/CR-7197 (Heat Release Rates of Electrical Enclosure Fires [HELEN-FIRE]), published in 2016, has provided substantially more data INUREG/CR-68500F4TLE. X
NUCLEAR POWER from which to characterize this growth time. Probabilistic analysis yields distributions that enhance the original NUREG/CR-6850 results for |BASEDERAMEE (HRR) FTOIL
PLANT ELECTRICAL both qualified and unqualified cables. The mean times to peak HRR are 13.3 and 10.1 min, respectively, with a mean of 12.4 min when all |5 ARG FE123MMBEENTY
ENCLOSURE FIRES data are combined, confirming that the original NUREG/CR-6850 estimate of 12 min was quite reasonable. Bo
Statistical probabilistic analysis, shows that the time to peak HRR for qualified and unqualified cables can again be well represented by gamma|NUREG/CR-7197(&. COHERERRHED
distributions. Simulations demonstrate that non-suppression probabilities, on average, are 30% and 10% higher than the use of a 12-min  |F—4%RHU . BERBHIIARATICLD.
point estimate when the fire is assumed to be detected at its start and halfway between its start and the time it reaches its peak, respectively. | 1253 ODHEFE(IIEREICEIERN TiHolzcL
This suggests that adopting a probabilistic approach enables more realistic modeling of this particular fire phenomenon (growth time). RSNz,
TRETHOMERARAT (L. BRERUIERTE
=T IWDHRRHYE —(C72 % % TORERS
Z, XD TRI LN TERLZR
LTHD. IBHNIERG, 120 O=HETE
LDEFITENTN30%HLU10%E
WoEZRL TR
THE “INCREDIBLE” [[{EUANAWLICE [ANS_PSA “Risk-informed” regulation is often an alternative to “deterministically-based” regulation that offers relaxation in criteria for acceptability while | REZREIAA Y > ZHTECSNRVN]EW
DIFFICULTY OF ZEEBAg3CEm (2017 possibly requiring greater analytical effort. “Risk-informed determinism” is an attempt to meld the best of both worlds by using risk SHETRINZHRBOT-ZIFE
PROVING [EUANIRVI L information to set deterministic acceptance criteria a priori. A recent joint effort by the US Nuclear Regulatory Commission’s Office of [E5TEAE | OB OBLRICKEMU &
“INCREDIBILITY” |& US.NRC (£ [Nuclear Regulatory Research (RES) and Electric Power Research Institute (EPRI) originally endeavored to do this for several examples HEESIBAIC. YVRVIBHRZRERIN
EXAMPLE OF FIRE- |— NEICLB18EK | EH) involving fire-induced multiple spurious operations (MSOs) in electrical circuits at nuclear power plants. A9 AT BENENFZEBEL VD
INDUCED MULTIPLE | D3RI&1/EDAFY %<9 fzlC. NRC/RESEEPRINMRA
SPURIOUS While a noble effort, this did not consider the actual distributions involved in the events, originally limiting the analysis to mean values and, in |9 %X (L 3HEEDRRVEFI OB R
OPERATIONS some cases, qualitative considerations. A much more comprehensive and defensible approach is performed here where the probabilistic [CDOWVWTEEEL TULY%,

distributions for all the factors are considered via simulation to meet quantitative acceptance criteria related to the concept of “incredibility”
that is often the figure of merit that must be met in a deterministic world. The effort demonstrates that it can be “incredibly” difficult to
prove “incredibility” in this context.

In the spirit of that approach, this paper reanalyzes one of the original examples provided by RES and EPRI to show how difficult it can be to
translate risk information into deterministic guidance when that guidance is held to a standard analogous to the concept of “worst case” or
“design basis” accidents, signified by the term “incredible.”
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TIMELINE NKITHERIT B | ANS_PSA NUREG-1921 Supplement 1 (to be published in 2017) provides qualitative guidance for how to address main control room abandonment | RHIHIZEIEEHEHES 291D
DEVELOPMENT FOR | RilIfHZRBFOAN 2017 (MCRA) human reliability analysis (HRA) as a subset to HRA in a fire PRA. One of the key components of MCRA is the development of a ZBBER HLRERFEERD
MAIN CONTROL FEMEFEMERRATOI timeline. In order to be consistent with the rest of the fire PRA, the analysis of MCRA scenarios must adhere to the same fundamental Fe— DO RFIHERE T LA > (CE
ROOM HOILLIA>F  [Jensen considerations as the fire PRA evaluation of fire areas and different fire scenarios, including timing considerations. REDHEZ7TO-FOVTEREHLTL
ABANDONMENT F Hughes (K %o
HUMAN =) The concepts that the Time Available must exceed the Time Required and that the amount of exceedance impacts the reliability of the
RELIABILITY action remain valid for MCRA. Even so, there are several differences, primarily additional considerations that must also be taken into account
ANALYSIS DUE TO in order to ensure that the MCRA actions are both feasible and reliable.
FIRE CONDITIONS

The purpose of this paper is to describe the timing considerations associated with MCRA, and to present an approach to overlay the various

timing sources (timelines) into a single MCRA timeline.
UPDATES TO THE  |iEREIERANSAE [ANS_PSA EPRI has recently developed a new methodology for assessing the risk from seismic-induced internal fires and floods (SIFF). Before EPRI(F &R, HIREICLDAIEBN KL TR
EPRI SEISMIC- UBEPRIDHIE(IC 12017 publishing the methodology, it is being subjected to a number of pilot applications. The SIFF methodology was developed over a two year 7K (SIFF) OURY%SHiIS 2IsbDEL
INDUCED FIRE AND | &3 KERIKF period and, while not yet published, is summarized in a paper presented at ICONE in July 2017 [Amico, Macheret, and Kassawara, “An WFEZBFUR,
FLOOD SEOE Jensen Advanced Method for Evaluating Risk from Seismically-induced Fires and Floods”]. There are a number of ongoing pilot applications of this
METHODOLOGY Hughes (3K |methodology, by Duke Energy, Southern Nuclear, DC Cook, and Callaway, some of which are reported in other papers at ANS_PSA 2017. |FEEA B9 37, Z<ORERNER
RESULTING FROM E)} PRENTSD., HERIBEAOEREL

PILOT APPLICATION

This paper reports on the changes that are being made to the methodology as a result of the pilot applications. Although the pilots have not
yet been completed, a number of insights have already been coming in and are discussed in this paper. By the time of the conference, the
first pilots will have been completed and the conference presentation will present even further enhancements to the methodology right up to
the date of the conference.

T FEIINRBSNZEBEICONTERHL
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Application of Fire SATNMEFEMEER  |PSAM 14 PSA is a key part of a NPP licensing process. It considers the elaboration and updating of probabilistic models that estimate the risk SHBNMENTUVSPSANRETY —ILER
PSA in Defining HEDBRFELICHITZ [ (2018) associated to operation, allowing the risk monitoring from the design to the plant decommissioning, for both operational as regulatory RENBNESNDOVTIEEERBINSD . N
System Reliability NKEPSADEA : matters. Despite its maturity, there is doubt about whether PSA as presented today can be considered as a design tool. Therefore, the SKEPSAZ ST EMORRME(LICEAET S
Criteria: Detection I&CEBZAEEDR|CTMSP (I35 |presentation of cases in which PSA was used in the design phase represents an important contribution to such discussion. =2 ZHTAOFBIICOVTEREL T
and Suppression HBLBEHNZZT |I) %
Systems in I&C L In this context, this paper presents a case study in which PSA is applied to the definition of design requirements. Thus, given a predefined
Electrical Panel risk acceptance criteria, the reliability characteristics for the fire detection and suppression systems in two instrumentation and control (I&C)
Room electrical panel rooms were established. In order to do so, based on the method for the detailed fire modeling presented by U. S. Nuclear

Regulatory Commission (USNRC) in NUREG/CR-6850, a probabilistic model was developed and fed with data from simulations performed in

a Computational Fluid Dynamics (CFD) model, and from the Conditional Core Damage Probabilities (CCDP) obtained from the Plant Response

Model (PRM) of the Fire PSA for the plant.
Application of SPAR- [ NS¢ ARMEREME [PSAM 14 Fire Human Reliability Analysis (HRA) is an important part of and an input to the fire Probabilistic Safety Assessment (PSA), which evaluates [ANSEHRAD/\WIH5T> ROFBIT. HEU
H Method in Fire FRATICHITD (2018) the reliability of the human diagnosis and execution in the fire scenarios qualitatively and quantitatively. Fire HRA can derive the failure ANHEORETOERE N K S FUADEF
Human Reliability SPAR-HEDEF probabilities of the human actions, namely human error probabilities (HEPs). Based on the NUREG-1921 and the practical application 4, BREIRICT T DEELRVARID
Analysis CNNC(®[E) |experiences, SPAR-H method is chosen in this paper to analyze the human actions in fire HRA. SPAR-H is relatively simple in its ICEDRFE. BEUNSHFEORFEEE

quantification process and its 8 performance shaping factors (PSFs) well reflect the human performance in the fire scenarios.

The paper firstly introduces the background of fire HRA, and it describes the human response process and the characteristic in the fire
scenarios, the identification of undesired human responses to spurious alarms, and the selection of 8 PSFs considering the fire-specific
characteristics. Finally, it provides an example to show the quantification of the human actions in a fire scenario with SPAR-H method.

FBUTZ8 DOITEIZARER (PSF) Mi
ECOVTEHLTWS.
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Estimation of Fire READBLIHMEIE |PSAM 14 In this paper, the method for quantification of fire frequency at LPSD (Low power and shutdown) operation is presented. To reflect system |LPSD ({&KHEAHLIMELEEE) EETO

Frequencies in Low |BEFANSEPRAICHIT |(2018) alignment in fire frequency, LPSD period is classified by POS (Plant operating states : classified operation modes at LPSD operation) . NSBEEDERLDIFEICDVTEEEL

Power and Shutdown | 2 X SESEE DHETFE Calculation method is divided into two cases depending on whether the unavailable equipment are considered or not. Each methods have TWa.

fire Probabilistic Risk KEPCO(%8 opposite characteristics in terms of conservatism and convenience.

Assessment E3)} LPSDEARSEPOS (5> hEERIR
8 : LPSDESOEERE—RODHR) (C&o
THHEENS.

Insights from KEABWROER |PSAM 14 An Internal Fire PSA (FPSA) model was developed for the UK ABWR generic design aspart of the full scope PSA. The FPSA was peer REABWRDEARETEPECHITEAN

Internal Fire PSA of |[E&ETERBE(CHIFD [(2018) reviewed against ASME/ANS RA-Sb-2013. The FPSA for the reactor included Level 1 and Level 2 analyses at Power, as well as a Level 1 EBNSKEPSAICEAL T, EBEX BN FUA

UK ABWR in Generic | REBNSEPSANNS scoping analysis for selected Shutdown Plant Operational States (POSs). A Level 1 scoping analysis of Spent Fuel Storage Pool (SFP) was also | 2R3 7z8D7 FO—F DI T, HEUNKE

Design Phase DR Hiz-GE (B |conducted. NUREG/CR-6850 and NUREG/CR-7114 as well as related guidance/data were applied. PSADFEREF RERRRICIRTIE, B

=) WIRICED Ve E S EHIRT 3757%

These guidance documents are generally intended for application to an operating plant rather than a plant in design phase. The application
of the guidance within a new-buildplant generic design brought certain local challenges. Simplified and conservative approaches were initially
adopted to overcome these challenges as well as some novel approaches for dealing with multi-compartment scenarios. This paper
introduces these approach and then focuses on the methods to reduce the conservatisms as well as the FPSA results and insights, and risk-
informed improvements.

[COVTEEHL TS,
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Monte Carlo NUREG/CR PSAM 14 In the absence of an existing verified and validated computational tool to determine the probability of damage to a target set of components [NUREG/CR-6850K{AILTiREIN
Simulation of 6850MRILETIL [(2018) due to a Main Control Board (MCB) fire, a method was proposed in NUREG/CR-6850 Appendix L. FrhoUHI AR N S (L D MBRIBIETER
NUREG/CR 6850 OE>THIO>Z1 REFEOESTHNOSZIL -3 K%
Appendix L Model for [L—>3>¢Hgil [Jacobsen This method has the advantage that it reduces analysis of a potentially large number of MCB fire scenarios to consideration of a limited UZDBISHEE LT (CHBIFRENMTTE0
Main Control Board |fHEEDNSEEZD |Analytics (38 |number of individual target sets of critical MCB components/cables with each target set being defined only by a single parameter, the FFECOWTERHHL TLW2,
Fires and Resulting |#&SR0OXNR =) maximum separation distance (d) between them.
Insights a) RFOBREBETOTrAIEIEHEN
This paper describes a Monte-Carlo simulation of the Appendix L method and demonstrates its flexibility and ease of use to: a) address the FER(CX 9 2ENDHE Mo
updated cabinet heat release rate profiles and non-suppression probabilities proposed in NUREG-2178 and NUREG-2169 respectively, b) b) BEOEIPICRMNBEEET—TILN
propose a practical solution for evaluating specific MCB configurations where ignition sources or cable raceways may be present in rear A W2 RFEDMCBRZ R Z ST I 3128
sections of the cabinet as identified in FPRA FAQ 14-008 and c) evaluate the benefit of solid metal partitions within the MCB in an integrated |DEBNRFELEDIER.
fashion. c) MCBAIDE{AERBALIDOF] R0
=i
As part of this process, the Monte Carlo approach is benchmarked against NUREG/CR-6850 Appendix L and a related NEI Task Force White
Paper which is currently undergoing review. The full paper presents some improvements to the NUREG/CR-6850 approach based on Zo70LAO—EBEL T, E>FHLATS
insights from the benchmarking exercise. O—F(&. NUREG/CR-6850FtRILS&
BIRTELE1—FROBSES ZNEIYRY
TA—ZABE(SHL TR FI-I2NTH
N ROFY-IOERMMSESNTZEIRIC
EJUT. NUREG/CR-685070—F
DLONDERNREN TS,
Uncertainty Analysis |7 i8A1&EE  |PSAM 14 It has been proved that fire accident frequency in nuclear power plants is higher than we thought it was and fire accidents have a huge BEOBIEEN K TEE—DNKLSFY
For Input CFASTO#EAICL [(2018) significant impact on the safety of nuclear power, so it is extremely necessary to analyze fire risks. Electrical cabinets are one of the most AOIHNEEEN TV, NEDBREE
Parameters Of PBRIENSSTT important fire ignition sources in nuclear power plants, since there are normally many combustible cable bundles inside them. When fire UIGIBICREIE S 2 FER M (RN T
Electrical Cabinet L—2a>OARIN | hERERMT |modeling has been performed in nuclear power plants, past studies have only considered a single fire scenario, which means that the W, BRBNKSFIADIZIL -3
Fire Simulation By | IX—420OARMEEM | KX (FRE) uncertainties associated with fire combustion and propagation are ignored. JCEDVWT, STVBAIEELYINIT

