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ABSTRACT

This thesis proposes the average Probability of Failure on Demand (PFDavg) of
sensing devices, which is calculated by Fault Tree Analysis (FTA) under consideration of
imperfect proof test. The PFDavg calculation method in IEC 61508 and 61511 standards
is based on assumption that testing components in the system is assumed to be perfect.
The effect of the imperfect proof test of PFDavg is then examined. The result reveals
that the PFDavg value calculated by the proposed technique is higher than that of
traditional method. This thesis also proposes the PFDavg improvement of Safety
Instrumented Function (SIF) by considering the proof test interval. The improvement
result shows that test interval has a significant impact to the PFDavg value. As the test
cost occurs during device proof test, high frequency of testing along the device life cycle
increases the cost, whereas the PFDavg value will be decreased. In addition,
assessments of the relation between the achieved risk reduction and the investment
cost using As Low As Reasonably Practicable (ALARP) method are described in details.
The proposed probabilistic assessments can be useful for justifying the investment cost
and obtained benefit.
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Yiuwasuzuuuunsvinuemdilsionn 1oot+lool Uil 1002+1002 sailufiefins
WuMsNAABULLY Partial Test telifidaisamuniululdvesnnufianansdunmeremd
dsnediAranas

lunAdedasfosanlunail 4 vensseuaudasads Fuaviiauemsseniuy
Waduianuilsfy Tneniseenuuuzduuunisiinuvesgunsaimsiauwuusing q saulufiants
endrmailummaaeugunseimsiauazgunsaianiefiuangantualddeiiiuiy Taunis
Uszgndnsldauauns ROACE luiBmsusuiliu ALARP waglumsinamanadsauduly
WvesrnufiananadunsngvesgunsaimsiniuasliiBununmiuld TneRarsanldimsvaaey
gunseifuunsmeasuuuultauysal dwdsnsdruumianadsanudululdvesam
Asmanadunsievesdiulsznanauargunsaigninetuarliinsiunafeaunisetnedneild
1 [3] ennilumsmanadeanudululfvesmuiianaasunneegvasdenvasdiu
Jsswnana sxseniAmuianainvesgunsalgensie q lussuuundiuandae 1guaidns
AINRANAIRYEIMUIEAIUAN (Controller  unit) ANBRIIAINRANAINYRIBUNR/IBVINALIGA
(Input/Output Module) iJudiu uwazlunmsmanadeanuivlvlidvesnuianansunsivagng
aviunvasgUnsaigaviedy sefonimauianainvesiindidsie (Valve Body) wawen



anufawainvesleiuoedinds (Solenoid Valve) wvhnisduim defeyaiilédnedaan (3]
dilaifidrmuRananamend Sdliaunsavhmssinaetesdeald uazAFILU SR g LENg
q dlunsdnnamanadsmuiululdvesmiuianaasunssvesgunsaiisanudausaaly
faalies q duldinnngudeyaiteglumide (31

1.5 s9azRuavaeIneinug

Ineninusatiuiiuiailomeanidu 5 undeiu fio

undl 1 umh Wunsnanis Anudusnuazanudidy AU IMINBUAE INQUTE AR
YoIn1sAnYr  mMadnaueLuInvedineiinug  veuladInerdinug uassiaziduavea
Inenlinug

unit 2 Wunsndnfis udnnsweenquiflieateddumsmeuagsnnuiululdves
PmRemanSunTBYeIgUnsal AsvAuAuUaeafuveslaitutanuisiy wassuiiisades
fussuuinguisfouasauduadensamuilifsiuiisuiuanuidesiianas

unit 3 {ThiABiunside fasiiauensesnuuumsviheuvesitaidutanuisdtely
JUuuUie 9 luBaanansmdnadsrnudululdvesafiananadunsevesgunasl

unfl 4 Wunsuansranismanes Tumsidentraansmeaeuguasaifimngea lng
Ausantisinldielumamaaeugunsal denisusuiliu ALARP

unil 5 Wuungevinedaaznaniiagunansidouasdeiaueuuy

Tudugeievediveninudifudwesanuan Usznevlumeunmuiddodlasuns
Afuvinardoyaililunidy fdl

aARn A uneATeRlasunsAR

AANWIN Y MTNABATIANNAANAINSUNTIBvBRUNIalTRAudsiy
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NEANNYIVDY

2.1 spuuAIUANlUgAEMNTIUNSEUILNISHER

Tugmamnssunszurumsndnianing q aefesddiuiiierdestuszuuamunuuay
i3esdleamnsgrarmnssuseiane ewnszuumuauesidududidgililunisauau
nssvaumsnanfielldnandasififons Taessuumunuitlddrusnnlunssuunisuanlsun
STUUMUANLUUNSEIY (Distributed Control System, DCS) wavssuuiinead (Programmable
Logic Controller, PLO) dauin3nsdlaianrsguamnssuldunindesiiofnduusdng q u
nszuuMsKaAuIATela TR Lefedlaindnsimsiva wiesllatngamgd Hudu sou
lutimdaeuny

uenIINTEULTTIBAILAUNTEUIUN KA WA NAN A s TiFeIn1sud Saflssuy
PuAuBnUszaniiianuddyutuiiudessuuis iy Tnesvuuilasdussuuauguitargn
FawSontlunszuumendnilefiaddsdygraneimlusinssuunskaaviogunsainiels
nsmuay tievhlinssurunsuandy 4 egluanmgivaenduiledammnisaisunseiu lay
syuulisAenduiizinfuilufossuumgavineunuuanidu Emergency Shutdown System,
ESD) wiasruuinauiissie (Safety Instrumented System, SIS)

P .
2.1.1 SEUUAIVANNTEUIUMIHANWUGI (Basic Process Control System, BPCS)

QRENMNTTUNTTUIUNTHER Lﬂunsxmumsﬁaﬂgumaulumitﬂé’ﬂuamwaﬁmqﬁwﬁﬂ
e 4 TBundndnsififosnts lugramnssunssuiunsrdnusiazaiinazdeainisdaedon
szuumIUANMIBIIINTEUUE I TEUUMUALNSYUIUNSHARTUg Y (Basic  Process  Control
System, BPCS) Zaszuuiildauiusganirunsdmivgramnssunssuaumandnlutiogiude
s¥uv DCS wagnszuunilsiidosdnionressuuiniesiotn Tasssuuimariazgninmieuiiio
vhmsuansruagmuauiinlsmanszuaunsen q Wegluaiidesnsuasiitelilinantausii
fnmautfnuiidmus fudsmanssuauiiduiugulumservauagldud nslva Flow)
38U (Level) mudu (Pressure) uae gaungil (Temperature) \usiu uaziegen1sauau
wUsina q udel] msmuaudmsimsluavedinaluvielsieglurnfifesnis mseuauiienienis
Inallnaluiiemnafiiimun msmunusefuvesivaluds nsmvaugungiveslva uazms
mvAuaNiureva Wudu ileliussaingussasdlunisaivaudiuuseng q manily
nssvuMINan 910 [4]  landndnagdesdnisdamisussuuinuaraiuny lnesyuuiauas



muAuazUseneuluseileituniunu (Control  Function) vane 4 flerfdu gunsaifiugud
ddyvesiteiduniuguasiieg 3 daudsil

1. gunsaimsia (Sensing Element) Wugunsalilliinanizveenszuiunisudnuasyi
wihilumsdsusiuusannsyurunananlidudygraliianasgiu 4 89 20 fadueuuds
(mA) fiusadiu 24 Taavinszuansa (VDO) wiedynnuesguyindu ;ﬁada%’ay’aﬂmﬁmﬂs
e q TWigunsalrugu (Controller) uazlduansduusimitouaninavesssuuniuau
WelifufRnuaninsodaunaiumsiasuuvauazaiuguiaudseig 4 maild  miae
wanwmagunssimsaugiuasiifel qunsainmsianisiva (Flow Transmitter) gunsalnisia
seAuYRIMA (Level Transmitter) gunsain1sinAuu(Pressure Transmitter) uazgunsel
nM3ingaungil (Temperature Transmitter)

2. gunsalmauAy (Controller) azshnisAIuAufILYsIINNSEUIUNSHARTREluAT
feems Teemsiudeyaasnanngunsainsiaitonhnsiseudisusudidimun (Set Point)
wagnsUsTnanavIniuardedyyaewaen (analog) wiodyeadnwinsgiu 4 G 20
fladueuuys (mA) usedu 24 Tavinssuansa (VDO) ludgunssigavinetitavhnisuiusuyslu
nszuaumslegludriifieans dmauay (Controller) Usznaudegunsnindn q fail undsine
WA (Power Supply Unit) @auszuiamanany (Central Processor Unit) d@usulazas
oy (Input and Output Cards) dufnsiedea1s (Communication Port) waslusunsaly
n13AUAN (Control Function Program)

3. gunsalgavihe (Final Element) iugunsaiflddmiuasudygralniiannsgiu ¢
fla 20 fladuenuys (mA) usedu 24 Taavinszuanss (VDO) fieenandmuasluviimsaiun
faudsnszuaumssdn wWu gunselgamineaziiiu 2ndrrauan (Control Valve) Fagyinistimidn
vadlvanudnygniinaninugy