Coupling Latin
Hypercube Sampling
And CFAST

R

The paper is based on electrical cabinet fire scenario simulations in nuclear power plants and analyze the uncertainty of input parameters
related to fire combustion and fire detection by coupling Latin Hypercube Sampling and software-CFAST. Statistic results can be used for
quantitative analysis in Fire Probabilistic Safety Assessment.
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An Integrated EARNREIEAN | Reliability In this research, an Integrated Probabilistic Risk Assessment (I-PRA) methodological framework for Fire PRA is developed to provide a unified | YILFLANIOHE RIS ZIRM TS
Methodology for —ZLDEFHFE |Engineering |multi-level probabilistic integration, beginning with spatio-temporal simulation-based models of underlying failure mechanisms (i.e., physical |ZSHICFIFEEINTVBNSEPRAICEI T H
Spatio-Temporal BITANKPRAAD [and System [phenomena and human actions), connecting to component-level failures, and then linking to system-level risk scenarios in classical PRA. | &HEERRIIURVEHE (I-PRA) DF5E
Incorporation of KFZERIBIFEAND [Safety SREVRAREAHCDVTEEEL TL,
Underlying Failure  |fzsbDfi&FE (2017) The simulation-based module, called the Fire Simulation Module (FSM), includes state-of-the-art models of fire initiation, fire progression,
Mechanisms into Fire post-fire failure damage propagation, fire brigade response, and scenario based damage. Fire progression is simulated using a CFD code, Fire |I-PRA(&. EARMRHIE XN LD
Probabilistic Risk 1)J4K (X |Dynamics Simulator (FDS), which solves Navier-Stokes equations governing the turbulent flow field. Uncertainty quantification is conducted | 22321l —33>AR-ZADETILNSIEE
Assessment of =) to address parameter uncertainties. 0. #EFL NLOBBE(CIERTL  RICHER

Nuclear Power Plants

The I-PRA paves the way for reducing excessive conservatisms derived from the modeling of (i) fire progression and damage and (ii) the
interactions between fire progression and manual suppression. Global importance measure analysis is used to rank the risk-contributing
factors. A case study demonstrates the implementation of I-PRA for a regulatory-documented fire scenario.
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CANDU FIRE CANDUMDAE  [CNL Fire Probabilistic Risk Assessment (PRA) is being introduced to the fire protection engineering practice both locally and worldwide. The CANDURFHFEEBIGERINZ N
PROBABILISTIC PRAETIL NUCLEAR commercial nuclear power industry has also experiencing the impact of this new approach. This paper examines the work performed to KETINOHE N RAEEZ IS 2128
RISK ASSESSMENT REVIEW assess the relative accuracy of fire models for CANDU nuclear power plant (NPP) applications. The Canadian NPP uses some portions of [CRAITENTAEZEDIREE(CDEFEEL TL
(PRA) MODEL (2017) NUREG/CR-6850 in performing fire PRA. Canadian fire ignition frequencies have been provided by International Fire Data Exchange 3o
Project.
h-ILh> KR (B HH ORFHFEEFRE. NKEPRADE
F4) The CANDU Fire PRA Model can quantitatively evaluate plant damage states and core damage frequencies. This model will assist fire MEICNUREG/CR-68500—&p% {8
engineers in performing CANDU Fire PRA analysis, by recognizing vulnerabilities related to fire events and will contribute to further LTW3. BT ONSEFNBERE (S
improvement of the PR T —AR T OSTI N Lo TR
Canadian NPPs’ safety. ENTVV%.
CANDU Fire PRAETIUE. 5> ~iE
Canadian nuclear power plants (NPPs) use some portions of NUREG/CR-6850 (EPRI/NRC-RES Fire PRA Methodology for Nuclear SIRRBL P DB S SEE % TE 2/ (CFTH
PowerFacilities) in performing fire Probabilistic Risk Assessments (PRAs). Additional research is required to assess the applicability of TE?,
NUREG/CR-6850 to CANDU reactors. The generic fire ignition frequencies provided in NUREG/CR-6850 reflect the experiences of U.S.-
based companies. However, there are differences in systems, structures, and components when comparing CANDU reactors to U.S.
reactors. Some fires that are negligible in light-water reactors and are screened out by NUREG/CR-6850 may have more significant
consequences in CANDUreactors. CANDU uses a heavy-water moderator and heavy-water coolant, whereas the U.S. reactors mainly use
light water .
An evaluation of the applicability of NUREG/CR-6850 to CANDU reactors must include an assessment of the adequacy of using the fire safe
shutdown analysis list of credited structures, systems, and components (when prepared in accordance with the requirements of
CanadianStandards Association “Fire Protection for CANDU Nuclear PowerPlants” (CSA N293-07)) for use in the fire PRA (when prepared in
accordance with the requirements of NUREG/CR-6850).
The evaluation must also include a review of NUREG/CR-6850 applicability to the Canadian Nuclear Safety and Control Act and the General
Nuclear Safety and Control Regulations, and CSA N293-07 .
Estimation of Fire BIEINNKE [Korean Fire ignition frequencies were previously developed in the NUREG/CR-6850 and revised in Supplement 1 to NUREG/CR-6850. The fire NKERT—IN-Z (FEDB) DEH
Ignition Frequency |&R7—49~"-2%f |Nuclear ignition frequencies published in NUREG/CR-6850 and Supplement 1 incorporate fire event experience through the year 2000. In &NI=T7—% : NUREG-2169% L
for Domestic NPP WEIRIREF % |Society January, 2015, EPRI published the updated fire events database (FEDB): NUREG-2169. TLWaHanul (BAFTOUIchin) 3 &40
Using the Updated | EFRONSKEFEAESE | Autumn NEFENSBE DFTEFERESZHL T
Fire Event Database |EOHEE Meeting As there is no FEDB for domestic nuclear power plants (NPPs), FEDB of USA has been used for the estimation of fire frequencies for them. (3.
(2017) Up to now, EPRI report, NUREG/CR-6850, or Supplement 1 to NUREG/CR-6850 was used for the estimation of fire frequencies for the fire

PNE (88[E)

PSA works of domestic NPPs. This paper presents the calculation results of fire ignition frequencies for Hanul(formerly Ulchin) 3&4 using
the updated FEDB data, NUREG-2169.
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Experimental and MRS T T | The 20th The performance-based standard for fire protection was first proposed for light water reactor electric generating plants in NFPA-805. The HARIRRO T TEES—JILAL A DN
Numerical 0%ET—JIVNL |Pacific Basin  |zone model is considered as a main option for fire safety analysis in nuclear power plant. Cable fire is one of the most common hazards in KxSZIL - BY-CETIVYVINIIT
Simulation Study on |4 A$¢(CBIIZE [Nuclear nuclear power plant. The structure of multi layer cable trays fire is a challenge for simulation by zone model. At the same time, the DEFEMORARCOVTEEEHL TLS,
Multilayer Cable BRICED<#ES |Conference |mechanical ventilation has significant effects on the fire process.
Trays Fire Under IIL—-3a AR [(2017) 4T =TI A DN SESRERN, 1Rt
Mechanically Therefore, the focus of this paper is to investigate the reliability of zone model software simulating the multi layer cable trays fire under K[OBBRESNEBETITON. =7
Ventilated Conditions hERIZE7HT [mechanical ventilation. Fire experiments of four-layer cable trays were conducted in a confined room with mechanical ventilation. The WA OBERIBREK, XKHOERE
- (@) mass loss rate of cable trays, the ceiling jet temperature, and the vertical temperature distribution in the room were recorded during the E. ENOREREDMHN. 7-JI0
cable burning. According to the measured vertical temperature profile under mechanical ventilation, it is found that the fire room can be BREER(CED RSN T,
divided into upper hot layer and lower cool layer, which is conformed to the basic assumption for two-zone model.
KRR T CRESNZERETD
Therefore, the zone fire model CFAST (Consolidated Model of Fire Growth and Smoke Transport), was used to simulate the multi layer cable | J71JUC&DE . KK Z(E LEIEREE
trays fire under mechanical ventilation. Comparing the predicted ceiling jet and upper layer temperatures with experimental data, it is TEMERECHEITE. 2Y-2FTIO
shown that CFAST has good prediction on multi layer cable trays fire under mechanical ventilation. By setting each layer of cable tray as BEANRMREICESL TS, Y-
one fire source, CFAST can catch the burning characteristics of multiple-layer cable tray fire. NSEETIVCFAST (NS EREIERE
DFETETIV) H BIRR T TOZE
T=TIADRKERSZIL— N B8
[CfEAENZ.
FRlENRHERE LEOREZELR
T-ALLR T DL CFAST i
FTTOZBT—TINADNKITONT
RIFRFAERFH TOBRIENRENTL
3o
FIRE PRA MATURITY [‘KPRADERZRE [U.S.NRC Fire PRA has often been characterized as being less mature and less realistic than internal events PRA. Perceptions of immaturity can affect |AN$¢PRA(. PIEBEESRPRALDEREE
AND REALISM: A X WE0Y |(2015) stakeholders’ use of fire PRA information. Unrealistic fire PRA results could affect fire-safety related decisions and improperly skew MEL, IREM TROVEU EU (ST
DISCUSSION AND | Di&imEiRE comparisons of risk contributions from different hazards. BNTLSIesh, LXKONDEBERIERZSF
SUGGESTIONS FOR US. NRC (K E G DIECL B RRFE DI R ERE
IMPROVEMENT =) In this paper, we address the issue of technical maturity through the identification of a number of key indicators and the issue of realism ADXTL, BN KEPRADIER L iEeR

through quantitative and qualitative comparisons of fire PRA results with operational event data.

Based on our analysis, we judge that fire PRA is in an intermediate-to-late stage of maturity (albeit less mature than internal events analysis)
and that fire PRAs, as performed using current guidance, may be providing conservative quantitative results. However, our results cannot
confidently support estimates of the degree of conservatism. We also observe that the qualitative results of fire PRAs are generally consistent
with operational experience. We conclude with a number of suggestions for activities to enhance fire PRA realism.

T EENBLVEMNENICLLE T2
UICLBDIREDRRENADITUUC DOV TERE,
LTW3,
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Fire PRA Maturity NKEPRADERFAE [U.S.NRC Fire PRA has been characterized as being less mature and less realistic than internal events PRA. Perceptions of immaturity can affect VKOWDEERIBIREIFES DL(CL
and Realism: A EIREE ¢ $AHIEE [(2017) stakeholders’ use of fire PRA information. Unrealistic fire PRA results could affect fire-safety related decisions and improperly skew 2B AE DR REREADITL, B
Technical Evaluation | comparisons of risk contributions from different hazards. VPN PRADHESRE BERT -7 EEH
US. NRC (K BIUEMMICLLE T 3CE(CLBIRED
E3)} In this paper, we address the issue of technical maturity through the identification of a number of key indicators and the issue of realism SREADILC DV TEEEL TLVB,
through quantitative and qualitative comparisons of fire PRA results with operational event data.
Based on our analysis, we judge that fire PRA is in an intermediate-to-late stage of maturity (albeit less mature than internal events analysis)
and that fire PRAs, as performed, may be providing conservative quantitative results. However, our results cannot confidently support
estimates of the degree of conservatism. We also observe that the qualitative results of fire PRAs are generally consistent with operational
experience.
Many of the key issues affecting analysis realism are being addressed by ongoing NRC and industry work; however, we identify a number of
additional topics needing work. We note that many PRA practitioners (not just for fire PRA), while recognizing that analysis realism is
desirable in principle, see conservatism as an acceptable approach for dealing with uncertainty in practical analyses. Attempts to change
such attitudes and beliefs need to be well-targeted and sustained, and success is not guaranteed.
Fire Probabilistic RFHESBPRON | CSNI The purpose of the present paper, CSNI Technical Opinion Paper No. 17: Fire Probabilistic Safety Assessment for Nuclear Power Plants, is to | R FHREPTOEERIZER. 1FCNEAN
Safety Assessments [$¢PSA : 20194 [Technical provide the current international view on the state of fire PSA as performed in support of nuclear power plant design and operation. The KBRELIRIHT —IN-2T 0> 1~
for Nuclear Power | &% Opinion Paper | viewpoints and perspectives contained in this technical opinion paper (TOP) are the result of the work of the WGRISK task group, which (NEAFIRE) AITURESIURRMTEN
Plants: 2019 Update (2019) includes experts on the subject of fire PSA. The report is also based on the results of an international workshop on fire PRA, organised by  [feNSEEBRICEITZERE(COVTEEHL
WGRISK in 2014 and documented in the “Proceedings of International Workshop on FirePRA” (NEA, 2015). W,
OECD/NEA

This paper takes into consideration operating experience in nuclear power plants , particularly with regard to fire events that were collected
and analysed within the NEA Fire Incidents Records Exchange Database Project (NEAFIRE). In addition, consideration has been given to
recent results from fire-related experimental NEA projects, more specifically the Fire Propagation in Elementary, Multi-room Scenarios
PRISME project, and PRISME, which takes into account fire behaviour and spreading in nuclear specific complex geometries under different
boundary conditions. The NEA High Energy Arcing Fault (HEAF) project also provides insights on high energy arcing faults with the potential
of ensuing fires.

Feo NKEBEORBRNNEATOSTY
b~ KOEARB(CIE BRI NKR
1., BB FAPRISMETO>T)
b BLURRBBIEFREA T TORFH
R OEMB AR TON KOS EIL
% EREUIZPRISMENSOERIADIER
[COWTEEHL TLS,
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Methodological and  |#t&aNihEZsE |Nuclear Nearly half of the U.S. nuclear power plants (NPPs) are in the process of transitioning, or have already transitioned, to a risk-informed, B OIRFHFEEPRON SKEPRAL LB
Practical Comparison |FUZ 75 (I- |technology performance-based fire protection program. For this transition, Fire Probabilistic Risk Assessment (Fire PRA) is used as a foundation for Fire |UT. fi&PRA (I-PRA) (CHIIBF5E
of Integrated PRA) LIEFH% |(2018) Risk Evaluation (FRE). To increase realism in Fire PRA by reducing the conservative bias, the authors have developed an Integrated PRA (I- |:@HVRMEESDDEFCDOVTEEEL TLVD.
Probabilistic Risk BFIOBIHFON K PRA) methodological framework that does not require major changes to the existing plant PRAs.
Assessment (I-PRA) |PRALDFEREY |1UJ1K K [-PRAMHBHCL O TEHEENIIEIRE
with the Existing Fire | S&UERRMIRLE | H) The underlying failure mechanism models associated with fire events are developed in a separate module, which can be interfaced and N2 FUAD FFCBESEE L. [ XE
PRA of Nuclear 39 connected with the existing plant PRA. This paper explains the areas of methodological advancements in I-PRA, comparing them with the | 288 Z0U-Z>JEBLUBEF DN
Power Plants existing Fire PRA of NPPs. PRAFEDFERE LB EN D,
This comparison is further demonstrated in a realistic case study that applies the I-PRA framework to a critical fire-induced scenario at a [-PRAMEAHZ (BT BL. BIRENEY
nuclear power plant. The core damage frequency for the selected scenario, computed by the I-PRA framework, is compared with the FUADIFCEBESEE S, [ XEERHE]
results of the “full compartment burn” screening method and the existing Fire PRA methodology. P)—-=2G 7 FO—FELEEUT204E.
NUREG/CR-685085&WME < DATYS
Using the I-PRA framework, the core damage frequency for the selected scenario has decreased by a factor of 20 compared with the “full |7 —5¢FEZEFHUIEFKONUREG
compartment burn” screening approach, and by a factor of 2 compared to the existing Fire PRA methodology based on the NUREG/CR- [CEDBIFEDN K PRAFEE LEERL T
6850 and the subsequent NUREGS that updated the data and methods for individual steps. 2MERA LT,
Multi-compartment |CFAST#{ERU |Korean CDF of level 1 fire PSA is expressed as multiplication of fire frequency, severity factor, non suppression probability and conditional core NERREEBEOHS (CFAST) %
Fire Modeling for BARASSZEDIELIX | Nuclear damage probability (CCDP) . New fire PSA method (NUREG/CR-6850) requires that the severity factor isto be calculated by fire modeling. If U zBIEI2SEDIEEX BN DT
Switchgear Room BNSKEDETIUE [Society fire modeling is not performed, the severity factor should be estimated as one conservatively. Also, the possibility of the damages of FIUBICOWTEREL TW3.
using CFAST Autumn components and cables located at adjacent compartments should be considered. Detailed fire modeling of multi-compartment fires refers to
Meeting the evaluation of fire-generated conditions in one compartment that spread to adjacent ones . In general,the severity factor for multi-
(2015) compartment fire scenariois smaller than that of single compartment scenario.
KAERI (88 Preliminary quantification of Hanul Unit 3 fire PSA was performed without fire modeling. As a result of quantification, multi-compartment
=) scenario, fire propagation scenario from switchgear room (SWGR) A to SWGR B, is one of significant contributor to the CDF. In this study,

fire modeling of multi-compartment was performed by Consolidated Fire Growth and Smoke Transport (CFAST) to identify the possibility of
fire propagation.
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Preliminary HERBHRIA—)LE |Korean An internal fire event probabilistic safety assessment (PSA) model has been generally developed by modifying a pre-developed internal event |f2REBERIA-IINI-IEELHERIC
Quantification of a Y-2ZERLIZX [Nuclear PSA model. Some fire-induced accident scenarios have their own unique accident sequence logics that not covered in the internal event FETINONDREZFBHIC,
Fire PSA Model Using | $PSAEFILDF | Society PSA model, and therefore, these have been separately developed and incorporated into the fire PSA model. RBHRANRY N -OERTIEFHE
Initiating Event Fault | fR €21t Autumn BFTONKPSATTIOERILFEROLL
Trees Meeting One more thing to note about the fire PSA model is that a single fire event within a fire compartment or fire scenario can cause multiple BRICOVTEEHL TLB,
(2017) initiating events. For instance, a fire in a turbine building area can cause both the loss of the main feedwater and loss of off-site power
initiating events. With reference to the recent studies, fire-induced initiating events are modeled using fault tree analysis technique by HRBROIEMBUCED . NSEEEROER
KAERI (8% modifying the mitigating system fault trees of the pre-developed internal event PSA model, and applied to the fire PSA model to resolve BROTA-INI-ZERAT DL, R
=) multiple initiating event issues of a fire PSA model. BRIA-IIY-OKRFS(IEL TCDF
DFERNZALT ZEIBEEN DB ENTY
In this study, we compared the quantification results of fire PSA models for a reference nuclear power plant with or without initiating event | hofz.
fault trees to get an insight into whether and how initiating event fault trees affect the quantification results.Through the comparative study,
we found that the use of fire-induced initiating event fault trees can entail changes in the CDF results depending on the sizes of initiating
event fault trees because of the rare event approximation. Further studies should be conducted to check quantification effects on other
initiating events.
Spatiotemporal I->1>M-2Z0 [ASME Journal|To advance Emergency Response (ER) modeling in Probabilistic Risk Assessment (PRA), this research offers a new methodology that [RFHFEEFROWEDN K DR ZBFX IS
Integration of an FHIEEN of Risk and  [explicitly incorporates the spatiotemporal evolution of underlying physical and social phenomena and their bidirectional interactions. While (ER) EFTIUELICBEL T, BAFORATEOD
Agent-Based First JA-X>AETIE [Uncertainty |this methodology is applicable for various ER scenarios on different spatial and temporal scales, this paper focuses on advancing ER modeling |BEMRLE1—¢A7TU—{b, BLUH
Responder RFHFESBRO |in for a Nuclear Power Plant (NPP) internal fire. BENIBERSZT L (GIS) -
Performance Model |PRADZHDN )\ |Engineering ADZE/MIIIL—2aVREEZNU T &
with a Fire Hazard |Y—MGEETILD |Systems Part |This paper provides a thorough review and categorization of existing studies on internal fire ER modeling for NPPs and highlights the POMEEDINTA-IY >R (FRP) O
Propagation Model for | RFZEREE B contributions of this research. This paper then develops a new methodology for fire ER modeling by integrating an agent-based model of IS0 M=-ZEFIE XK \H—ME

Probabilistic Risk
Assessment of
Nuclear Power Plants

(2019)

UMK (K
=)

First Responder Performance (FRP) with a Fire Hazard Propagation (FHP) model through a shared Geographic Information System (GIS)-
based spatial simulation environment.

This research is the first to explicitly incorporate space (in addition to time) into the FRP modeling within ER modeling of NPP Fire PRA. In
addition, this research develops a GIS-based interface between FRP and FHP that has the capability of transferring both spatial and temporal
information in a bidirectional way. Although this paper is focused on a fire ER scenario, the new methodology developed in this paper can
contribute to modeling external control room human performance in other contexts, such as Diverse and Flexible Coping Strategy (FLEX),
maintenance, and offsite first responders in Level 3 PRA.

#& (FHP) EFIEHRAETDILCLBN
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FIRE PROTECTION |BARICHIFZB5XD|SMIRT 24 The Great Eastern Japan earthquake and tsunami of 2011 resulted in significant earthquake and tsunami related analyses, regulations, and |8z 54 /H(CBARDR FHFEEFI TR
IMPLEMENTATION |Efe¢[EFHOE |(2017) physical plant changes. During this period, the Japan Nuclear Regulatory Authority (NRA) enacted several new requirements prior to restart | KM {TOIZBRICIESNIZA R OME
AND THE RESTART |#& including new fire protection requirements (Japan NRA fire protection rule (N0.1306195) dated June 19, 2013 [11]). In addition to ZEEHL TV,
OF NUCLEAR Appendix R |compliance with the new NRA fire protection rule which is similar to US 10CFR50.48, Appendix R [2] requirements, the NRA has
POWER IN JAPAN Solutions(k [established an expectations that utilities will also develop Fire PRAs for each site. The Japanese have made significant improvements in this  [ZNIC(E. SRERN/ BHEOZ 24T
=) area in a relatively short period of time. fRDSEHE. T3> NEBDN K \U— KR

74p

This paper provides a summary of insights gained in during the last five years doing fire protection analyses at Japanese nuclear power
plants, which include conducting deterministic/restart safety evaluations, development of plant-specific fire hazards analyses, and for
compliance with new Japan Nuclear Regulatory Authority rule (No. 1306195 [11]). These analyses have provided a solid foundation from
which to begin Fire Probabilistic Risk Assessment (FPRA).

At this stage, Japanese plants will be expected to both deterministically comply and have a FPRA that provides an overview of plant-specific
risk. This includes three fundamental tasks: detailed deterministic reviews for all operating modes, the development of Fire PRAs (FPRAS),
and an assessment and disposition of variances from deterministic requirements (VFDRs). Deterministic reviews provide a baseline review of
the new fire protection program against the requirements of the NRA fire protection rule (No. 1306195 [11]) and identify VFDRs.
Resolutions to VFDRs can then be identified and presented to the NRA as part of the restart safety evaluation if needed.

HOBRIFE. BIUHLVBEERRFHRRE
DIEFIEFEND.
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DEVELOPMENT OF |REO#HEET5> b |SMIRT 24 Internal fire hazards can pose a significant threat to plant safety and can often contribute a significant portion of total plant risk. This level of | REOFERT5> MABWRICHU TE
INTERNAL FIRE PSA [E4: (2017) contribution therefore warrants a probabilistic treatment to identify vulnerabilities and provide insights for design or procedural BN EEARGEE T FHEmE 3 OPIEBA K
FOR NEW BUILD UK | DAIBEBN EPSAD improvements. Such an analysis was conducted for a new build reactor design of the United Kingdom (UK) Advanced Boiling Water Reactor [PSAICDWTEEEL TL\3.

GENERIC DESIGN | Bi% Jacobsen (ABWR) as part of the UK'’s Generic Design Assessment (GDA) licensing process.

ASSESSMENT Analytics(:k FEMTIE. BB DESRIRRED
=) This analysis was conducted for both at-power and shutdown operating states to obtain a comprehensive understanding of the potential M5 TEESNI, BATCE. AKX E

360P internal fire risk for different plant operating states and configurations.The analysis was conducted for UK ABWR generic design according to | SLUBANBEDETHCBIT 2 1= —IR4F

the NUREG/CR-6850 method for internal fire probabilistic risk assessment using fire ignition frequencies from NUREG-2169 [2] in the
absence of plant-specific ignition frequency data. The analysis included all buildings containing equipment with the potential to contribute to
overall risk and had to overcome many challenges specific to new-build plant designs such as a lack of detailed design data including cable
selection and routing information, evolving design reference points and coordination with other related studies ongoing as part of the GDA
process.

The analysis also included a novel method for performing multi-compartment fire analysis to reflect the design’s unique features relating to
fire compartment and fire barrier design. The analysis was also conducted in parallel with an internal flooding PSA and shared much of the
same input data using an innovative data storage and manipulation tool to enable efficient generation of fire and flooding scenarios for use
with the quantification software. The insights for the design and possible solutions for generic design will be shared as part of this paper as
well as insights from performing such studies in the context of the UK new build licensing process.
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The apportioning of fire scenario frequency to induced initiating event(s) can be a significant source of conservatism in fire probabilistic
safety assessments (PSAs). One meaningful approach would be using a structure similar to a seismic initiating event tree, where
earthquake occurrence frequency is apportioned based on the fragilities of components whose failure could induce each initiator. This
however is difficult in fire PSA due to significant uncertainty in the modeling of fire dynamics and the response of target cables exposed to
the fire environment.

It is also difficult to rank initiators by severity (in terms of conditional core damage probability for example), given that risk contribution is a
function of mitigating equipment failures, which vary greatly by scenario. Given this uncertainty, many fire PSAs map the entire scenario
frequency to all potential induced initiators, which results in significantly overcounting the frequency, by a factor of the number of induced
initiators.

This paper explores an automated approach for initiator selection and frequency apportioning that resolves the identified challenges. The
approach is applied to two fire PSAs and the results presented.
Initial results from the two pilot studies suggest a 10-50% total fire core damage frequency reduction using the proposed process.
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Experience with fire events at NPPs, as captured in the Electric Power Research Institute (EPRI) fire events database (FEDB), indicates that
a majority of electrical cabinet fires are extinguished prior to developing into a challenging state. A significant fraction, in excess of 90% of
fires that ignite within electrical cabinets are classified as potentially challenging. These are fires that do not reach a challenging state - in
other words, the fire was not fully involved, did not impact surrounding equipment, or did not damage cable trays or conduit nearby.
Following the current approach described in NUREG/CR-6850 all fires, regardless of fire severity classification (potentially challenging,
challenging, and undetermined), are modeled the same way, capable of significant growth (growth to peak in 12-minutes) and causing
damage to nearby equipment and cables. The insights from a review of the FEDB data suggests a significant fraction of fires grow in a
manner that allows for plant personnel to respond.