-
1 ]
Vessel 1 1
[z, I .
@) ,
)] I
1

Level
Transmitter
>
Control Valve

A & o o/ -:
JUN 2.1 flandumsmvpussAurearaIugu



2.1.2 ssuuinauilsie (Safety Instrumented System, SIS)

1msg IEC 61508/61511 Idfemszuuianuilsfuirdessuuiivssnauseiiaiduin
AullsAY (Safety Instrumented Function, SIF) vane q gy lnsusiaeieiduinquilsdoiay
Usenaulume gunsain1sda (Sensing Element) @duuszanana (Logic Solver) wazgunsel
gavhe (Final Element) fauamanuguil 2.2 Tnsyaussasvesssuuinnuistefoonluld
dwmiulestunnudemefiennasiatulugramnssunsyurunmssdnuszianing q Faaau
Fememarirsuludnnudenededaitin seduIndeuuayaudsmedegunsaivie
wAmAusildannsyuIuMsHEn asdiuliinssuuianuiisfouarssuuniununseuIunsHan
Augruiuuszneuludegunsal 3 dauiiedrs q fu uezuandretuiiniaeysyinanaes
ssuvinauilsfeiimhiilddmivyssnanavmssnsvesssuuianuiisie Tnesudygaanan
gunssimsiniieuwinmsiisuiiisuturiidiivue Weinmufsunitudiulssnanassds
Fyqrauuuiineaeninaludigunsaigaving Tasligunsaigaineduilaueta Weld
nszuILuNIHARtusgluanmsUasait SuumnsnenngunssigninevesssuumuANnIEIUMS
wAnugiu Atutihdeauunssuruntsuanlilinanfusifideants U 2.3 uansuauniw
nsruunsHARTUsEneulUsssULTaRuEsAuuassrUUmUANNTEUIUN AR N Y

Sensing Element Final Element

SIF-1

.
-,
.
~
.,

Logic Solver

Ul 2.2 ssuuinAudsde
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Sensing Element

7
o
\

|
:

|

Vessel

- I T"‘-‘?

LT-02 F/

< a - o
JUN 2.3 ununmmnssuiunsianiusenaulumessuu SIS uay BPCS

2.2 wwmsgnudmiussuuInauilsay

wmsgufiannsaiilulslunisesnuuussuuinauisielugaavnssunssuaunisuan
TullaqUuiley 2 wwsgIufe wmsgIu IEC 61511 (Functional safety -Safety instrumented
systems for the process industry secto) fufuimsgrudmiugldan (Client) wio
HU3ENOUMST (Integrator or  Designer)  szuuianuilsAudmiugaainssunszuiunmsuan
(Process Industrial Sector) avUsznauluse 3 d fo

dwil 1 swazBeanseuwwAndmdrinaames ssuvsiauasiazeriuas (Hume
auBuniRgafungunasising 4 )

dft 2 wamannslénues IEC 61511

il 3 Fouusthifeafunmsindsefunuasnde

wasNImsgIu IEC 61508 (Functional safety of electrical/electronic/programmable
electronic safety-related systems) \Humnsgrudmiuguangunsnitudi (Hardware) u3o
fiannlusunsy (Software Developer) Fuslal iethluldanluszuuianuisde asussneu
lusne 7 daude

dwit 1 swazBeavialy

dwil 2 wasBunvesszuuisfogunsallnii/Adavselind/ Wunsudidanseiad

duit 3 TwanBemieatusenyivg



ddl 4 idmauaseeens

dwil 5 fhediifmunrsERuaUasadty

gt 6 wuamlduludnd 2 way 3

dwil 7 myasuldinaiauasmsussiiiu

uiiuliinunmsgiu EC 61511 uaw IEC 61508 agiiunnnsgiuvessyuuilsied
aseumguanizssuuilsfeiiussnavlusegunsalliuazqunsaidiannsefind u3e E/E/PES
(Electrical/ Electronic/ Programmable Electronic System)

2.2.1 WIBUAMNUARANY (Safety Life Cycle)

Tunasgu IEC 61511 Fadunmsgrudwivglinuviedussnaunis tethlulilums
sonuuukaglinussuuinauiste Tasdtumeunisiufiunslfidulumunssevanudasnt
Fawanaldidaguil 2.4 Tnenaseuanuvasastvanduddutuseulifldnudmsunissudums
ponuuuszuLilsf drdutuniseenuuunisseummasnfbaunsoudniseaz Bemluusay
wallgiadl

wa 1 wfunsdieneimanuiudussiefionasfadulunsyuiunisudn sauluda
nMsUsdiuransenudedause 4 Wefingmsnisunsiediaty

wia 2 Wenswanudusussefasfntuluma 1 wdfesihnisdawdeuitsiduian
fisfenine q fegluszuuinauisiouasfonimsussdiuanudusunsieiiormuadisedy
AMUUARAAY N3BA1 SIL (Safety Integrity Level) Iﬁﬁuﬁqﬁ'ﬁ’uﬁmﬂuﬁsﬁammﬁ derluldd
Yoyalunsesnuuuvseidentliindesiiodn diulsvanana uazgunsnianvheliimnzan

Wa 3 SavhsneasiBeamauianisvasssuuinauilsfeanun (Safety Requirement
Specification, SRS) ieldlumsiaddstuguaniedinsiminegunsalludusing q ielvignan
vivegindmuhedaviigunsalsng q lansadurusioans

wa 4 iumsddiunisdavhssuutanuisdelidulumuseaziBeaninudsansveud
azianduinquilsde lneniseenuuuazdeslilddseiuauvasadsidulumurissiuany
Uaeadomungluman 2

wia 5 Yhnsiasauasnageunisyiny Wunsdndunsiafessuuisteriuinumsld
mubidulumudermusvesinnuazmeasunisvhnusiufunssuiunisnan

wa 6 msldnuuaznmissentiige Wunslinussuulisdy Asdhdydesdinisdandouns
nageumsynuresilaiduiaguiisiy weldmahanudulusmuseasiBearudioms uas
Wumsfumenuiianaedusmeiissuuiisfeliannsanssaeuldmeies

wa 7 nswasuntauflvssuuisfendanisldou dandoutuserlunisuilavie
wasuwasszuuisfevdanniiingldouiuluud:

il 8 mavgamsvhanuiteudluiudy Welnswasuudasle q fussuulisds ssde
fimsdnrsenumunmavgmihnussuuistodaiiiuns
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Tuwsasila  wmsgulddandsuswazidoauardorimunsing q Tiogradaauiiols
Fdnulsmhluldlunmsimusseasden msidengunsal auludansliou fsmAdedesiiily
waft 4 vesnseummasnsts Tasennsdifnunan (3] Tethiadduinauisfeveanseuaums
Tail Gas Treating 1915801 UazAwIMMIASERUmLUaeadslagldnTmeseine q welk
Iersgiuammvsendedulunmumssiuanuvasadedmaneg



Manage- Safety life Hazard and risk assessment
ment of cycle P Clause 8
]
functional structure l
safety and Allocation of safety functions
and planning to protection layers
functional Clause 9
safety 2!
assess- l
ment and Safety requirements
auditing specification for the safety
instrumented system
Clauses 10 and 12
B
CP\ Stage 1 +
Design and engineering of Design and development of
safety instrumented system other means of risk
Clauses 11 and 12 reduction
T‘ Clause 9
Stage 2 '/-@ l
Installation, commissioning
and validation
T' Clauses 14 and 15
Stage 3 //’@
Operation and maintenance
P Clause 16
Stage 4 /’-@
Modification
B Clause 17
Stage 5 //’-{?
Clause 5 Clause 6.2 Decommissioning
F‘ TI—I -S'I Clause 18
Key:

—  Typical direction of information flow.

i i No detailed requirements given in this standard.

1
[}

I: Requirements given in this standard.

NOTE 1 : Stages 1 through 5 inclusive are defined in 5.2.6.1.3.
NOTE 2 : All references are to Part 1 unless otherwise noted.