To capture this experience, events are classified into two growth profile groups, Interruptible Fire and Growth Fire. The Interruptible Fire
characterization will be used to classify fire events that grow and progress in a manner that is not at an accelerated rate such that plant
personnel are able to discover and suppress prior to the fire becoming a fully involved fire or causing damage to targets outside the ignition
source.
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The Growth Fire characterization will be used to classify fire events that exhibit a rapidly developing and growing fire for which there is a
chance responding plant personnel will not be able to discover and suppress the fire prior to becoming a fully involved fire or causing
damage to targets other than the ignition source.

The Interruptible Fire and Growth characterization is based on the available recorded fire event evidence as included in the FEDB.
Subsequent to the review, a procedure and rule set were developed to allow for consistent classification of fire events into two different
growth profiles. The current scope is limited to electrical cabinet sources (primarily Bin 15 - electrical cabinets) with fire events occurring
between 2000 and 2014.

This paper will describe the characterization of the proposed Interruptible Fire and Growth groups, the criteria developed to classify fire
events as either an interruptible or growth fire, a split fraction for interruptible and growth fires, and nonsuppression probability (NSP) values
for interruptible fires, growth fires for use in the NUREG/CR-6850 Appendix P NSP event tree, and revise the HRR profiles using available
nuclear power plant electrical cabinet experimental data.
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Experience with fire events at NPPs, as captured in the Electric Power Research Institute (EPRI) fire events database (FEDB), indicates that
a majority of electrical cabinet fires are extinguished by plant personnel, with minimal suppression efforts, prior to developing into a
challenging state. A review of the fire event focused on characterizing the suppression response. The event tree in NUREG/CR-6850
Appendix P considers automatic suppression as the first line of suppression capability. If the fire is not suppressed by an automatic system,
the next opportunity for suppression is by the plant fire brigade. The event review determined that only 7% of the electrical cabinet fires
were suppressed by automatic suppression.

The event review also shows that plant personnel have a strong role in the suppression of electrical cabinet fire events. However, unlike as
prescribed in NUREG/CR-6850 Appendix P, only around 30% of these fires are suppressed by the full fire brigade, while some 50% are
suppressed by personnel discovering the fire, staff conducting test/maintenance on equipment, or other general plant personnel. This is not
currently captured in the Appendix P framework.

An important criteria to the review of fire growth profiles was analyzing the suppression response, specifically characterizing if the
suppression response was simple. Examples of simple responses include de-energizing or removing power to the ignition source and the use
of a single portable extinguisher. A review of events shows that over 70% of the fire events were suppressed using simple suppression
actions.
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This paper will provide an approach that more closely models these types of fire progressions observed in operating experience by revising
the non-suppression probability tree. The revision of the event tree better reflects insights gained following a detailed fire events review (e.g.
numerous reports of operators responding to equipment alarms in the MCR and discovering a fire, as well as numerous events describing
plant personnel discovering a fire in the early stages followed by suppression with minimal effort).
Radiative Heat Flux [#ASLUESE [ANS_PSA For targets exposed to the radiant heat from a fire, the current guidance computing the radiant flux is contained in NUREG-1805. This BLORUVINRRN KR U E RSN K
Zone of Influence  |'/NSKDRETEVRR | 2019_ Official [guidance is based on techniques developed for large, outdoor, hydrocarbon fires (tank farms, pipeline rupture, etc.). There are two ([CLBIREBIBADELECRET 2 HAF > RIC
for Open Firesand |§2&Y—> Program(¥ |shortcomings with this guidance as it is applied in Fire PRA. DWTCEREL TL3,
Electrical Enclosure ()
Fires The first is the guidance uses a correlation for the emissive power of a fire that does not reflect the real-world behavior of small fires. With |5=5Y NV SENSOIREIZA RSN 235
Jensen exception of fires like a catastrophic failure of the turbine lube oil system, fires used in PRA do not have the emissive power seen in large B, IRGIERRERETE T REOL (S
Hughes(3k outdoor fires. This results in overly conservative estimates of the zone of influence (ZOI) of a fire, the distance at which a fire can cause Y AIEFNUREG-1805(CEFEN TS,
=) damage to target. DAAF VA& KIIERBIDRALIK

The second shortcoming is that there is no specific guidance on how to evaluate the ZOI when the fire is inside of an electrical enclosure.
In the absence of guidance, the typical approach is to treat the fire as if it were out in the open. This is also overly conservative as the
electrical enclosure prevents direct line-of-site to the radiant heat from the fire.

To address these shortcomings in current guidance, the Electric Power Research Institute (EPRI) has sponsored research into developing
improved guidance for the radiative heat flux ZOI for open fires and fires in electrical enclosures. New open fire guidance was derived from
the basic principles of fire dynamics and the new guidance is validated against test data for small fires. Guidance for electrical enclosures was
developed by modeling electrical enclosure fires with the Fire Dynamics Simulator (FDS), a computational fluid dynamics (CFD) model for
fire. The FDS modeling approach was validated using full-scale test data of fire in electrical enclosures. Modeling results were used to develop
guidance on both ZOI and severity factor, the severity factor is the fraction of expected fires capable of causing damage.

This paper will provide a summary of research activities and summarize the guidance.
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The Effect of the LIPL>ZT32 N |ANS_PSA NEI 00-01 provides a list of generic Multiple Spurious Operations (MSOs) scenarios which should be considered in fire PRAs. The generic MAAPO—RE VT 5> NEB OfFT
Pressurizer Heaters |ANS¢PRAICHIFZ [2019 MSO scenarios were based on the collection of MSO scenarios from industry and the evaluation of their applicability to a specific plant is LT NKPRATE BT NE—HHYR
on Spurious DIESRIZRTLA 0| _Official required for more realistic plant specific fire PRA. In this paper, a plant specific analysis was performed using MAAP Code to evaluate the BHORIRIE (MSO) >HUADL I
Pressurizer Main MSO036>FJ)A®D |Program(F |applicability of generic MSO 36 scenario to a reference plant. S AT 5 MOBERMEOFHRICDOVTER
Spray Initiation, DESRE—HYDFE | T8) LTV,
MS036, Scenario in According to NEI 00-01 Revision 3, MSO 36 scenario is defined as (Spurious opening of pressurizer spray valves) AND (Inability to trip, or
a Reference Plant Southern(3k |spurious operation of RCP) AND (Failure of Pressurizer heaters). The focus of the plant specific MAAP analysis was to evaluate the NEPRATE B I NE—REHIREED
Fire PRA =) effectiveness of the pressurizer heaters in preventing spurious safety injection signal due to low pressurizer pressure cased by spurious main |32/ (MSO) >FUA(.

pressurizer spray initiation.

MAAP analyses were performed for a reference plant for the two cases where the pressurizer main spray was spuriously on with the full flow
rate after reactor trip; one case with pressurizer heaters forced off and another case with pressurizer heaters in auto mode. The results
showed that low pressurizer pressure decreased to the low pressure safety injection signal set point att = 116 second and t =148 second
with pressurizer heaters off and with pressurizer heaters in auto, respectively. As sensitivity studies, similar cases with lower main spray flow
rates (50 % of full flow rate and 25 % of full flow rate) were also performed.

With less spray flow rate, the effective of pressurizer heaters increased but in both sensitivity cases, pressurizer heaters could not prevent
but only delay the safety injection signal generation time. Based on the results, it was concluded that pressurizer heaters cannot prevent
safety injection signal generation if pressurizer main spay is spuriously on. Therefore, in the reference plant fire PRA, fire PRA MSO36
scenario was modified in such a way that initiating event with spurious safety injection signal is generated when the pressurizer main spray
is spuriously on and RCPs cannot be tripped regardless of the pressurizer heater status.
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Modeling Fire- PRATA—)LRY)— | ANS_PSA Nuclear power plants have procedures to mitigate fire events that force operators to abandon the main control room (MCR). Abandonment |4)L—THIEKEERFIFOCAFTAR-X
Induced Main [CBIFDNEEFEFRD| 2019 could be required due to either loss of habitability or loss of functionality caused by a fire inside the MCR, or loss of plant control caused by DITA—=)LNYYU—PSACHIF DB
Control Room o FlfE IR B0 | _ Official fire outside the MCR. Fire probabilistic safety assessments (PSAs) must model these scenarios to meet supporting requirement FSS-B2 in the |BEMEDEK(CLZPRFHZE (MCR)
Abandonment in PRA|ETIUL Program(¥ |2009 ASME PRA standard; however, the MCR abandonment scenarios introduce additional complexity compared to a conventional fire BEOETIULICERINZFECDONT
Fault Trees =) scenarios where there is no control room impact. SEEL TS,
WEC(KE) Factors that must be considered include operator actions required to successfully abandon the MCR, independent failure of the equipment | ‘/XEPSAlE. 2009 ASME PRARAED

used to safely shut down the plant from the remote shutdown panel, and what operators consider to be a sufficient “loss of functionality” to
necessitate abandonment. Additionally, it is desirable to model MCR abandonment in a fault tree (rather than by post-processing) to generate
MCR abandonment cutsets, quantitatively evaluate the uncertainty, and perform sensitivity studies.

This paper describes a methodology used to model MCR abandonment due to loss of habitability and loss of functionality in a CAFTA-based
fault tree PSA of a four loop pressurized water reactor
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Human Reliability NKEPRAICHIFD  |ANS_PSA Main control room abandonment (MCRA) due to fire is complex to model in probabilistic risk assessment (PRA) because there are a wide NEPRAICH I IR HIAE =3B 56
Analysis oI ZEIREES | 2019 range of fire scenarios and, typically, operator actions are taken at multiple locations throughout the plant. While the U.S. Nuclear (MCRA) >FHUADABIEFEMERRT
Quantification FUADAEMERE M [ _Official Regulatory Commission’s Office of Nuclear Regulatory Research (NRC RES) and the Electric Power Research Institute (EPRI) collaboratively| (HRA)EZ{LHA 4> RICDWTEEHEL
Guidance for Main  |f#HrEEILH (4 |Program(F |published fire human reliability analysis (HRA) guidance in 2012 (see EPRI 1023001/NUREG-1921), it was recognized that MCRA W3,
Control Room DA BFEORE | scenarios would require additional HRA research.
Abandonment ([IEATES R NS LB OHI IR S LSRR
Scenarios in Fire 1BHREBFHAL 2 |US.NRC (K |In 2015, a second joint EPRI/NRC-RES fire HRA project was initiated to develop HRA methods and guidance for MCRA scenarios due to NEEEFIANGD. BE. T7> MNOEEL
PRAs: What's New =) either loss of habitability or loss of control. Joint EPRI/NRC-RES guidance for qualitative MCRA HRA was published as Supplement 1 to DIGFR CEIREIRIEMTON S 28,

and When Can

Existing Methods Be

Used?

NUREG-1921 by EPRI in August 2017. (NRC's publication is pending.) Subsequently, EPRI and NRC RES have developed HRA
quantification guidance for MCRA scenarios in fire events that is expected to be published at the end of 2018 as Supplement 2 to NUREG-
1921.

MCRA HRA quantification guidance addresses three time phases: before the decision to abandon, the decision to abandon, and after the
decision to abandon. The approach for HRA quantification is different for each time phase. Also, in some time phases and contexts, the
guidance identifies existing HRA quantification tools as being appropriate for MCRA scenarios. However, there are some special cases that
required the development of new HRA quantification tools. One such example is the human failure event (HFE) that represents the decision
to abandonment for “loss of control” MCRA scenarios (as opposed to “loss of habitability” scenarios).
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An Approach to Fire |'ASEHEERUZIEE |ANS_PSA As the nuclear industry pursues risk-informed and performance-based initiatives, the identification, characterization and evaluation of AEEEOEENRETIULZED. X

Probabilistic Risk fBEFU>YJ . FE |2019 uncertainties is part of the process of using fire probabilistic risk assessment (FPRA) results in a risk-informed framework. Historically, while | $$PRARDEEMRR N SSERETIUED/C

Assessment EHE2AHLY |_Official uncertainties have been recognized and identified in the detailed fire progression modeling performed for FPRAs, there have been some TA—X Y ADEDTRRFFACOVTEE

Modeling, RBEDHADTT  |Program(F |limitations and simplifications in their characterization and evaluation. BHUTULS,

Uncertainty o-F ()

Quantification and The consensus FPRA practice has been to address uncertainties using conservative modeling assumptions in many cases, rather than NHEPRADTSH7 1A 3. BAFERTEE1L

Sensitivity Analysis Jacobsen performing explicit quantification. Conservatism has been a by-product of this approach. In particular, the bounding, conservative, approach | Tl37<. ZLDIHE. ETIULDIRSTH
Analytics(:¥ |has been used to address uncertainties related to fire scenario frequencies and associated fire damage. RAREZERL TREE LT B
E3)} ETHoOl,

This paper describes a more complete method for the performance of detailed fire progression modeling within a FPRA, including
quantitative uncertainty modeling. The method was developed by Jacobsen Analytics during the performance of FPRAs performed in support
of NFPA 805 and subsequently enhanced and expanded as part of a project funded by the Electric Power Research Institute. The
integration of uncertainty quantification as a fundamental part of the method removes the need for conservative, bounding, approaches to
the selection of point values in the fire progression models.

The method includes systematic identification and characterization of parameter and modelling uncertainties. Uncertainties remaining after
preprocessing are then propagated using single and two loop Monte Carlo simulations.

The simulation model provides several benefits: a) minimization of conservatism by eliminating the need for simplifying/bounding
assumptions; b) the use of more flexible and detailed modelling; and ¢) more accurate representation of correlation of parameter
uncertainties in fire initiators, fire growth, and suppression models.