Verifica-
tion

Clauses 7,
12.4 and
12.7

5]

gﬂ‘ﬁ 2.4 WyeumnuUasnsiy (Safety Life Cycle) ved IEC 61511

il
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2.2.2 ArszAuaUannn (Safety Integrity Level, SIL)

RSy EC 61508 liimsimundnadsanudululdvesrnufianaindunsie
(Average Probability of Failure on Demand, PFD,,,) vaflaituinauilsiy fogluszuuingu
Tsdgdwivldlumslesiunasiriaveuiunanudens  viesiundnagrvidseduainy
Uaensy

fszsiunuvasnfeazuiesnifu 4 sedu TnsiiAnseiumnuuasndegeganienn

ghumuasnds 4 avfldanudululdmgeissuuiaquilsdsagyiaRanaiadlefinay
#i9an1s (Demand) vesilviduinguiisde Tumendufudisziuanuuaensvigauiessdu
puvasady 1 axlidmmndululdigeaeiissuuianuisfessviamiiananadiefinmionis
voslanduinauilsse

ArsefumuUasassvesiladduianuis s awnsamldanuasiuvesiaisniny
Hululdvesmmifianarndunsneuesgunsninsin drulszuana uasgUunsalaavie dadudle
ArszRuauvasndulignivualifuilanduinnuisdelaeldiBnseing 9 auuinsgiu IEC
61508/61511 w1 mssenuuuvismsidenligunsaisn q luileiduinguilsfoassedinady
ANURINAINSURTIERLINY URYRLsaLATEAUAIUasnsY Tasunsguldfinusdszay
Anuvasnssiuegiunmahauvessruumstiasiuviossuuisfvlfiduaesinnde drsed
audasadeiidnsimsiiamnnisaldunsion (Low demand mode) Famneauinad
voarudsnsuussuLlsAutiosniiniefidelivieteniraeviivesnruilumvagoy
e (Proof  Test)  uasAnsziuAImUaendeiisnsnsiinmgnssisunsiege (High
demand mode) Famnemuinnuiivesnrdainsuussuuiisteunnimilnfidetvie
mnriaeinesmElunvadeunisvhe Tasnuideiveaduluiidnsssuaudaonde

14 Low demand mode

d 1 ar 7 d a - s 0'
ATV 2.1 MSNATEAUANNUaANENENIINTINABUATIEPN (Low Demand Mode)

A15EAUAMUUADANY Anadoauiululidvesnnuianarnsunsie
(Safety Integrity Level -SIL) | (Average Probability of Failure on Demand, PFD,,,)

4 >10"to < 10"
3 210 to< 10°
2
1

>10°to< 10" -
> 10 to <10™
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P 1 (7] Y Y o ar .
AT 2.2 MINAITAUANNUADANENONTINITNNDUNTIEEN (High Demand Mode)

ArsEAUANUABANY anudululdvesaruRanainsunsedadalus
(Safety Integrity Level -SIL) (Probability of a dangerous failure per hour)

4 210" to < 10°
3 >10°to< 10"
2
1

>10 to< 10°
> 10°to <10”

23  annudululdvesaruiiananndunsie  (Probability of Failure on
Demand, PFD) ¥84355uuinfuilsng

nnviadedl 2.1.2  Wnanluudrinssuuinquistefessuuiiussneusmeilsiduian
fsfevate q Haidu lnsudazilanduinquisdsnssdszneuludae gunsainisin (Sensing
Element) dutsziiana (Logic Solver) uazgunsalgaviny (Final Element) @in1sviAiadny
Wululdvesemufawaedunsevesiiaiduinauilsieazdodinsdandeyadnsinuianais
(Failure rate) wesguasaifiasgnihulfluwsasilariduinauiisde Wensudasmnuianarn
sunsevasudazgunsalluflsiduinquilsfouda deluardesiiaseimaanudululdves
AuAanaInsunsIe (PFD) wazAadsanuiiululdvesnnuianainsunsie (PFD,v) 09
gunsaitiu q nfuiweiiesgildlumuaumeaiaivanudvlidvesrufewainsunse
(PFD,,y wosileritutanuilsse Tnehredoanudululivasnnufisnanadunseveusas
gunsefluilerduinnuisftnsaufuduandmuaunisi (2.1)

PFDang[F = PFDanSE =+ PFD“gLs =+ PFDnngE (21)

e

PFD..e s A8 NaswAaAsaniululdvesnnufianmadunigvesiteiduinauis e
PFDavgse 7B ﬂ"lLaﬁ'amwLﬁulﬂ'l,ﬁmmmmﬁmwmmé’umi'mmqﬂn'mimﬁ'ﬂ

PFDav (s AD Andeanuiululdvosrmuianannsunsievosdiulsyaiana
PFDugre A8 Aadumnudululdvasmmfionanadunsevesgunsaigaiing

ninflanasiuAiadennulululdvesrnuiianaradunsievesilaiduianuiisie
Y o 1 af -l - O o ol v ) a ¢
wi azhAflaluSeuiieuiunsed 2.1 wafildferssivaudasnduvesilaiduingy
] as ¥ o 1 a L7 d’ =l - o J a a d v
usne meﬂ153@Uﬂ17mﬂaaﬂnﬂm1é‘lﬂLﬂsaumaunumszmummﬂaamnEJLﬂ'mmem"Lmqﬂ
IV luEn 2 veenseumulasnss lavansysuaulasnsuflavzdadiaiuinniimie
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whitusnsssiuauUasadaid g aniindiundieii Juil 2.5 asuansdidutuneun1svia
seAuANUaenfsvasianduinguilsiy

Buau

fvualendulsdy

fumgunsaiTenuilsfodmivileity
Dsfufildivuauds

4

Anseidauiululdvesany
favianedunsreannuaun vl

AnnAn PFD way PFD,

A

AmfldannnsdunaluBsudsufy
meseiiumuUaensty

\ 4

uMsUsTilu

d o l‘; il L [ € o e S )
JUR 2.5 dviutuneumamarssauanulasnievasilanduinauiisie

2.3.1 Tnuaauiianann (Failure mode) vasgunsaliisie

Mndldndranudaddiuinnsmeanadsanudululfvesnnufianaindunsoves
ertutanudissy axsomsunasuvesdudsanudululdvennuianansunseueusaz
gunsalflegluilaiduinauisieiu q TasriadennuiululdvesmuRanaadunseveus
azgunsalinAuilsdy asfeeduInIINAISRIIANRINaIR (Failure rate) vedgUnsalinAy
st 1

AdnmanuRanamiuasomlilagisnisinnsiaimauasnansgmulunisyiney
Y2958 ULlINY (Failure Mode Effects and Diagnostic Analysis, FMEDA) ﬁﬁﬁamﬂﬁﬂﬁlgﬂ

senuuun Loy lynivesgunsallaeldisnisainarsluuu (bottom up) [6] AL
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HANTENUYBIAMURANAINVDIAIUUIENBULREAN 9 -uqufn-smuua gnthunyssdulug
1 Iﬂmam'smﬂmwugnmmsmaav‘l‘.ﬂawwamqﬂnsmﬂﬂuusnauu q waznadiliannnis
Ansgitasihlinsusareuianaavesgunsaissil

1. dnsanuRenwatauasniensiaduls (Safe failure Detected rate, A™)
dsrnuRanaiaUasndensiadulale (Safe failure Undetected rate, A™)
dnsIANRANaIRSURsI8RTI93ULE (Dangerous failure Detected rate, A™)
. onsimuRanaInsunsensadulalld (Dangerous failure Undetected rate, A™)

Imwmmwﬂwmmﬂaaﬂnsmmam11mLuammm'muﬂwa'maqaunm"lwmkumm
fosnrsveafladtuianuisde exlidmademediedin Awndey uioninddu lunanduiu
AMIRANAIRSUATIEMINEANNITleAnAuRananYesgUnTallunAiinudean1Tves
erduianuilsde szdmadomesiotin Awindon wionindau dunsesaiuauianan
& (failure detected) Surnannmsiladesnlud® (Automatic Diagnostic) SBAINENNTATE
gunsalifu q Fauduntsmeaeunuueeulay (on-line  test) Tneaauannsalunisasiaduana
Aemaimazuandduglilefiduivasdnnanuianaindunsensisdulddedasanuiawain
Sumsevianua vi3eliendn Diagnostic Coverage Factor (DCF)

druninsinduaruiiawaialildl (failure undetected) zanusanTIIMATILRANATR
élamsvinnsmaaeugunsed (Proof Test) Fufiunsmaasunuuaenlati (off-line test) iy
Famsmadeuuuviiavaansnnagyiildlutimeanssuaunanaaingu Tnefusiddagidly
nsfnamaeuiululfvesnruiianannsunsietueglfinandanmaiananasunsie

n5293Ule (A™) way dnsranuianatndunseasraTuliled (A™)

4

N
e

bl

Failure
Dangerous (D) Safe (S)
Dangerous Dangerous Safe Safe
Detected (DD) Undetected (DU) Detected (SD) Undetected (SU)

a a .
JUN 2.6 lassainsvasruiiawana (Failure) vosgunsnl
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2.3.2 AURANAINI (Common Cause Failure, B)

= 3 & as o o = n‘: = fny.l
TumsAndsgunsaiinuilsdtlugramnssunseuaumsnaniu szllenaiigunsaitu 4

]
1%
o al - 5

a a v - wu = ) 4 & o v ¢ v o
szgnianluuinaindifssiu Andsuuiaiesdnsifeddu wiefaslneldgunsalaingunde

O =1 =

Weafiu Juilefinmnuianainsiavisszilonaiznsznusogunsainaty 4 gunsaified
vinalndifsetu FenmnuRamannedindieufawaindau feginnuianainsauiiism
Wisanmwndenudnaiifasutu gamgi Aty aruduasiouuiiondiinge Wuy
auAanarndamiifusud sl dlunsiuamaieisanuduluifvesniny
Aemanndunsnevesgunsalinauiisdy TnsAranufianarndiuiildlusided widmunmn

¥ &

el v ot 3 ' = ' a1 "
KnangUnsaievienils lnerivuslvaanuiianainsay (B) fAwviiu 0.05

u

233 vanadslumsdeuusy (Mean Time To Repair, MTTR)

'
- s i

i J 1 ] d - a @ €
mnmLaatl'lunwnauwmm‘_lu'mnmm‘mum'lfmmmwﬂwmﬂmmqﬂnimmu

Tsfeluaufanareuiiasirgunsaity q nduludnduiieldauiely msvszanariaadslu
nsgeuuey yhldieudnann ilssnmsidemeidnvasuanatu fdunsmdtianadsly
nsgenusuinazyhnsUssane Taensmaassaianguresanundsmendluluszuy andy
vmsiananfifeanslunistenueugunsal Tnsmisvesinanadslumsdenusumsduidy
alus

Anaadslunsseuueiidusuusmisiilflumsdwnamaiedoaudululives
Anuiianandunsevesgunsaiinauisde TnsAiiaadslunisdounenildlunuied awh
Annangrdngunsaidviewils

. Eai .
X(t) Failure occurs ailure is detected Restoration

-/ /

v

L e £ Time

MTTR

;i;dﬁ 2.7 Franeadstunisdenusy (Mean Time To Repair, MTTR)
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2.3.4 mavaseuguniniinAuilsiuuuauysaluasuuulissysal (Perfect and
Imperfect Proof Test)

nnhdedl 23.1 lindnimsmadeumsiauresgunselinauiiste umsveasud
wdeansevilutrmganszuaumsidnviiiu laemsmageuuuilagiliauianainsunse
finveiulils (Dangerous failure Undetected) gailaiqe

WAsg IEC 61508 waw IEC 61511 ldnanliimdwniigunseiianuiisfognims
vaaey sxvhliigunsalianuilstomariumnsandunvhenlfegnsanysaivuy dumnean
';hmmﬁmwawmé’um’mﬁmiw'{fﬂu’lﬁwgnﬂﬂmawswm v3el3unmsvageuuuiinimagey
wuusnysel (Perfect Proof Test) uilumsufuinismeaeutuersszannsanasiadumna
Reananndunseldududiuvasinismeaey ilidadinmuianarndunsievauniesy dah
Tiqunsaimaniunduuvhauldliasyseiuuy wasndlefinudeants (Demand) veailsftuin
Auilsfy gunsalmaniufiansarliannsaynunuiteiduiaauistomaniu vlhansuane
sienszuIumaHAnld Fenmsveasuuuuiiimsmeaeuwuylsiauysal (mperfect Proof Test)
Tagmnuannsalunmsanameanaianainsunsensdulilddgnilamevagyinimaaey
9138091 Proof Test Coverage (Cpr) %‘wmﬂuﬁmswa’aummﬁmwmmé’umswmsaﬂﬁ‘ulu"lﬁﬁgn
Wawgvnzinnsvageusemuiianaindunsiensradulalléiomn svuansegluguiedidud

auvpuasnmaaeuluUllanyseil o19szinndunsunvnasulinsaungquiisnts
psRduRTuRnNaIAYII iz meaaeuliirnuianuansavievinuely
nnaaeugUnsaianuiisAumantiu winismaseuntsvinnuvesgunsalinauilsSeduayili
AmRemanadussiensanduliliignilame wishgunsaiarignyinnismeseunuylsiaysal
whliduadernudulldvesmuiinnansunsevesgunsaliruiiutunn q Inaonengns
g (5] etm"lﬁﬂmummaﬂmmLﬂu'l,ﬂlmmammmmwmﬂaumﬂwaaqﬁn'sm"‘uuaﬂﬂu
Faaaalumsviinismaasy (Proof Test Interval, T) vesgunsal Bedndaruilunismageuinn
a:nxm'L'wﬂwmaammuﬂu‘lﬂ‘lmmmmumwmmaumwwaqqﬂnmamaa Tumanduuedni
anuilumsveasunniagyitliiialdhelunmmeaeumntuduiy

2.4 pswaranudululdvasanutianaiaduasielaeldununinwauls (Fault
Tree Analysis, FTA)

s msuliidunisiiesesilguilaslindnnisdvulasssuansanuduiusiiion
a‘ “a n" o LR 1
ammuaEHaiiATy (Cause and Effect) Tnafimunliidiuuuanvedlasesns (Top Event) 1l

139425
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anufanaraviegUimaiiaulauaziimsiensimanivaiiasyiliAamanisaliuludos 4
dugn

fuporlunsiFusuinununwiils! festieudlasasimevhanuressyuy Tnevhnis
wansdmistanuaiiaziinty Aovniuszyfeaauastuneuiitlugnisdsundamie
Feunwsasmeluszuy Feenmesifinanauvngesuats q aunauavamaRugiu (Basic Event)
fafuamunisifamngostiu madinsiserlduausdinon (AND Gate) Fuluaoinfiuanannnisal
1dne  lemennsaidunaianuaiidnduede wieesim (OR Gate) Suiluaednfiuans
wgnseliensiyn Wewmmnseifiduneladunenilaiiniuie emarudenlsswesaingsig
q feduapiliAnaufianantuwdah uisuusunmdulsinduuuasgfueng

Fydnwaluazaumunedldlunsiinseiisununwegls Iuﬂﬂqﬁuﬁﬁﬁma"nmdmﬁu
nMTiAsIsinanedydnwal Uﬂaﬂ%’qqjﬂ*ﬁ'mumwsﬁ’mmaﬂﬁm'wauﬁué’nvmaaﬂuﬁ%ﬂﬂﬂlﬁ
pgnlsimuiieliidomogluvouin luiitsauslassairauardydnvalisuiudoniunld
Tnsusasdgydnvaiazuaniananisaiuavaadnsiazintuiasiiaednfuguduandlunissd
2.3

n [6] Taldununmiulilumsimseinaanuduldldvesruiisnaindunseves
gunsalmsin TasuamansTiasnesimen PFD vesgunsainsdaiildlussuuinauiisfeluguuuy
#na q fail

1. gunsnimsingukuy ool (One out of One Voting)
gUnsaIMTINgULUY 1002 (One out of Two Voting)
gUnsain15IngUuuY 1003 (One out of Three Voting)
Qﬂﬂifﬁnﬂiﬁ'ﬂgﬂuuu 2002 (Two out of Two Voting)

gunsaimM3TagULUY 2003 (Two out of Three Voting)

ok LN
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ATl 2.3 dydnunivesununmdiuldl (Fault Tree Analysis, FTA)

o ¢ <
dydnunl 9 AIUNUNY
¢ a X w4
AND Gate wnsalasievulalloinamveves
@WMAEYR) WM saitaey N
¢ a & wua
2 OR Gate wamsaiazifintuldiiiesain
<t <t 1
[ ,w (@wlaamnnia) anvglaamamilvesavdeon
/"Hk“‘-w
. ¢ | a £ yw a =
Basic Event wmsaldesiintuldanuund - Fauned
J P~ o i o
(@maugu) awfihiladnaulaglisiosiins

Besrwimavaselufoduaimauinves
nsiingURIvg

Fault Tree Event
(wgn1sniges)

« 1 { 1 v a €0
wansaigesidaaliAnwmanisainaliio
uumeliingifive

Undeveloped Event
¢ ala €1 LY
(mamsainiaseiselila)

wansaltoslifesnsiase
I d 1 L
anvasieluiliesnnbifieyaativayu

External Event
(wmgnsainieuen)

wmmsaigeanieuanwieladey
meusniiluanmgivinliiie
WM TalANg 9
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deydinual

ATUNUNY

e

Input Circuit

Logic Sclver
Commen Circuitry

A,

Qutput Circuit

| S

gunsninsinguuuy  loot

(One out of One Voting)

Input Circuit

Logic Solver

Coemmen Gircuitry

Qutput Circuit

o

gunsnimsinguuuy loo2

(One out of Two Voting)

A t
Logic Sclver Qutput Circuit
Input Circuit Common Circuitry
=
+ L3 ar
gunsumsIagliluy 1003
Logic Solver Qutput Circuit .
> Input Circuit Common Circuitry (One Out Of Three VOt}ng)
A t
Logic Sclver Output Circuit
@'—' Input Circuit Comman Gircuitry )
A. t
Logic Solver Qutput Circuit
—> Input Circuit Commeon Circuitry
=
& & [y
guUNIUNIIAgULUY 2002
Legic Solver Qutput Circuit i
Input Circuit Commeon Circuitry (TWO Out Of TWO VOting)
A, t
Logic Solver Qutput Circuit
Input Circuit Common Circuitry
Sl ey
+ L3 s
gunIuMIImgulluy 2003
A eesver Jououoritt A | (Two out of Three Voting)
—» Input Circuit Commen Circuitry —_—
A Cutout Circuit 2 t:
B Logic selvar ot M|
@-—b Input Circuit Coemmaen Grrcuitry MG j
A, Outout Circuit 2 4
€ Logesolver Outout Circult 1 A"
— Input Circuit Commaon Circuitry
Az Qutout Circult 2 A’:
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24.1 n1AT PFD va9guniain1singuuuu ool