The method is able to generate importance rankings for input uncertainties to the fire induced damage state analyses, based on how
strongly each individual input uncertainty affects the resulting fire induced damage state uncertainty. In the future, insights about the
importance of input uncertainties might be used to inform research efforts or to suggest plant changes to minimize the effect of these
uncertainties.
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APPLICATION OF ENHIPRADINEERE PSAM 13 A dynamic event tree analysis (DET) approach is taken to analyze a scenario involving seismically-induced failure of feed-water lines exiting two | BIfIPRADHNEREEAIEREKBRADEA(CRIL
DYNAMIC HEAERRKERN |(2016) redundant condensate storage tanks. A fast running, reduced order room flooding model is used to assess the time-dependent flooding of rooms | T. LA FOiBAMNC BN ERAT DFERZ SCEL TL
PROBABILISTIC DA containing critical safety equipment. Time-dependent, probabilistic recovery models are developed for the recovery of auxiliary feed-water flow BN
RISK ASSESSMENT A)IAAK (K using FLEX equipment (a portable pumping system), high pressure injection flow, and operability of primary system pilot operated relief valves.
TO A SEISMICALLY- E3)) -RICEDFHEIN I T EHEBRORKESZE—HK
INDUCED A time-dependent, probabilistic after shock model is applied to determine the effect of after shocks on the timing of recovery actions. An ADAPT HIRSBE S FUA
INTERNAL FLOOD (dynamic event tree) approach to DET analysis is used in which branching occurs for a MELCOR (severe accident analysis code) model of - RIS E ORI EE U THER e Rz FRIT 51
EVENT transient system behavior leading up to the point of core damage or no core damage for a spectrum of scenarios. The potential value of DET SHON-2EL TEFSN 21435 RESS I A#ART
methods in addressing scenarios involving complex timing issues is illustrated. B TA =LY U—/BRYU-ET L. BERIOBIH
LU TEFESEREHEIREOMERZ RTES BI2DICH
Section II describes plant design features used in the study. Section III presents the general accident scenario being addressed involving FENIEERH
seismically-induced flooding of safety equipment. Sections IV through VIII describe respectively, the component fragility analyses used as a basis | - RINZRRBHIETIV
for predicting component failure probability as a function of imposed seismic load, the static fault tree/event tree model, the density functions +ADAPT DETET )L
developed to determine the probability of various recovery actions as a function of time, the phenomenological models used, and the ADAPT DET
model.Section IX presents the results of the dynamic analyses and Section X presents conclusions.
Dynamic Level 1 RFHFEEFRICS |PSAM 13 The level 1 Probabilistic Risk Analysis Study estimates the frequency of accidents that cause the reactor core damage. In general, the core NIVITEEE TS THILOERFAVETUVCDFEE
PRA of Seismic- (32 HEREFAEAIED | (2016) damage frequency (CDF) is investigated by using event tree which depicts a system that is needed to respond to mitigate the initiating event. The |{liFEOMEREAEREKBRADEAICOWVT
induced Internal JR/KDENHIL AL event tree method requires pre-specification of an order of event occurrence which may vary according to the current plant state. Failure SCELTLVD,
Flooding in Nuclear [PRA ERK (H probability of a component also vary significantly in current status and the occurrence of each event interacts with each other. Thus, the
Power Plant x) conventional event tree approach is not applicable to the quantification of an indefinite number of the progression scenarios. YIVIZEHETIUL, FRKIEEE DRI DK OB B E >

In this study, a new methodology using Markov chain and Monte Carlo method is proposed to evaluate the CDF and applied a seismic-induced
internal flooding event. The process of seismic-induced degradation is probably unknown in reality. A flooding model is proposed to describe the
water level in each room and a propagation of flooding in the turbine building. Then, a continuous Markov chain model is applied to simulate the
transition between the states of flood barriers. Also, the common cause failures of two types of the auxiliary feeding water pumps are evaluated by
considering the current water level in the turbine building. Monte Carlo method is used to evaluate uncertainties of initial leak rate, broken area of
the barrier.

As a result, accidents scenarios initiated with a seismic-induced internal flooding are evaluated. The new methodology is a useful approach for
quantification of interactive accident scenarios which consider event progression.
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IMPROVEMENT OF |$8EOWHEPWR [PSAM 13 The assessment for the flood event frequencies of flood areas is one of the most important parameters in internal flooding PSA.Internal flood PSA | AEBRKPSAD RFEDFEEDIIZTA>H )\
INTERNAL 0TS NEBZEMF [(2016) for Westinghouse PWRs in Korea has used generic data in Nuclear Power Experience (NPE) and empirical formula for estimating the flood event | Z#&PWRADEAICDVWTEEHKL TLVB.
FLOODING PSA (CEDKHERRK frequencies. However, this approach has the weakness in light of the flooding vulnerability in the pipe-concentrated area. To improve these
BASED ON PLANT- |PSADE Future & limitations, revised internal flooding PSA was performed with flood area-specific data, which include the pipe characteristics by the flood source, TEROFEE, BENEPL TVDIVTDIRKD
SPECIFIC Challenge flooding class by the ruptured pipes, actual propagating scenario, and HRA, etc. MESSHE(CHRSL TEemh'd. CNSOKIRZEE
CONDITIONS FOR Technology 9Bl AEIESNEAERRKPSAL. @K RER
WESTINGHOUSE (88F) This paper identified the applicability of improved internal flooding PSA methodology for Westinghouse PWRs in Korea, which is expected to lessen | DBECESFE. BHRULECEICLZiRKOIHE. EBR
PWRS IN KOREA unreasonable conservatism and provide a more realistic analysis. DIEHES A HRAREZ SRR IVTER D
T-ATEITEN,
Insight from the APR 140075~ N |PSAM 13 An internal flooding Probabilistic Risk Assessment (PRA) is performed for Advanced Pressurized Reactor 1400(APR-1400) plant under APR 140075 hNORERRKPRADRE AR NS
Internal Flooding OAEBRKPRAN [(2016) construction. The APR-1400 plants adopted quadrant physical separation of safety related components and passive flood protection measures. Due|S5NAIRCDOVTEEHEKL T3,
PRA For APR 1400 (504018 to some limitations on the availability of the information for the plants under construction, the analyses are performed applying some conservative
Plants KEPCO (88 |assumptions which cannot be obtained from the design information. JR/KPRADIEERDLETI—(CHNT, HRICHETD
=) AJREEDSGD 2 DDBIEM R RIRENNFESN, 1
The results of the flood PRA show that the risk from the internal flood is very low despite of the conservative assumptions applied. During internal | DIZ@7/KOERAENT TERAINIEZZE T, £5
and external review, two potential issues that may affect the results are identified. One is the friction factor used in the flood growth analysis and | 1 D(EBANFENBIVEE H(CRBIHERTHD. L
the other one is the probability of fire doors left open. Sensitivity analyses are performed to identify the impact of the issues on the review result.  |E1—#ER(CHT I ZRIBORERFET BIeolC. B
This paper presents the sensitivity analyses. EfRTNEITING,
INSIGHTS FROM AN |&5=#iOPWRAR!  [PSAM 13 An Internal Fire and Flood “Screening” Probabilistic Risk Assessment (PRA) was conducted for fire and flood events that may potentially cause fuel |{ERFBEHRIIT—)L (SFP) THRIDIBIS%ES|E
INTERNAL FIRE T-IOREBNSEE [(2016) damage in the spent fuel pool (SFP) associated with a modern (i.e., GEN 3+) PWR nuclear power plant. HEC I OIREME DD SR N KB LURERRKDUR
AND FLOOD PRA OF [i@7KPRANSDAL DICRET BRIU—Z > SRS DOVTEESKL TLVB,
A MODERN PWR =B Jensen This SFP has a standard SFP cooling systems as well as a number of back-up make-up systems, most of which are not specifically designed for
SPENT FUEL POOL Hughes (¥ |seismic events. The original design has been augmented with an additional external emergency make-up/spray system utilizing an on-site water | 27U—=>4PRAICEDT. ¥l PRAZSRITI BT
E3)} source and pumper fire trucks, which will be designed for seismic events. The screening PRA found that it was possible to screen out internal fire |&i<, PIEBDNKEERKEZRD)-Z>) TEBIEN

and flood without the need to perform a detailed PRA.

The results of this analysis showed that the total bounding FDF from fire represented less than 1% of the total SFP FDF from all other hazards
(both internal and external) with one scenario contributing about half of that amount and no other scenario contributing more than a few
percent.

The results of this analysis also showed that the total bounding FDF from flood represented less than 1% of the total SFP FDF from all other
hazards (both internal and external) with one scenario contributing about 10% of that amount and no other scenario contributing more than a
few percent.

This paper p resents a screening assessment for the risk of internal f ire and internal flood that may potentially cause fuel damage in the spent fuel
pool (SFP).

The paper covers the screening of internal fire and flood hazards except for those induced by seismic events. It has been carried out for the Spent
Fuel Pool (SFP) of a GEN 3+ following the Technical Guidance for Spent Fuel Pool Hazard Screening which was developed as part of this project.
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INTERNAL NILF—-ORERRK | PSAM 13 In 2007, WENRA published a version of its Safety Reference Levels which, among others, requested the development of a Level 1 Internal FARTOBERARREICHT U TLAILL AERRKPSAD

FLOODING LEVEL 1
PSA IN BELGIUM

LAV PSA

(2016)

Tractebel
ENGIE (NJL
£-)

Flooding PSA for all operating states. This paper highlights how these requirements were met in Belgium and their conclusions. Based on an
existing methodology by the Electric Power Research Institute an in-house methodology was prepared by Tractebel Engie with the emphasis on
automation. The probabilistic IFPSA for the five most recent Belgian units of were successfully performed and submitted to the Belgian authorities
by the end of 2015.

The flood induced core damage frequencies were found to be one to two orders of magnitude below those due to internal events. Differences in
design philosophies between sites, e.g. the placement of sumps and watertight doors, were clearly observed within the results as were their merits
and potential risks. Low frequency but high flood rate scenarios were found to be more penalizing than high frequency low flood rate ones due to
the onsite provisions. Furthermore, special flood mechanisms such as the spurious activation of the fire extinguishing system or high energy line
breaks (HELB) were found to have a negligible contribution to the total flood induced core damage frequency.
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Internal Flooding
Level 2 PSA in
Belgium

RILF—OPREREK
LAIL2 PSA

PSAM 13
(2016)

Tractebel
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In the frame of the Belgian action plan answering the WENRA Reference Levels of 2007, a representative study of the internal flooding level 2
PSA has been performed by Tractebel on a Belgian 1000MW-PWR.

The internal flooding level 2 PSA has been elaborated as an extension of the internal event level 2 PSA so that the methodologies developed for the
internal event level 2 PSA regarding containment isolation analysis, Human Reliability Analysis (HRA) and basic events quantification remain
globally valid for the internal flooding level 2 PSA. Only limited adaptations had to be introduced in the containment isolation analysis methodology
and in the HRA methodology for internal flooding specificities.

Besides these methodology adaptations, the level 1/level 2 interface process, providing the status of the sequences leading to core damage in so-
called Plant Damage States (PDS) has also been performed specifically for the internal flooding sequences. The main outcome from this process is
a direct consequence of the level 1 PSA results, namely that the Core Damage Frequency (CDF) for the internal flooding sequences represents
solely 1.23% of the CDF for internal event, thus two orders of magnitude lower.

Consequently, it is already known beforehand that the internal flooding hazard has a minor impact on Belgian NPPs and that the outcomes and
recommendations coming out of the internal flooding PSA study will be of low importance with respect to those derived from the internal events
PSA. Nevertheless, risk metrics for the internal flooding level 2 PSA study have been computed, i.e. Containment Failure (CF) modes,
Containment Failure Frequencies (CFF) and Fission Product (FP) release frequencies, and put in comparison with internal event level 2 PSA
results.

This paper aims at presenting the work carried out as well as the results of the internal flooding level 2 PSA that show that the associated risk can
be considered acceptable in comparison with the internal event level 2 PSA results.
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The internal flooding level 2 PSA results show that the associated risks, i.e. Containment Failure Frequency (CFF) and “Not Small” release
frequencies, can be considered acceptable in comparison with the internal event level 2 PSA results, as the internal flooding CDF is two orders of
magnitude lower than the internal event CDF.

The main conclusions and recommendations identified with this study are the following:

The internal flooding CFF is only 1.63% of the internal event CFF, thus two orders of magnitude lower;

The ratio of the CFF divided by the CDF for internal flooding is higher than the one for internal events. This means that CDF sequences induced
by internal flooding lead more likely to CF;

One main reason of the higher CFF/CDF ratio is due to the lower probability of successful accident management actions in internal flooding
situations. Therefore, during operators’ training, internal flooding situations could be simulated;

Another reason is the higher unavailability of safety systems due to internal flooding. Therefore, mobile alternative means such as alternative
containment spray system and alternative injection system are even more useful in internal flooding situations.

Internal flooding PRA |48 TR F 1
for Kashiwazaki- FREFROWEDRK
Kariwa Nuclear PRA

Power Plants

PSAM 13
(2016)

RREH (B
&)

One of the important lessons learned from Fukushima Daiichi Accident is that appropriate and sufficient protection against External hazards like
Tsunami is essential for the nuclear safety. Based on this lesson, we have been evaluating risks of external events at Kashiwazaki-Kariwa nuclear
power plants and implementing various countermeasures, as one of our continuous activities for nuclear safety improvement.

Regarding internal flooding, we have been implementing countermeasures based on deterministic risk analysis, which is also for meeting new
regulatory requirements. Besides, it is necessary to quantify the internal flooding risk and assess the effectiveness of countermeasures by PRA. In
this paper, results of the internal flooding PRA for Kashiwazaki-Kariwa Unitl (BWR-5) and 7 (ABWR) are shown on the plant condition prior to the
implementation of countermeasures against internal flooding. The results show that the most risk-significant flooding source is sea water system in
Heat Exchanger Building for Unitl, and fire protection system in Control Building for Unit 7, respectively.