L3 s .:‘ =l L3 o = @ e ] L o
2UNIAUNITINFULUULIBHRUNS NI NEIALAEINDLYINUNITI UM (Input
Circuit) TnefiniisUssianavimminiissananannsing wasdsdygraludmnasiudygu
i 5 I3 3 € T - al ¥ oA at o a o vea ] £
(Output  Circuit) lumsviudgunsaiinAinnuinundlavistegaminnuinivualifazvinli
s o U o a = | v s A’ L - a 3 ot
suuinquilsdeyhawiuil uidgunsainisiailiinanuiianaindunsieuuasssuuinny
Tsfgliamnsansnfuanuianaraiuld  azvildnszuaunisudndigannedunsiainsy
seuuinnuilsdelianunsovironuld

Anedsanutululdvesrnulianaindunsie (PFD,,) vegunsaimsiaguiuy lool

gnuanslugun 2.8 lnglimaveaeunisyinauvesgunsalifuuuvauysel avanunsowansleidail

PFD, 0 =APP-RT+APY.T; (2.2)
msduiinsalutaaariifesnanageu

PFDyyq ’°°1=% [ (PP RT+ APV )dt (2.3)
Fathuen PFD, 1o9gUnssins¥aguuuy 1001 imamaseuwuuatysel wldfaunsaeluil

PFDyyg 1001 =A"RT+ 2PV 2 (2.9)

| - d ¢ 8 o i € 1 o 1 :I"
winnfimsfiasanigunsaliuimsnaaeuwuulianysal A1 PFD,, tglidaumssialyil

T LT
PFDyyg 1001 =A" RT+ Cpp-APY- A +(1-Cpp) A%V = (2.5)
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System Fails
Dangerously

Unit fails Unit fails
DD DU

= v v o ) |
JUT 2.8 ununwsulddgmsuman PFD vesgunsaivuy ool

2.4.2 Md1 PFD 9asgunininisinguuuy loo2

QLInifﬂmsi’ﬂgﬂquﬁ%zﬁqﬂnirﬁmﬁﬂaaqﬁac‘iaL*:'J'ﬂﬁ'U'N'-ﬁ%’Uﬁ’rgtmm (Input  Circuit)
Tailvtheyssnanaviminfiussnananianssne uazdednqralugnasdudyain Output
Circuit) Tumsiswingunsalialadanieiarianuiaundlivieagavirandimunlifagi
THssuuianuilsAoviauiui uithgunsainistamlafavilafnauRanaiasunsisty
gunsaimsiadfimdessfinaiuihiineluld waridegunsaiisaofaufinaufianaiadunsiy
Pumdoufuuassruuianuisfoliansonsatuarufianamiuld sshlinszuaunsudnds
ganmgdunsemmzsvuuinnuisieliaunsovinale

Aadsruiulylfvesauiiananndunsig (PFD,,) vesgunsaimsiaguiuy 1002
gnuandluguil 2.9 Tagldmemaaunisyinnuvesqunseiduuuvauysal avannsauandlésedl

PFD) 2= AV T+ APPC. RT+(APPN.RT+HAPUN.T))? (2.6)
ynssuRinsalugnaidenIsedeu

PED, 1w2=% S (PUC. Ty APPC RT+(APPN.RTHPUN.T;)? )t (2.7)

[0
s

1 ¢ Y] { v ' P-4
1uA PFD,,wegunsnin1singuuuy 1oo2 Miinmveasunuuanysal wlinaunisseluil

DUN .2
PFDyyq 1go2= A2UC+ 2+ APPC-RTHAPPN RT+(APPN RTAPN 1+ & T (28)

3 = ! ll:' 1 I v o 1 A’
weithdln1siasangunsaliuiinavagevuuulianysal A1 PFD,,, avladsauniseialudl



T
PFDyyg 1002= CPT'A'DUC' - H1-C
8 2

DUN
+(APNRT-(1-Cpp)h LT)

p1)

ADUC, LT

2

o) +((1-CPT)'1DUN-LT)2

3

3

System Fails
Dangerously
AR&S fail A&B fail
DDC bucC
A fails B fails
DN DN
V“Q

A fails A fails B fails B fails
DDN DUN DDN DUN

< v 2/ . " L3
JUN 2.9 ununwsuliidwmiuman PFD v8egunsaluuu 1002

2.4.3 n1swA1 PFD 989gUn3nin1singuuuy 1003

A3

+APPC.RTHAPPN.RTY?+(APPN-RT-CppAPN-T))

(2.9)

gunsaimsingunuuilasiigunsaimsnansseidniursessudyan (nput Circut)
Tnsimheusunanavimihiiussanananisessny uasdedyanaludnasiudyaia Output
Circuit) Tunsviaudrgunseiiladmiliiaranuinundlduiefegaynaudiuunlifassii
TsvuuTanuilsfovhaniud dgunsainisindalasamiiadesssiifnaufananasunsiety
gunsaimsIndfivAesssnsimihildeluly uasilogunsaifsanudauinrufiowainsunsie
PundouunarssuuinauisflianmnsonsniuauRawanadiuld ssvildnssuaumsuandy
ganmvdunsemessuuinnuisseliauseviienuld luguuuuileiTomaliiaanisyinny

wuulsivduata (Spurious Trip) leige iesanfidvaugunsalnnninguuuudu 4

Anademnidululdvesrufianandunse (PFD,,) vesgunsalmsinguuuy 1oo3
gnuansluguin 2.10 leelvinmsmadeunisvinuvesgunsalidunuuanysal ssanunsauandlddai

PFDj5= APVC T+ APPE RTHOPON. R PN T,y

(2.10)
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ymsduiinselutisnanfidenisvageu

PFD,q 1003:% Jy (APYC Ty APPC.RT+(PPN.RT+APUN Ty Yot (2.11)
Faifuen PFD, vasgunsaimsaguuu 1003 Amevaseuuuuasysal wwldamsseluil

1 3
PFDyyg 1003= A" 51+ APPC-RTHAPPNRT) 45 (APPN-RTY- 0P T, +APPN-RT)

P4 %-(RDUN-TIf (2.12)

withfinsiansandtgunsaliufimsveseunuulianysel A1 PFD,, a¢lddsauntssaluil

Li
—+

3
. APPC RT+APPN.RT)? +5 .(\PPN.RTY.

T
PFDuyg 1003= Cpr AV 5 +(1-Cop) A

DUN

3
(CW-KDUN-T,)+5-(JLDDN-RT)z-((l-CPT)-k + LT) 4PN RT)(Cpr AN TP+

DUN
(xDDN.RT)-((LCPT)-xDUN-LT)%%-(cPT-;P”N-TI)%i.((I-CPT)-A LT} (2.13)

Systemn Fails
Dangerously

5

I |

ARBEC fail A&BRC fail
DDC DUC . ! L
A fails B fails C fails
DN DN DN

A

r........_...._....
A fails A fails B fails B fails C fails C fails
DDN DUN DDN DUN DDN DUN

o Y Wvoe w ! ¢
E‘UVI 2.10 kuﬂqwmuutllﬂ?\rﬁl]'mﬂ'l PFD ‘UUQQ'{JﬂiﬁJLL‘U‘U 1003
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2.4.4 prsmAn PFD 9aegunsain7ingjuuuy 2002

qunsain’rs’a’mgﬂuuuﬁ%ﬁqﬂn'saimﬁ'mamﬁqvial.%’wﬁ‘mwsi’ué’cumm (Input Circuit)
Tneimheussananaiminiivssnarannssny uavdedyaialunssiudyaa Output
Circuit) lumahauingunsahisaesirinfaufiaundldwiouuniofqavinnuifmuel i
wilissuuianuilsfuviewiuil widhgunasimsiadaladmiainenuianaindunsety
warszuuinauilsfeliamisonsaduanuionainduld  wvilinssuaunisdndrgans
Sunsromseszuuinauisditarusavhald lugduuuihesimainnueadetuiulusuuy
1001 uiluguuvuilasiidramumdeulda (Availability) gsnduuy 1001

Andenandululdvesmuiananadussie (PFD,,) v83gUnsaimsinguiuy 2002
gnuandluzudt 2.1 Tagliinsveseuntsvinauresgunsaiifiunuuanysel ssansnsauandléssd

PFD;000= APUC T+ APPC.RT+2:4PPN.RT42.APN. T, (2.14)
vimsdufiinseludianandifesnisvedey

PFD,,, zonzzi% IoT‘ (APUC. T+ APPC.RT+2APPNRT+2-APTN.T; ) dt (2.15)

v
s e/

' ¢ v al o ¢ v o ' &
AAUUAT PFD,, 1039UNsaiN153InguMuY 2002 iflnmsnaasunuuanysal azlifaunisrelull

PFDyg 200= AU 2+ APPC.RT+2APPN RT2:APUN. 1 (2.16)

] = ' ¢y = [ ¢ 1 2 s 1 .{
widiinsasandigunsaliulimaveaeunuulaiauysel A1 PFD,,, aelddsaunisaaluil

T LT

DUN LT

2:Cpr A" N 421G A S (2.17)
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System Fails

Dangerously
A&B fail A&B fail A fails A fails B fails B fails
DDC DuC DDN DUN DDN DUN

= Y v o o '
JUM 2.11 ununmguliidmiumer PFD vesgunsaluuy 2002

2.4.5 nMIwAT PFD vesgunsnin1iinguiuu 2003

qﬂﬂ'miﬂ1si’mgﬂuuuﬂyﬂsﬁqﬂnsrﬁmﬁﬂmuﬁw&avﬁ'ﬂﬁuueas%’uﬁmfmm (Input  Circuit)
Tneilmipuszinanayivihiiusyananananssng wasdsdeaaludnasdudyayinu Output
Circuit) lumsvinnudgunsalaesialurianmauiindanuinunildnieutumieisgaineu
it mualifesvilisuuianuiissovhauiud uiduinrnuianainsunsielugunsainadasm
Tasmilwazszuuinauiisigliannsonseduauiananaiuld aefigunsaidhiiaosuassiafi
audenaimihiieluldluguiuy 2002 wilugunuuiiasiianudetulunisiaudesnitlu
JULUY 1003 Tuguiuy 2003 sruuianuiisfsanuisansisdeunnufinnatnvesgunsalldme
aues TasmsiIsuiisusimsiaildangunsainsiaisanud  Seanunsavilinsuléi
gunsaiflainarufiananntunazdrgunsaisaladmiafinaufanaasunsiefiamise
donuenlfiuil uidhgunsaifiudassiituly (A & B, B & C, u3a A & O \inAuRanain
Sunmetu  erfdu  qunsainmsTaliineudussiensiUdsuutaesiniifeentsinarinly
nsgvumsrandigannsdunsy wssdlenssuaumsndaiaruiaunituasilissuuin
aufsdeliannsoviiendld withgunsalifesiladmiafnnuRawaindunsietu ssuvay
Lﬂ%‘uumiﬁ'mulﬂtﬁu;iULLw 2002 (Two out of Two Voting)

Aadonudululfvesmufinwanndunsie (PFD,,) v83gUnInin1singuiuy 2003
gruandluguit 2.12 Taglimsmaaeunsvihauvesgunsaifunuuaysal svanunsauandlded

PFD,005= 342V T+ 3:4PPC RT3 [(APPN RTP+2:APPN RTAPW. T (PN 1) (2.18)
Wnsduinselutaanaifensmeaey
PFD,, 2003=~T‘~I (3APUC T+ 3APPC.RT+3-(APPN-RTY2+2:0PPN.RT-APUN. T, )

+HAPUNT)H)dt (2.19)
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v Yo ¢ o i 03 @ ' &
FatiuAn PFD,,v049UNseiNTingulu 2003 inmsvndeuwuvanysal sslafaunsseluil

DUC ADUN. 7,2

| ¥ a - 1 L3 5 i 1 1 s ] :
widhiimsirsanigunsaliuiinisnaaeuwuuliianysnl A1 PFD,, a¢lddaunisseluil

buc DuC

3 3
PFDayg2003= 5 Cor'h  “Trt5(1-Cpp)h LT+ 33P0 iy DON i,

2
+Cr APUN.Ty)

(APPNRT-CppAPPN-Ty)+ (APPN.RT-(1 -CPT)-lDUN-LT) -

DUN 2
1-Cpp)A LT
24 rn)g' L1 (2.21)
System Fails
Dangerously

)

[ { 1

AZS leg ARC leg BAC leg AR33C
fail short fail shert fall shert
short

A& fail A&B fail ARC fail ABC fail BAC fail B&C fail
poC puc DDC DuUC DDC bucC
A fails B fails A fails C fails B fails C fails
short short short short short short
[ 1 I | [ I I | | | 1
A fails A fails B fails B fails A fails A fails C fails C fails B fails B fails C fails C fails
DDN DUN DDN DUN DDN DUN DON DUN DDN DUN DDN DUN

d v v o | ! '3
JUN 2.12 wwunmeuliidmiuman PFD vesgunsalluu 2003

il

RT (Repair Time) fie anadeluniseeuuen (MTTR) mieidudilug

Cor (Proof Test Coverage) ~ fio  Smsndhuanuiismanadussiensiadulailifignilamevas
FnsveseussARanansunsensandullldioun e
Wuwesidud
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LT (Life time) Ao engmsldruvesgunial mieidudalug

T (Proof Test Interval) fio franailumsveaeugunsal miheidudalae

) fo nsanufinnaindunsessnduldidauinnainsay w
o A = B « A mbefundasiadalus

A Ao SasauRana1ndunsensedulailidanuiianainsy
wildain A = (1-8) x A mhedlunsasedalu

A fio  SwmanuRenainsusmessinduliléfifinnafianainsou
wildaan A = B x A mheduaddedilu

A flo  dnmnnufianarnsunseasnduldlsilidenuienas

520 wildan A™ = (1-B) x A miheunseviedalus

2.4.6 n1swA PFD vasgunsalgaving

gunsalgavheifudiuniwesileiduinauisty uariinudmannlunssurunisudndy
swfundrlsde Tnsnddsfomariasdeainmaseunisvinuiiiefiaznaruiianaiad
oz lgannzdunssveenseuaunanniy 4 Sammadeunisieuresndiisfeas
anunsansevildauuuanysel (Full Function Test) waswuulianysal (Partial Stroke Test)

Tunisuegeumsvawemdiisiouuuanysoiiuazfesdinisaengunsaioanluvhms
nadeyu yhlsidesdimavganszuaunisndn lnemaiinanuilunmeseulivesiuiieiiavan
anudululsvesnrmianaradusmetudululionlunssuaunisidnuuudeiiios diliens
ngansranlfaundtazfiedaanalunisdentigsivg) (Shutdown Period) fathiiBnisvaaey
wuulianyseifaduitnilaildgniunldlunsuiuugenanuianaindunsisveandsfisdy
losnimanageuuuuil Wunsvaaeuuuuesulal dlifesmanganseuaumsnan

30 [7] 'Lﬂnm'mefn"Iﬂwﬂﬂ.l'Lunﬁﬂ'iwiammmwmwaﬁﬂaumswmmuaﬂnsmqmmu
Tostawzndallsfe Tavnsiundalisdte (Redundancy) «msgnmmmﬂuanwmvaqnsu \ioan
auululdluanufianarnlunisviauresnddsds wifnnRssuudrinisiased
WU Redundancy tu firnlddnsiideutnsguarvesndiinutigmdesituiisiialunisiads
MsmegeunsvrendlsAiauuuanyseiuazuuuliiauysel asgninunldlunisuiuuss
APNEINAIRTBINTlsAY

Tusmddeilfiguuvuvesgunsalgaie waynsmien  PED wasgunsalaavinelag
aumsethedne Mnnsdifinw [3] iniansan aguuuuvesgunsalaavnediasldlunshansand
Fail

1. Millsfeguuuy lool+1lool

sunuisznaulumendiisdy 2 ga Tenssuruntssdeasliifnaniiedune e
Ndilsfvettdes 1 gavhaudleliFyaamnnduuszinans waslundidsoudazyn 3
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o ) -J [ v =Y (7] ¢ a [Y]
JULUuMIULUY ool Auademnandululdvesrnufiawarndussievenndllsivguuuy
Haunsananlasmauniseolul

PFDyyg=AreTi (2.22)

2. minilsAuguuuy lool+lool wariinmsvindeuluy Partial stroke Test

sUuuviiterdumeheumiautuguuuud 1 uiinsvngeuuuy Partial Stroke Test
i Anedemudululfvesmnuianandusmevesdmiistuguuuuiiamnsonans
Isamnssieluil

PFD,yg=(Cpr-As T YH(1-Cpr)-Ape-Ti) (2.23)

3. MAIAYIULUY 1002+1002

uuvuiszneylufendiste 2 qn Tnenssuaumssanarlifnanmydunse e
néflsdvetnatos 1 yviheudleldygrunandulszinana waslundisfoudasyn
sUiuumMshusuY 1002 Anadsanudululdvesuiiawaindunsisvendistguuuy
damnsouamslisannssieluil

PFDavg=§ -(AEE)Z-(T] Y (2.24)

4. MallsABFUlUY 1002+1002 WaslinISMARBUWUY Partial stroke Test

sUuuuiiitilaitunsvaumileutuguuuud 3 uifinsvaaeuuuy Partial Stroke Test
ududiun eedsanuiululdvesmuianainsunsnsveniditsfoguuuuiamnsauans
$deaumnialud

2 2
PFDyug=2 Crr-(A) (T Y43 (1-Cyp) (i) (T (2.25)

5. Mdllsfeguluy 1003+1003
& v ¢ a w a | a W P
sUnuuiiszneulumendilisdy 2 9 Tnenszuaumsudaarlifieannzdunsie e
Midisdvedudes 1 yaviuflelidygyimunindudsziiana warlundilsdoudasyn 1
o ' = 1y a ) ¢ a W
JULUUMSYIIIILUY 1oo3 Anadsrnululyldvesrmuianaindunsievesndifisdeguuuy
Uanunsauanslassaunisdelull

PFD,g~; 02 1y (2.26)
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<l

Wie

Cory ﬁ'aé‘m'}dwmmﬁﬂwmmé’umwm’mﬁ’u‘lﬁ‘lﬁﬁgmfﬂmmwmsﬁwmwmaaucﬁa
ANuRanaInsunsrensIdulilavarue muhedulesidud

T Ao drnalumsimvaseuwuulianysel (Partial Stroke Test) wuaeiiu
4l

T, 30 Tp fie fralunmaihmvmeseusuvanysal (Full Function Test) wiieidu
LRS!