In this paper, we describe the internal flooding PRA result on the plant condition prior to implementation of countermeasures, and discuss its
insights and relation to countermeasures implemented. In the future we will reevaluate this internal flooding PRA with the plant condition after
implementing countermeasures to assess the change and benefit.
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COUPLING TaKUZR IO [ANS_PSA Probabilistic risk assessments involving flood require accurate estimations of the time until critical equipment are reached by the water. JR/KPRATIE, KN EERHEERICEIET 2F TORF
SMOOTHED- SHOIFBILRIFIR (2017 Conventional approaches for assessing flooding risks employ a variety of simplifications on the water dynamics and geometries involved, limiting Rz IEREICHETE I 2ENGDN RERDTTET
PARTICLE FHFENFIV their accuracy and reliability. Conversely, 3-D fluid modeling methods make it possible to obtain exploitable data in the highest amount, variety and|(&. 7K} ZEPEEICDOWVT. BH{LRETILAERA
HYDRODYNAMICS  |i&RIICE D<K |Centroid LAB |accuracy, but are associated with a significant computational cost and a limited spatial resolution. N, FIEEEENFIBRENTWS, oz, N
AND TORRICELLI'S [EFIOMES CKRE) FIUDERID—RALRZICE DVVAERDK HE
LAW-BASED We present a hybrid approach, leveraging on the strengths of both previous approaches. An innovative and flexible coupling is realized between: a | 7)LEFBILRIFRAA I F% L eNavier-
HYDRAULIC conventional hydraulic model, based on macroscopic balances and a generalized form of Torricelli's law; and a 3-D fluid model, solving the StokesHERE MDA ET IV EREELI/I A
MODELS FOR Navier-Stokes equations with smoothed-particle hydrodynamics. T RBFEMBREINTLS,
FLOODING RISK
ANALYSIS We demonstrate for an internal flooding scenario the benefits of this methodology, making use not only of several kinds of one-way coupling but

for modeling flows under doors and through draining systems as well. It is able to provide a significantly more complete, accurate and reliable

characterization of the flooding risks than the conventional methods, while keeping the computational trade-off at a moderate level.
DEVELOPMENT OF |RED#H&T7> M |ANS_PSA Internal flooding hazards can pose a significant threat to plant safety and can often contribute a significant portion of total plant risk. This level of | —#%HIRECERIESEE ZFIFAL T. EPRIOAED
INTERNAL OEARGGETEHED (2017 contribution therefore warrants a probabilistic treatment to identify vulnerabilities and provide insights for design or procedural improvements. JR/KHEER I T A (A > TRAESNZREABWR
FLOODING PSA FOR |fzspMEBi@7KPSA Such an analysis was conducted for a new build reactor design of the UK Advanced Boiling Water Reactor (ABWR) as part of the United Kingdom's| EA:&5 T DIz0AIEFRKPSAIC DV TEREL TL
NEW BUILD UK DFEFE Jacobsen Generic Design Assessment (GDA) licensing process. This analysis was conducted for both at-power and shutdown operating states to obtain a Bo

GENERIC DESIGN
ASSESSMENT

Analytics (3
=)

comprehensive understanding of the potential internal flooding risk for different plant operating states and configurations.

The analysis was conducted for the UK ABWR generic design according to the EPRI method for internal flooding probabilistic assessment making
use of the generic piping failure frequencies as part of that process. The analysis included all buildings within the GDA scope containing equipment
with the potential to contribute to overall risk and had to overcome many challenges specific to new-build plant designs such as a lack of detailed
design data, evolving design reference points and coordination with other related studies ongoing as part of the GDA process. This analysis was
conducted in parallel with an internal fire PSA of the UK ABWR generic design and shared much of the same input data using an innovative data
storage and manipulation tool to enable efficient generation of flooding and fire scenarios for use with the quantification software.

The insights for the design and potential solutions for overcoming the lack of necessary design data will be shared as part of this paper as well as
insights from performing such studies in the context of the UK new build licensing process.

BT, T NS ES EINEIRARARE BRI I
ZBENRAERRKIRIOBIENBIEHZIS
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MODELING OF MATHCAD%fEF | ANS_PSA Internal Flood Probabilistic Risk Assessments (PRAs) involve the accumulation of water in various rooms of plant buildings, with propagation of MathcadVJ NI 17 ERUAERRKS FUAL
FLOODING FLOW UTBRRL>3wh 12017 water to other areas of the plant via stairwells, equipment hatches and floor drains. A companion paper involving the modeling of internal flood TKDAGBOETIALICBAL T, BRRL > DRy NI~
RATES THROUGH  [J-4Ic&3i@KiFR scenarios and water propagation using Mathcad software was presented at PSA 2015. R TFIRFEBOFIZERL. BRRL>Ryb
FLOOR DRAIN EOETIUEL Jensen D—1%BBKOFTNOETIUEICOVTEREHL TV
NETWORKS USING Hughes(:k However, this paper involving the modeling of floor drains focuses on a more detailed approach that is suggested for the modeling of water flow B
MATHCAD &) through a network of multiple floor drains in order to provide a more realistic assessment. This paper makes use of a Reactor Building example
with a network of floor drains and develops the equations that can be used in modeling the flow of water through the floor drain network. RRL>OETIUEICOWTI(E, £DIREMRFHTZ
R DD, WEORRL > DRy NI —%18D
Although it may be conservative to assume no credit for floor drains in an area where flooding is occurring, the effect of floor drains conveying KROETIULORSTREEINC., LDFFEBRTFE
water from one area of the plant to another should not be ignored. This is especially true for those cases in which the capacity of drain sumps are |((EEmZETTUS,
exceeded and water flows out of sump vents in areas where safety related equipment may be present.
UPDATES TO THE  [BREVIEAE(CLD [ANS_PSA EPRI has recently developed a new methodology for assessing the risk from seismic-induced internal fires and floods (SIFF). Before publishing the [EPRI(C&> TRIRSNIAIARICL D AP L ETRK
EPRI SEISMIC- EPRIDINE(CLS |2017 methodology, it is being subjected to a number of pilot applications. The SIFF methodology was developed over a two year period and, while not yet| (SIFF) ®UZJ% ST 31zsDFL WL FFED
INDUCED FIRE AND | /NSS&RKDFE published, is summarized in a paper presented at ICONE in July 2017 [Amico, Macheret, and Kassawara, “An Advanced Method for Evaluating BREVEFOREREL TFALCMISNIZAEICDL
FLOOD DEH Jensen Risk from Seismically-induced Fires and Floods”]. There are a number of ongoing pilot applications of this methodology, by Duke Energy, TEHL TV,
METHODOLOGY Hughes(ck Southern Nuclear, DC Cook, and Callaway, some of which are reported in other papers at ANS_PSA 2017.
RESULTING FROM =)
PILOT APPLICATION This paper reports on the changes that are being made to the methodology as a result of the pilot applications. Although the pilots have not yet

been completed, @ number of insights have already been coming in and are discussed in this paper. By the time of the conference, the first pilots
will have been completed and the conference presentation will present even further enhancements to the methodology right up to the date of the
conference.
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Analysis of Possible | AIEB@/KPRADEL |PSAM 14 EPRI has been sponsoring projects for the development of guidance and tools for the performance of NPP PRAs including internal flooding PRAs BEE ST LAORPELIEMT. BIUATFVRITE
Aging Trends in the [EIXTAIEE [(2018) (IFPRAS). R 3i@K(E. FRKICLDIERBRIBEDERE
Estimation of Piping [#ECHIIZRE HTHD. RESBL(CL DEPERIBINIBERNRISS
System Failure Rates | Z{tABEEDOIHT  |Sigma-Phase |The latter requires estimates of internal flood initiating event frequencies. Failures and ruptures in piping systems as well as maintenance induced |NTW,

for Internal Flooding CRE) flooding are key contributors to flood-induced initiating event frequencies. Beginning in 2004, EPRI has published a series of reports on piping
PRA system failure rates and rupture frequencies to support IFPRA. Since the completion of the initial work there have been four major revisions that |{&#IZS 2 OECE S AT ADRESER MU .
address new operating experience data as well as methodological refinements. FIROMIERRKPRAICHIFD N SDREERZE(CNT
AT BN %L T BIZHOEPRIOIATT OIS A
An insight from this effort is that there is evidence of aging as manifested by progressively increasing failure rates as more recent experience is DEFAHTOVTER L TV,
incorporated. For the raw water piping systems (e.g. circulating water and service water systems) the analyses imply increasing trends in failure
rate estimates from 2004, to 2010, and 2015.
The purposeof this paper is to describe the efforts in this EPRI research program to evaluate aging effects in piping systems outside the
containment and to enhance the capability to address these aging effects in future internal flooding PRAs.
INSIGHTS GAINED |fBBEFESHILO |SMIRT 24 As a part of the post-Fukushima activities, licensees performed (and NRC staff have reviewed) seismic and flooding walkdowns and revaluated EERRBHEORERFHREBICSIDH
FROM POST- KERFHFEE |(2017) seismic and flooding hazards for all operating reactors sites. BERKON\Y— ROBFHENSESNAN ROV
FUKUSHIMA FRICBIFZHMEL R TEHL TS,
REVIEWS OF JKI\F—=ROLE1— |US.NRC (K |A number of insights have been gained from these activities, interactions with the industry and other government agencies, development of the
SEISMIC AND MESNEARE  |E) industry and the NRC staff guidance documents, and plant-specific inspections and audits as a part of the review process. These insights relate to  [£18(d. $4iA0RRIRE, A1 9> R, HKific nBL
FLOODING technical issues, guidance, gaps in technology and needed research, and enhancements in review and regulatory processes. The principal RFOF YT BLULE1-ERHTOEADEIEIC
HAZARDS AT objective of this paper is to describe these insights. HZEDTHD.

OPERATING U.S.
NUCLEAR POWER
PLANTS SITES
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Internal Flooding EEDBLHMELE |Korean This document is intended to evaluate an internal flooding PSA for a Korean NPP as a part of efforts to develop a Korean site risk profile (KSRP) EPRIAAAVALAR—N (RSTN) O—EPEERL
Probabilistic Safety BEFMOPR-10007 |Nuclear based on all-mode, all hazard level 1/2/3 PSA including the extreme risk factors. TN EBERFHFEPIOPR-100073>
Assessment of an 5> NORERRK | Society MR D BLMELEEFORIERRKPSADFER(ICD
OPR-1000 Plant PSA Spring This IF-PSA was performed for low power and shutdown (LPSD) state of the OPR-1000 using a part of the EPRI draft guidance report. In 2009, |W\TEE&EHL TL3.
during Low Power Meeting EPRI published a guideline for the development of IF-PRA that addresses the requirements of the ASME/ANS RASa-2009 PRA consensus
and Shutdown (2016) standard. The EPRI guideline delineates a level of detail and assessment complexity that has been significantly increased with respect to the B HBLWZIEREORKBREATOIERICESD
Operation guidance for IF assessment performed for the individual plant examination (IPE) to address Generic Letter 88-20. ECURYF2.72E-09 /ELFHfTENT,
KAERI (&8 POS 02. 03. 04A. 10, 11, 12B. 13. 8&U
E3)} The main differences include: 14DFCBISSEE (& AV)-Z>JE#D1.0E-

* A more systematic approach to the definition of flood area

* The identification, screening and analysis of flooding sources and scenarios

* The calculation of the initiating-event frequency(IEF) based on the actual length and characteristics of the piping
e The inclusion of spatial effects such as spray from pipe leaks

e The specific documentation associated with the plant walkdowns

Among these differences, this research focused on the third and fourth items when performing the internal flooding PSA. This is done by
identifying the pipe and fluid characteristics, assessing the pipe pressure, characterizing the pipe (i.e., pipe diameter, length, etc.) and determining
the pressure boundary failure frequency. The results were summed for the various piping systems within a given flood area to arrive at an overall
internal flood initiating frequency for a given flood mode (i.e., spray, general flood, or major flood) for that particular area by each POS (Plant
Operational State).

In this initiating event frequency evaluations, the POS duration time is especially considered to get the real values for LPSD state.
Characterizations of spray scenarios were evaluated to determine their impact on plant risk caused by internal flooding events.

This paper summarizes the results and highlights ofthe internal flood analysis performed for the OPR-1000 plant during the low power and
shutdown operation.

According to the results of flooding event analysis during low power and shutdown operation, a risk was assessed to be 2.72E-09/yr. The core
damage frequencies for POS 02, 03, 04A, 10, 11, 12B, 13 and 14 were lower than the 1.0E-07/yr of screening criteria.