D < at a ) § o [ 1 [ 5 1 a‘;

Are A ONSIAUAANAIRDUNTIBVRINAINTIY MuheTuasinedalug

2.5 #drprudesiioausuld (Tolerable Risk)

delihmslinseisunsevesnsyuiunmsudnaudamuinnsyuiunisnanfioonuuutiul
aruidsiosunseinniiseiiisde fufuuisnviossdnsine 4 MinuiRendesiugramns
nszuumsdniinlunsdrneudssiieniety Tavssuutaguilsfoasfosgnesnuuuan
woldlunisdiunisananuidsavensyviunisuaaludedianudeeiiseusuld lunis
fuilunsananuidssivasioddldsieiotu fialddefiutuenney iy Sudadouiy
raUselonilasy

Bsitldlumsiessimdadniivnsaussninaldeiiuiuamnnissuiunisan
anudeaiunaysyleniflasutu Taenne UK's HSE (Health and Safety Executive) I
Fufunsmutuneuiliaenin ALARP (As Low As Reasonably Practicable) @dldidwmsums
pswinazuaniimandsefieniuld Finrstilfuansmudeieendu 3 sudu o seiu
arundeeiiooaulaild  (Unacceptable Region) seduamandssiinesensuld (Tolerable
Region or ALARP) LLazszﬁ’umﬂmﬁmﬁaau%’u‘lﬁqqqﬂ (Broadly Acceptable Region) uaninagy
7l 2.13

uenanil DEP 32.80.10.10 (8] linaniiedins ALARP '.i'tLi“Juqmﬁﬂ'mJLﬁmﬁ”'ugﬂamm
sgn Tagliaunsnanaudedlddn Woennnm quassa  anugssnuazelddglunis
fiiunisannudeaniu Lifudaduilanmmaumeturaysslonilisunneumdssianas
dleanldisuaeninensideddlunsananudes Sulidudadiufuanudesiianas duae
wansliuinga ALARP dfusiiluuds Tne DEP 32.80.10.10 SandmBninisysiiudeiinis
ALARP thumzanunsavilafsedlernudsafuiinademenhunindauedradien
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Risk cannot be justified except in
extraordinary circumstances

Tolerable Region
or
ALARP

Risk is tolerable only if:

a) Futher risk reduction is
impracticable or if its cost is grossly
disproportionate to the improvement
gained

b) Society desires the benefit of the
activity given the associated risk

Broadly Acceptable
Region

Negligible risk

Level of residual risk regarded as
negligible and futher measures to
reduce risk not usually required. No
need for detailed working to
demonstrate ALARP.

gﬂﬁ 2.13 ALARP (As Low As Reasonably Practicable)

n15UsEuMedT ALARP fldunausaneluil

1. vihnseenuuuileiduinnuilsdoguuuusing q diadumadenlumsidieudisuiuiaidua

- @ 4’
ANUINYWUTTU

2. fuasnManedeuLartisatiunmageugunIailuusiazguuuy
3. Yimsusaidilu ALARP uagvihnsidenguuuuiaiduinauilsdensenis

Based SIF design

Higher alternative SIF
design

Next higher alternative
SIF design

Minimum design that cannot be challenged.
(because of personal safety and/or environmental risks)

Improve to higher alternative SIF design may be justified.
Confirm by ALARP evaluation

Improve to next higher alternative SIF design may be
justified. Confirm by ALARP evaluation

The highest SIF design that is still justified reduces the risk to a level that is ALARP. This is the
SIF design that is to be selected for implementation.

EJ 5 - v
JUN 2.14 Yupounisuseiliuaieg ALARP
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2.6 aumimanauuwumé"amnmsamu (Return on Average Capital
Employed, ROACE)

Tumsussiliuinileituinauilsfeitlivinnsesnuuuliifumadenlunsiieuisuiu
laidutanuiisfefugruiy fnsanmnudssaeglugn ALARP wém3eds assesfiansanann
ALNINARBULYULAABIINNTAMU (Return on Average Capital Employed, ROACE) 8414y
msussfiuimaysslenifesldsududuafumsamuidstuield wamduguuuuedidud
(%)

__Benefits-Depreciation-Additional repair cost-Additional test cost-New risk
ROACE Additional Investment cost of this alternative (227)

LA o a A L = L ! 1 =) é
lneitaiduinquilsioiivonuuulinelnnudurvienmsamu viseglugn ALARP e

ROACE = ROACE 1geget

P - v i d v vas A o q v al
1319 ROACE aer MHNEEN mquﬂumtﬂuamquaaw%lmumnmsammwam’twmwLaaaaﬂaa
FaunRazedi 15 - 20 %

-
1o
- vas
Benefits flo wavselerinaglasuy
aunsafuanldann
Benefits=(PFD\gwer atternative-PF Diis alternative ) <Initial Risk (2.28)
] 1 nl 1Y o Y] € o e Y ar
PFDiower attemative fia Anndearudululdveswmnulanaindussievesilaiduinguilsie

i

Wumadensinin

PFDiss amseriatiie h) ﬂ'wLﬂ%‘ﬂﬂ'mLﬁu"iﬂlﬁmmmwamwmﬂé’umﬁaﬂaqﬁaﬁ‘ﬁ‘ui’ﬂﬂuﬁsﬁa
melansfinen

Initial Risk Ao AanudseSudu
annsafumlaan

2 =

Total Equivalent Consequences (2.29)

Initial Risk= Demand Interval
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Total Equivalent Ao manssnuanmsUssduanudsdundaziiu Inefsunansenud

Consequences Aetudusnuiu Tawthaaashaeuazgean (lower and upper limit)
MNTNANLgdTuTIn iwdau LarAunnden 1ninsauas
Anuuvasnn3itade faunisi

(log X1+logX2)

y=10" 2 (2.30)

Demand Interval  Aa §asimstinanufianaadiviliiAsmeniscidunsie Taotiiea
AMEAUATFIgAINMINSATIMTARAIAILRANAIN 11RITUALAR
wuuaenn3fiuadesuannsi (2.30)

Depreciation per year @unsamuanlaain

Additional investment cost for this alternative (2 3 1)
Depreciation period (life time) ’

Depreciation per year=

[
a

Test Costs per year A fldinglunsnaasugunsalimuaildlunsdasianduianuiisiese
U
Repair Costs per year fin  elddnglumsdesusugunsoivianueilslunsasileiduinauiste
sol
» & = 1 nl ¢ o as - s o o
New Risk (Spurious ~ #e Aarundssiigunsalluflaituinauisieasyianlneililsifn
Trip Costs) winnseitiuduese (Wildhanfinsanlumidei)

Fnsananudsdunmddeifldlintidentanammeaeuiiunnseiu Tnsfarsan
Faammsnadeugunsaimsiauargunsalgavhefislzuuuumsiemiieutu dumneany
Peglifimsamuiliisduiomnnldwaugunsaifunnsaiu (Additional Investment Cost =
0) uazAldinglunisyennengunsailiAnduagud (Additional Repair Cost = 0) Favilulyl
aunsafIaMAY ROACE muaunisi (2.27) 16

swAetasdentdaldtediiuiuainnimaasugunsaifidranariunnd ey
(Additional  Test Cost) unumsamuiliiisdudesannslésuiugunsaifiunnsreiu
(Additional Investment Cost) uazanunaIaide (91 lafinsussgndaunts ROACE tieldlu
nsnsdifnuil Fuanenwauntsseluil

ROACE= Benefits-Depreciation (2 3 2)

Additional Test cost
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2.7 anlddenaansaun1svineu (Life Cycle Cost, LCC)

] o & o ¢ & ' W { o &

Aldieiintunaenseunisiauresgunsaiiy sudunasiuvesdldseiifintiuan
I 8w o o G oS4 ' ] o2 19w
Anlddnenei (nitial Fixed Cost) luitmneisanldinelunsdegunsairulufisenldarelums

v
o

R ] o o & =2 QW ¢
Ansagunsel uarA1ldTreusedn (Annual  Cost) ludiiimuneferlddrelumsnaasvgunsal
(Test Cost) lngerlddrglunisnaasugunsaliuazaeinndamainisaauagiu

| o . < ;
(Present Value of Investment, PV) fd 9241387914 (Fixed Interval) &4 Hary L. Cheddie wag
3 1 = o =y 1 o1 1 A’ 2 at - " i