07 / yr&bBiEL,
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Internal Flooding EPRIfiM R51>% |Korean This document is intended to reevaluate an internal flooding PSA for a Korean NPP as a part of efforts to develop a Korean site risk profile (KSRP) |EPRIAA4>ZALR—b (RSTN) O—Ep%ERL
PSA Reevaluations  |{ERAULAIEREK |Nuclear based on all-mode, all hazard level 1/2/3 PSA including the extreme risk factors. This IF-PSA was updated using apart of the EPRI draft guidance | TE:HfizN/ZE8ERE T HREFOPR-100073
using the EPRI PSADEHh Society report. In 2009, EPRI published a guideline for the development of IF-PRA that addresses the requirements of the ASME/ANS RASa-2009 PRA > MORIERRKPSADFER(CDVTERHRL TLB,
Guideline Autumn consensus standard. The EPRI guideline delineates a level of detail and assessment complexity that has been significantly increased with respect to
Meeting the guidance for IF assessment performed for the individual plant examination (IPE) to address Generic Letter 88-20. 710K X B TEFT265MiRKSFUANEFES
(2015) . AIMS-PSAZEAL TEZ{baniz, LHIRE
The main differences include: KRR JZEZIHIC. 120MKXEICOVWTES
KAERI (&8 * A more systematic approach to the definition of flood area HEHBARATAE BN, NEBRKERICERT S
E3)) » The identification, screening and analysis of flooding sources and scenarios COF2ADEHETEE4.47E-07 / yrzmL TV
e The calculation of the initiating-event frequency(IEF) based on the actual length and characteristics of the piping B
e The inclusion of spatial effects such as spray from pipe leaks
¢ The specific documentation associated with the plant walkdowns
Among these differences, this research focused on the third and fourth items when performing the internal flooding PSA. This is done by
identifying the pipe and fluid characteristics, assessing the pipe pressure, characterizing the pipe (i.e., pipe diameter, length, etc.) and determining
the pressure boundary failure frequency. The results were summed for the various piping systems within a given flood area to arrive at an overall
internal flood initiating frequency for a given flood mode (i.e., spray, general flood, or major flood) for that particular area. Characterizations of
spray scenarios were evaluated to determine their impact on plant risk caused by internal flooding events.
This paper will discuss the results of each of IF PSA implementation steps.
This IF-PSA was updated using a part of the EPRI draft guidance report. Total 265 flooding scenarios for the 71 flood areas were identified and
quantified using the AIMS-PSA. The quantitative detailed analysis was conducted for 12 flood areas to get more realistic risk.
DO000-ESWA flooding is dominant contribution to total CDF, and it provides about 32% of the total CDF. The most dominant cutset to CDF is the
combination of Div.B switchgear room cooling failure and its recovery failure after DO00-ESWA flooding.
The flood area for the detailed analysis was nothing in the previous IF-PSA. Total 12 flood areas were identified for the detailed analysis in this
study, and the final result indicates a point estimate of 4.47E-07/yr for the overall CDF attributable to internal flooding events.
Internal Flooding BLEIBESEE 05 [ANS_PSA A common approach for performing an internal flooding PRA (IFPRA) is to group various pipe rupture sizes for a given system by flow rate. The |&DIREMNRURIIEZERBZIeHC. UAINEER
PRA Refinement by [ZICLZAERRK [2019_Official |three flood categories commonly considered are: spray events (1 gpm - 100 gpm), flood events (100 gpm - 2,000 gpm), and major flood SHUADRKNT IVE LDINSIRTREEFEICHE
Partitioning of Pipe  [PRADZNER Program(¥ |events (>2,000 gpm). IE3FE ETIVERAOREOLLR. BLUFED
Rupture Frequencies =) BERAMESNIZENCOVWTEEL TS,
However, for certain systems, the three flood categories may result in an over conservative application of pipe rupture frequencies. By splitting up
WEC (K@) |the flood categories of risk-significant scenarios into smaller flow rate ranges, more realistic correlation between scenario frequency and scenario
impacts can be obtained, which result in more realistic risk metrics.
This paper will provide the description of this methodology, comparison of impacts on model results, and lessons learned from application of the
methodology.
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A CASE STUDY OF [/@&/KEBRICFS [ANS_PSA External flooding events such as local intense precipitation (LIP), flooding due to upstream dam failure, and coastal flooding due to storm surge
SIMULATION- T3> NDISEEE (2017 or tsunami have the potential to interrupt nuclear power plant operations by challenging offsite power, threatening plant structures, systems and
BASED DYNAMIC TIUET BIHD> components (SSCs), and limiting plant access. Detailed risk assessments of external flood hazard are often needed while many unique challenges
ANALYSIS b—33oR-R exist in modeling the complete plant response to the flooding event.
APPROACH FOR OEERT7 IO~
MODELING PLANT |[FOT—ZR%551 A framework of simulation-based dynamic flood analysis (SBDFA) has been previously proposed to model the performance of SSCs and operator
RESPONSE TO actions during an external flooding event. This paper presents a case study to apply the SBDFA framework in a LIP event. A state-based PRA
FLOODING EVENTS modeling tool, EMRALD, is used in the study to incorporate time-related interactions from both 3-D physical simulations and stochastic failures into
traditional PRA logic models. An example EMRALD model and the associated 3-D flood simulation models are developed for the LIP event. The
quantification results from the EMRALD model and 3-D simulations are compared with those from a traditional PRA model using SAPHIRE.
The study shows that the dynamic flood analysis approach could be very useful in modeling plant response to external flooding events with their
appealing features. Additional thoughts from the study such as the potential roles the dynamic flood analysis approach might play now and in the
future are discussed.
Monte Carlo TERmIYRAK/\ |ANS_PSA Development of Flood Hazard Curves (FHC) is a necessary step for the development of Fragility Curves as part of Probabilistic Safety Assessment
Simulations for H—ReHEDRHD 2017 (PSA). The FHC, developed using a Probabilistic Flood Hazard Assessment (PFHA), illustrate the probability of water levels, flow rates, or velocities.
Probabilistic Flood EFHO03z1 The Fragility Curves used in the PSA process, illustrate the probability of system or component failure for a given load. Typically, these loads are
Hazard Assessment [L—33> (or are derived from) water levels, flow rates, or flow velocities associated with an_external flood event. An example site is used to illustrate the
series of calculations involved in a potential uncertainty analysis for flood protection, involving Monte Carlo simulations to evaluate potential levee
failure.
NUCLEAR POWER A LOEBEICE R |ANS_PSA The aim of the article is to bring out the teachings brought by different aspects of the study, such as damfailure frequency calculation, global
PLANT ELOODING |FH¥EfF0iE |2017 frequency of dependent phenomena assessment, and analysis off looding impact on the Nuclear Power Plant. First, the study examined the case
DUE TO A DAM 7K ZEl of a dam insufficiently drained off during a flood of its river. The assessment was performed with a tool developed at EDF. Initially unexpected
EAILURE: main contributors to the dam failure were identified. The dam failure creates a wave that flows into the valley below. The confluence with another
TEACHINGS river in the valley below had to be taken into account. The degree of dependence between the flood at the dam and the flood of the river in the

valley was characterized by using thetheory of statistical extreme values. Eventually, thefrequency of dam failure cumulated to the river flood
inthe valley was assessed. Then, at the Nuclear Power Plant, looking at the flooding field evolution during the hydraulic simulation, we noticed that
the level of water on the NPP platform was not the only parameter to take into account when assessing materials losses.
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REVISION AND ASME / ANS%+  |ANS_PSA A significant effort has been under taken to update the ASME/ANS external flooding probabilistic risk assessment (XFPRA) requirements contained
EXPANSION OF EBR/KPRIFARD (2017 in Part 8 of the Standard for Level 1/Large Early Release Frequency Probabilistic Risk Assessment for Nuclear Power Plant Applications. This paper
ASME/ANS ERETEIEAR provides an overview of the proposed revision of the XFPRA Standard as well as commentary on issues and challenges unique to XFPRA.
EXTERNAL This paper provides an overview of the proposed revision of the XFPRA Standard as well as commentary on issues and challenges identified by the
ELOODING PRA authors of the revision. It is noted that, at the time this paper was written, the revision of Part 8 is not officially balloted and approved by the PRA
STANDARD Standards Committee. Therefore, this paper reflects the status of the revised Part 8 at a particular point in the revision process. Nonetheless,
because this paper focuses primarily on challenges associated with XFPRA and the development of a consensus standard, the insights contained
herein remain valid.
Barriers to Proactive [SAFF@RKDE/RC [PSAM 14 Coastal flooding due to climate change may affect more than 10 million people in the U.S., and well over 100 million worldwide, creating a
Population Relocation (&2 fEBHIR AN [(2018) need for mass relocation and/or migration away from at-risk areas. Arguably, it would be preferable to gradually reduce the population living in
in Preparation for OB DREEE vulnerable areas before they experience severe flooding (to reduce loss of personal property, disruption, and the cost of emergency response), but
Coastal Flooding there seem to be numerous barriers impeding that goal. First, there are at least two different types of collective-action problems: collective action
between jurisdictions; and collective action between current and future residents. There are also competing factors that may make moving inland
undesirable, including not only coastal amenities, but also the economic benefits of agglomeration. The long time horizons involved in preparing
for coastal flooding make investment in preparedness almost inherently a government problem (due to its relatively low social discount rate), but
the wide range of federal, state, and local agencies involved may make it difficult for government to act effectively. Finally, psychic numbing may
limit the public support for measures that do not reduce the at-risk population by at least an order of magnitude or more.
Assessment of Flood |RFHREEFRDR |SMIRT 23 U.S.NRC's risk-informed regulatory framework incorporates the use of risk tools consistent with the Commission’s policy on the use of PRA. The
Fragility for Nuclear [7KR&ESSMH05H @ [(2015) NRC'’s PRA Policy Statement formalizedthe Commission's commitment to risk-informed regulation through the expanded use of PRA. It states that
Power Plants: SRELRDRTYT the NRC will increase the use of PRA methods in nuclear regulatory matters to the extent supported by the state-of-the-art in PRA methods and

Challenges and Next
Steps

data and in a manner that complements the NRC's deterministic approaches.

Benefits expected from this approach are the consideration of a broader set of potential challenges to safety, providing a logical means for
prioritizing these challenges based on risk significance, and allowing consideration of a broader set of resources to defend against these challenges.
Similar to other PRA applications used at the NRC, a PRA for external flooding involves multiple elements. One technical element of the
external flooding PRA involves the evaluation of the fragility of flood protection features and other relevant structures, systems, and
components (SSCs) exposed to flooding.

There are several key challenges that arise related to development of flood fragility for flood protection features and flood-exposed SSCs at U.S.
NPPs. This paper describes these challenges and activities underway at the NRC related to assessment of flood fragility.

This paper focuses on the challenges associated with the second technical element related to flood fragilities as well as activities underway at NRC
related to assessment of flood fragility.




#£3—3(12/12) AERR/KPRAIZBE T %5 EHEFER (2015~2019)

g i/ EEFR TIZNSIH SRS




F£3—4(1/2) FHERS-REMRW

FERE A4 eSS g, K%
PSA2017 Uncertainty and Sensitivity Analysis of LSTF Small Break LOCA Tests Using RAVEN/RELAPO—KRZ R V=. FHENEEHFD/INSA—2(BEDBEPUI L DPIRTEZEA) 255 LY L Kinoshita(INSS)
RELAP5 and RAVEN L7129 Lt-LOCAfR#T, LSTF(ROSA/Large Scale Test Facility) FALOCASRER S DR FEIZFI A, oS!
) ) SOKC(State of knowledge correlation) AR V(25 2 552 SOKCOHEEH/SF LAY YRZEYIA M. Lioyd(Risk Informed Solutions Consulting
PSA2017 Simple Method to Account for the State of Knowledge Correlation HERASEENEEEDIRE (REASRIFRE) Services)
o ) — ) e ) Fire Dynamics Simulator €22l —hLI-fERESmartUQY IR CIZaL— 3V (A RBEEIFETILT
PSA2017 Emulation—Based Uncertainty Quantification of a Fire Dynamics Simulation DT AT UFARIBET L) L. MatlabTRIEE M%7 Bt (B 1977 BB Rl 82 C. Worrell(WEC)
S. Tina Ghosh, Hossein Esmaili, Alfred Hathaway
PSA2019 State—of—the—ArF Reactor Consequelnce Analyses Project: Uncertainty SOARCA UAs D#E4t . MELCORY®MACCS D FRHEM IZEIF D/ S A— AN BN INTINS (NRC?, Nathan Bixler, Dusty Brooks, Matthew
Analyses for Station Blackout Scenarios Dennis, Douglas Osborn, Kyle Ross, Kenneth
Wagner (SNL)
S. Tina Ghosh, Hossein Esmaili, Alfred Hathaway
PSA2019 State—of-the—Art Reactor Consequence Analyses Project Uncertainty MELCORD FFEME (=Y —RB— LTRFENE) HLCF GEEMMNATRTR) YRV IZE8E T 5, MELCORE  |[(NRC), Nathan Bixler, Dusty Brooks, Matthew
Analyses: Insights on Accident Progression and Source Term MACCSDEE/NFA—ENBNAIN TS, BRERTERLBASA TS Dennis, Douglas Osborn, Kyle Ross, Kenneth
Wagner (SNL)
S. Tina Ghosh, Hossein Esmaili, Alfred Hathaway
PSA2019 State—of-—Thtle—Art Reactor Consgquence Analyses Project Uncertainty MELCORY —RA— L REMNSEHHIZ4 DD EIIEFZERET, SODRIFEFENENTHLIZ LEEN. (NRC?, Nathan Bixler, Dusty Brooks, Matthew
Analyses: Insights on Methodologies Dennis, Douglas Osborn, Kyle Ross, Kenneth
Wagner (SNL)
S. Tina Ghosh, Hossein Esmaili, Alfred Hathaway
PSA2019 State—of-the—Art Reactor Consequence Analyses Project Uncertainty (NRC), Nathan Bixler, Dusty Brooks, Matthew
Analyses: Insights on Offsite Consequences Dennis, Douglas Osborn, Kyle Ross, Kenneth
Wagner (SNL)
2y = S5 A— N EE 5 YR, 185 A— S
Quantification of the Uncertainty Due to State—of-Knowledge Using ROAAM+ ,\:‘éfﬂ ﬁE’iB:éé:{,?l ‘7)‘ SEBCVAIDERIEOTRERRT SMIMH. /(T4 —SOTHRSP Sergey Galushin(Royal Institute of Technology),
PSA2019 Framework for Nordic BWRs BT 2 %5 ) ERAEISRESE Dmitry Grishchenko, Pavel Kudinov (KTH)
ROAAM+E IS LB HEA SERIR S GBI D 5058 S DT HEM SR IBA5I) '
) I ) . FYRLEHEBHKKPRADTHEEIHBITOFEERE, KIGERET VICHITARFIES/NAIT 1> .
PSA2019 g:i\;;;;z:;:nt:nl:dlrseeir;ﬁjﬁt:s;l:a};:;:it Assessment Modeling, Uncertainty S DHEMEIRYRLS EIZEYERE, EPRIOE T, inzﬁlzzir:d)(i Georgiev, P. Guymer (Jacobsen
TR DESTHILAFTREALL (Crystal Ballc) ZFHLV-THEANSES BLI- XK BT,
PSA2019 Understanding and EfFectlvle-Iy Managing Conservatisms In Safety Analysis ~- Bayes B HZFRAU\ARFHEN S - KR HIZE DB (B (X Journal paperlZF LD T &) S. Krahn (Vanderbilt University)
Non—-Reactor Nuclear Facility Example
PSA2015 Quantifying Organizational Factors In Human Reliability Analysis Using the Big HRADPSFICEE T 2HBAN—X LEEEILT IO DFHLVEYI T—R2EBHDOHER/ET TV L J. Pence (University of llinois)
Data-theoretic Algorithm RN REBRTEFAVWVCEERFEHE (DTENEMICERERTEE) . ) Y
MultUnt Accident Effects on Safoty Goal Quantitative Health Oblestives: o) 21 = MADIRBICBROT MITA D SBERITEE. REEE~OT5OKEEARLLN TS
PSA2017 Insights from a Two—Unit Case Study Involving Two Representative U.S. Nuclear . D.W. Hudson (USNRC)
. (MACCSa—R /) .
Power Plant Sites
. . . . . _ - . _ - — =, — = S. Zhang(Institute of Nuclear and New Energy
PSA2017 Treating Common—Cause Failures in Multi-Unit PRAs 22N 1= yhT, CCFEMRRY. Fl—CCCG(E£+EM) N REMFTEERE. S AMGLET ILDEBEEICE R, Technology)
PSAZONT  [ihe SpatorTemmora roveniets Moce of Loss of Gaspt vttt | BILKEOTRNSERET 10012, 01—/ BRI (G BRI NDFRIA IR |0 0 Uiy of linois)
Frequencies LHSHE DRBRERN) . ST OERICIEEENREE/ASA—FTHAI LA RESNT=, -
PSA2017 Probabilistic Fault Displacement Hazard Analysis for Regulatory Decision-Making: [PFDHA (FEFRSRRIMT B Z LI/ \ Y —F 24T DR DO LY R WEB D112, BRENTEER, MBOEEIC RC. Quittmeyer (RIZZO Associates)
A Case-Study for KRSCO, Slovenia BAMUTA—RILE B EDIERE - Huitimey '
PSA2019 'Ii)‘zscels;::qxatkmg for ACtive and Passive Safety Systems Alternative: Preliminary BHESEROHNRSROEEOE AT SR ERFEEAT 2L E NS L. Burgazzi(ENEA)
PSA2019 An Ap;l)roacfh To Fire Pr(.)'.aa.bmStlc Rls.k Assessment Modeling, Uncertainty SFER DIFHAEL (K KPSAICRERTEZER T 5ELVEE) P. Boneham (Jacobsen Analytics Ltd.)
Quantification and Sensitivity Analysis
ASRAM2018 Research on the Rella'blllle Design 'of Digital Control System in Nuclear Power
Plants Based on Sensitivity Analysis
ASRAM2018 Preliminary In—containment Source Term Uncertainty Analysis for Korean

NPPs using MELCOR




F3—4(2/2) FHERS-BREMBW

FERE A4 eSS g, K%
Sensitivity Analysis of Source Term in the accident of Fukushima Dai-ichi
ASRAM2018 Nuclear Power Station Unit 1 using THALES2/KICHE
ASRAM2019 |Sensitivity Analysis of the Climate on the PCCS Behavior in AP1000
ASRAM2019 A Trend Analysis of Loss of Decay Heat Removal Events during Shutdown
Conditions and Sensitivity Analysis for APR1400 LPSD PS
ASRAM2019 Brld.glng the Gap between Risk Analysis and Risk Management Decision—
making
SOARCAT O 3 (AeY o am | EFfDState—of-the ~ArtET )L,
PSAM14 Sequoyah SOARCA Uncertainty Analysis of a STSBO Accident QT\EEE'I'Q YT THREG ST REH DState—o e £
State—-of-the—Art Reactor Consequence Analyses Project: Sequoyah SOARCAT AP z/F TR ELS1=ta( 7 FERTD State—of-the ~ArtET JL,
PSAM14 . . . [
Uncertainty Analysis Methods and Insights ST HEEME?
PSAM14 Analysis of PWR Station Blackout Sequence Using MELCOR and Generic SAMGEMECORFRHT . PRADBIE IS DLNTEED -3/
Severe Accident Management Guidelines within a Human Reliability Model ST HEEME?
PSAM 4 Source Term Prediction Software in Case of Severe Accidents: FaSTPro for e 25— LEHELDT. LRIL2PRAD RS- DEE ST,
Shutdown States
The success of the strategy requires formation of a coolable porous debris bed; no energetic steam
explosion that can threaten containment integrity. Both scenario (aleatory) and modeling (epistemic)
PSAM{ 4 Risk Analysis Framework for Decision Support for Severe Accident Mitigation uncertainties are important in the assessment of the failure risks.
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F HEHEKNE LBRGI2] (8][4 RUFHEAIS TI7 0 LORISELTREIET SREASEIBEN TS, v |00 nes of IOONS-26,2018. .
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BkIE Y. Kaji, et.al., Study on loss—of-cooling and loss—of-coolant accidents in spent fuel pool,
BHPRFRAE DB TRML TOHSFPEMATFAMETOD 1) MEZ N 1; OverviewProceedings of ICONE-27, 2019.
.. Nishimura, et. al, Evaluation of the Effect of Spent Fuel Layout on SFP Cooling with
BIKIF AHHMRAEREOBRAHITOVTRE MAAPS5.04, 11th Korea-Japan Symposium on Nuclear Thermal-Hydraulics And Safety
(NTHAS-11),2018.
SKIF AEM TR Y. Nemoto, et. al, Study on loss—of-cooling and loss-of-coolant accidents in spent fuel
DEREHES AEMEAEREOREEEICEHL RS pool, 2; Fuel cladding oxidation, Proceedings of ICONE-27, 2019.
BRFHIHT — L (SFP) SFPOBHEHITF EDHE SFPAHIFBAEF DR T LA4H S. Nishimura, M. Satake, Y. Nishi, Y. Kaji Y. Nemoto,
Evaluation of Cooling Characteristics of SFP Spray with MAAP5.04,2017 ANS Winter
Meeting,2017.
SkiF AR AE R H. Suzuki, et.al., Study on | f ling and | f lant accidents in spent fuel
= DRTLAHH pool, 7; Analysis on effectiveness of spray cooling by the SAMPSON code,Proceedings of
ICONE-27, 2019.
SFPAHIM A RMEFDRT LA %I <BH HIRE
(RSHLHEARHT) RASCALEHYRad-HYSPLITR U L —H —RERD LL & Comparison of U.S. NRC’ S Rascal Emergency Response Code with Noaa’ s Hyrad
FPORSILERET) BKPRFHE RASCAL results were also compared to National Oceanic and Atmospheric Administration experimental SF 6 tracer data from |Dispersion Model and Tracer Experimental Data, Health Physics. 115(4):448-457,
2013 at the Idaho National Laboratory. October 2018.
£ T 45 ET - FGHBET L
2 b . (HIECEHIE) FBROR ﬂl%t.)&.( SMEVBISGHBET LERR Lo Assessment Model of Radiation Doses from External Exposure to the Public after the
BKIFER (S8 An assessment model of radiation doses from external exposures was developed based on the actual measurement of individual . L . .
. . . . . " Fukushima Daiichi Nuclear Power Plant Accident, Health Physics. In press
doses and ambient dose equivalent rates inside and outside houses in Fukushima City.
(RIS <R #WIS<EFBERA DO —2 a3 T70 58— LRERBOREL
= Th L blished methodol the United Nati Scientific Cq it the Effects of Atomic Radiation 2016 rt
WIERES 2 b . N neTNy.pu .Is edmetho .o ogy.\n _e nited fations _men e om_m ¢ on the Eliects of Atomic Radation repo On the Use of Location and Occupancy Factors for Estimating External Exposure From
BKIFRIE3E (2017)’s simplified, using a single time~independent location factor for indoor occupancy, as well as a single ocoupancy factor |5 o - fo oot S LT 393, September 2018
that is independent of the age and occupation of the population considered. In this work the two approaches are compared for eposited Radionuclides, Hea ysies » Septembe
different population groups and housing types in the case of both a short-lived and a long-lived radionuclide.
[, 18 o WS R ET S - H. Ding, et al, Development of emergency planning zone for high temperature gas—cooled
=55 452 | =8 45 2 JEEEE | T 4 e
BEAASR PEBEAZIFRIFHTR PUOEPZIBM TSR OHE . reactor, Annals of Nuclear Energy, 111, 347-353 (2018).
. HE) BRAEOWEIERFREH
LAJL3 HEsE SKIER L E The model was developed based on weight of vehicle to take into account the dose-reduction effects due to not only the Dose-reduction Effects of Vehicles against Gamma Radiation in the Case of a Nuclear
il - steel plate of the vehicle body but also the other assemblies. In addition to model calculation, the dose reduction factors were |Accident, Health Physics. 114(1):64-72, January 2018.
evaluated by actual measurements in the areas contaminated by the Fukushima Daiichi Nuclear Power Plant accident.
(HEMEER) RFHERLMOKEOHSMFEOLLE
axnE SKIER LR E The objective of this study is to compare the societal risk of nuclear power plant accidents to that of other events to which  [Insights into the Societal Risk of Nuclear Power Plant Accidents, Risk Analysis,
TR - the public is exposed. We have characterized the monetized societal risk in the United States from major societally disruptive |Volume37, Issue 1, Pages 160-172 January 2017
events, such as hurricanes, in the form of a complementary cumulative distribution function.
BAKETAVLN TV SIS OBMEERTF HIKI<EA
Current Level 3 PRA does not have an explicit inclusion of social factors and, therefore, it is not possible to perform GIS-Based Integration of Social Vulnerability and Level 3 Probabilistic Risk Assessment
BKIFER (LB importance ranking of social factors for risk-informing emergency preparedness, planning, and response (EPPR). This article to Advance Emergency Preparedness, Planning, and Response for Severe Nuclear
DiESE offers a methodology for adapting the concept of social vulnerability, commonly used in natural hazard research, in the context |Power Plant Accidents, Risk Analysis, Volume39, Issue6, Pages 1262-1280 June 2019
z ” of a severe nuclear power plant accident.
Probabilistic risk assessment (PRA) is a useful tool to assess complex interconnected systems. This article leverages the " . . . - .
SR IE T capabilties of PRA tools developed for industrial and nuclear risk analysis in community resiience evaluations by modeling the |- -anding Community Resiience from a PRA Perspective Using Binary Decision

food security of a community in terms of its built environment as an integrated system.

Diagrams, Risk Analysis, Volume39, Issue 10, Pages 2127-2142 October 2019
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BEEDMRIRH
ARIEICETESHINEEE
. . . What insights can the accident at the Fukushima Daiichi nuclear power plant provide in the reality of
Lessons Learned in Protection of the Public for the L. R . . R
. ) . decision making on actions to protect the public during a severe reactor and spent fuel pool emergency? In
Accident at the Fukushima Daiichi Nuclear Power Plant, . : . I )
. order to answer this question, and with the goal of limiting the consequences of any future emergencies at
Health Physics. 112(6):550-559, June 2017. . . . . .
a nuclear power plant due to severe conditions, this paper presents the main actions taken in response to
the emergency in the form of a timeline.
EZESNGUOHERE
Neither the International Commission on Radiological Protection (ICRP), the U.S. Nuclear Regulatory
Saving Lives and Preventing Injuries From Unjustified Commission (NRC) nor the U.S Environmental Protection Agency (EPA) adequately take into consideration
Protective Actions—Method for Developing a in their recommendations and analysis the non-radiological health impacts, such as deaths and injuries, that
Comprehensive Public Protective Action Strategy for a could result from protective actions. Furthermore, ICRP, NRC, EPA, and the U.S. Department of Homeland
Severe NPP Emergency, Health Physics. 114(5):511-526, |Security (DHS) call for taking protective actions at doses lower than those resulting in meaningful adverse
May 2018. radiation—induced health effects and do not state the doses at which such effects would be seen.
Consequently, it would be impossible for decision makers and the public to balance all the hazards both from
PRA |iEH radiation exposure and protective actions when deciding whether a protective action is justified.
EF AKX TSVRITBITBRFAKE/TOICHT AHEEFEDEE
French Policies for Victim Management During Mass In the current international context, emergency medical services have to be prepared for chemical,
Radiological Accidents/Attacks, Health Physics. biological, radiological, and nuclear events. Emergency response to radiological or nuclear events requires
115(1):179-184, July 2018. coordination between many components. To optimize efficiency, victim management in France is governed
by specific policies and planned responses.
. . KRENCRPORHAMEEICET HHMEZOHEN
Decision Making for Late—phase Recovery from Nuclear or K . L R . . X
. . . . the National Council on Radiation Protection and Measurements (NCRP) established a scientific committee
Radiological Incidents, Health Physics. 108(2):161-169, ) i
to prepare a comprehensive study that develops a framework and recommends an approach to optimizing
February 2015. .. L . . ) e
decision making in late—phase recovery in the wake of major nuclear or radiological incidents.
= 4 =} I 5 Hde B2
The Current Limits for Radionuclides in Food in Japan, ?m%?ﬂ{ﬁ@ﬁnnﬂiﬁﬁ]ﬂﬂ%%@ = = . - . .
. In this paper, the concept behind the introduction of these limits, the methods by which they were derived,
Health Physics. 111(5):471-478, November 2016. o . .
and the results of monitoring food accordingly, are reviewed.
REBFHEARR RV REHRIEKROERICET 28E0EH
Update of ICRP Publications 109 and 111, Heath Physics. The Tas!( Group (TG) of.Corl'nmlttee 4 was cre.ateld to update the International C.OI’T'II’T'IISSIOH o.n Radlolloglcal
Protection (ICRP) Publications 109 and 111 in light of the lessons from Fukushima, recent international
110(2):213-216, February 2016. . . . o S
developments concerning the protection of people in emergency exposure situations, and people living in
long—term contaminated areas after a nuclear accident or a radiation emergency.
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