Paul Grunh lanaafadslunmsimsadllginemeni Ingldndnnismeanisdy  (Financial)
& =
wuguganlasinaunis

1-[1+R]"V

PV=M P

(2.33)

< ¥

Al L7 [ AJA’ ' Ll
Wa M fAe Aldvneysydnt Tuidfedildanglumsnaasugunsel

- &
Ao ansmanile (InterestRate)

o

flo SeEIAYeeTaUNTTYINIUYedgUnTal (Life Cycle Year)

=5

3
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Adeilldhilaiduinaudsfovesnseuiums Tail Gas Treating Fadunsdifnwnan
[3] uiasaun 1aenszuruns Tail Gas Treating avLﬂuﬂiomumiﬁﬁuﬁmuﬁufiaLﬂuawsﬁzﬁwa
nsmumam’mamuamammu’lwmusauL'umiswwunaumvﬂaaﬂaanaussmnm 1
ASTUIUMITY awmmnﬂumuuﬂumasuuulmmsaaa., 99.9
N32UIUNTS Tail Gas Treating 92131910133y Feed 3o Tail Gas Aldnatnvaefu
Amgdu (Sulphur Recovery unit) Fudunszuaunsivmihiiewdounsalelnsaudalng
(H,5) Wiuruedu anduszvhnislienuieuun Tail Gas swgunsalldemnudou E-8671uar
E-8676 (Tail Gas Heater) naumvmmmmﬂﬁﬁ%m R-8671 (Reactor) Fafunszurums
Hydrogenation Aan1sly Hy \Hushviugasen el SO, S, COS wax CS, fimswasuguidu
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(Reactor Effluent Cooler) Lwammsammmsau Luaamnnsvmumi Hydrogenation Ju
AszUIuMsAeANLieu wariimsmendululinasnn fouflesdudn C-8671 (Contact
Condenser) iftevimsmuwiu Tasduilidy Tail Gas Minsidafusfuudinsgnassenty
nudeuu iedwieluil Amine Absorber dmsufidn H,S reuszddlufianimn (ncinerator)
ua%aaaavssmmﬂaan‘lﬂ uamwmﬂwaamm (Sour Water) agnasluvinlidunazdandy
\andl C-8671 (Contact Condenser) 8nass
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inmseTeisuasefieudde 31 WndnliiAuitunssuiunis Tail Gas Treating
unit wamsdssu 3.1 wudinssuaunisil msvinishndeitsidutanuiistdn 3 Heddu e
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osuelieeluil
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E-8672 \innsumniin

2. Waiduianuisde : SIF-28 fimgussasdietioafudsufiten R-8671 wazivin
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3. Waidutneuisdy : SIF-2C Snquisasdiietioatuliy P-6871A/8 N3 Loss
Suction
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Asdsevesnraianaiafiennifiety - Susndumgilugnmainmenisaidunseluudas
wan1sel  Tagasvimsfiansanfednsinisifiomn  uasnansevusenswddu Finau  wax
Awndon

idde 3] Ifuaniniseduienanisusediuanuidsaasmsmmseduanuasasty
WhmneegnasiBemanzvesilsituinauilsfe SIF2-A fwansynuiinnnarufiananves
Handuinauilsde SIF-2A  azilnansznusenindduiiendruien Inesgasidennseenuuy
vasilaituinnuisfeillflunsdifnuiavuanduidedaly
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susuuilsiuinauiisie SIF2-A s 131 Idvhnsesnuuutiulssneulufegunsal
myinseduveaval 3 M Ao LZA-T03A, LZA-T03B way LZA-703C Hjunuumsvienuuuy
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3.3.1.1 dnadvauidululfvesnuiawandunsievasgunaninisia (SE),
PFDavgsg

sUnuuvagunsaimsintuileiduinguilsiy SIF2-A Uszneuludmeaunsaims
Tnseauranal 3 fa Feife LZA-T03A, LZA-703B wag LZA-703C fisvuvumsveuduwuy



a4

° ' = ¢
1003 (One out of Three) wa¥luNIAMUIUNIA PFD, e ELNTOMILADINANNTIA (2.13) T4
Huaumsitfarsanmsvaseugunsefifunuulianysel Taesuusing q Mdlumsdnnnesld
Y a e o ' a a
dayavnmsedl v1 [nerwan 9] Fadugrutoyalulusunsumsdumssiumnulasnde

vosudsmuianils wazimualiigunsaignvinmanaaeunn « 4 U (T;=4) w3e 35040 dla
35040 87600
PFD, s = (0.9)(2.61- 10'8)(u-5-- »+H(1-0.9)(2.61-10°)( —5 (1481 078+
3 3
((2.81-10'6)(8))3%1(5)((2.81-10‘6)(8))2(0.9)(4.9610‘7)(35040)+(5)

((2.81:10%)(8))*(1-0.9)(4.96-107)(87600)+(2.81:10°)(8)

((0.9)(4.96-107)(35040))*+(2.81-10°°)(8)((1-0.9)(4.96:1077)(87600))*
+(%)((0.9)(4.96-10'7)(35040))3(;13—)((1-0.9)(4.96-10'7)(87600))3

PFDqygse = 5.28 x 10™

Sensor Fails

Dangerously

I |
ABBRC fail ARBRC fail

DDC DucC

A fails B fails C fails
DN DN DN

A

A fails A fails 8 fails B fails C fails C fails
DDN DUN DDN DUN DDN DUN

o

“A” uugUnsainTInTEAu MNeaY LZA-703A
“B” unugunsninsingedu vuneiay LZA-7038
“C” wnugunsainmsinsedu anelay LZA-703C

= ' [ [V Y] a  ar
JUT 3.3 wnunmwiuldvesgunsaimesialuileiduinnuiisde SIF2-A



a5

1 =l ar
3.3.1.2 Anadvarudululfussarnuianaindunsievadiulseutana

(LS), PFD,yqis
sULuunIuresduUssulana awdsguiuuLaziinisAuINm

iy 3] Tegdmuszananaszldgunuunsyianubuiuy 1ool (One out of One) @1w1sn

o v o 4’
Awalldnuaunisaal
(3.1)

PFDys = (ACs) (T1)

adurnadennudululdvesnnufionainsunsievesdiuyszatana (PFD,s) dzaunsamls

AIUUA

Faaunsaelui
(3.2)

PFDavg Ls= .[L-IIOTI KES T[ dt
PFDug 15 =3 Mis T (3.3)

- 2 4 | e 8 ¥ i & ° v o
nsdl 91 [manwan 1) aglde A whiu 3.23 x 107 aStdedalus uasimualdgunsalgn
° W ' a
imsvegauyn 9 4 U (Ti=4) w3o 35040 1l unupasaunish (3.3) avla

PFD,g 15 = (3.23-10°%) (35040)

PFD,,, 15 = 5.66 x 10

Logic Solver
Fails Dangerously

-l
V0]
“IPS” unudluUseuianNa e IPS-700

P v oY ow | o - o
JUN 3.4 ununidldvesduussinanaluftenduinauilsdy SIF2-A
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3.3.1.3 Anadsaruiululdvasanuiiawandunsievasqunsaigavine (FE),
PFDavere

sUvvvesgUnsaigavieluilsiduinauilsde SiF2-A Usenauludenndaiisde 2
g Tguuuunsvireuduiuy 1002+1002 (One out of Two) Tnegausnusenavlusiae UZ-
701A uay UZ-701B uasyaiiaeasenoulusne UZ-714A uas UZ-7148 Tnwethatioy 1 yndeq
v mniidyaamnandiudsznass waldinmseenwuulindfsfomaniiinimesou
AUV Partial Test

TUMSAUIUNIAT PFDjygre szannsamifiainaunsi (2.25) Tnefauuseng 9
dlumsAnnamslitoyasnmsied v1 [masuan 1] Tnesemnufanaedussevasgunsal
aavine (A) fldwviaiu 5.35 x 10° adaatalus wassmuslivesdudmnuiawainsumse
miwﬁ‘uiﬂlﬁ‘ﬁqnLﬁmmwmsﬁﬂmwﬂaaku Partial Test (Cpp) flAWinAU 70 Wosidud uaz
Tiinsmeaaundifisioiuy Partial Test vn 9 1 U w39 8760 1139 (T,) wazMSNAdEULUY
Full Function Test 9n 9 4 U w38 35040 Flua (T,) unurasaumsi (2.25) aelé

PFDyyy 5 = G) (0.7)(5.35-10°)2(8760)? + (3)(1-0.7)(5.35-10°%)*(35040)?

PFD, i = 8.07 x 107

Final Element
Fails Dangerously

.

2, L

UZA UZB uzc uzb
fails fails fails fails

“UZA” uwnunénilishe Muneway UZ-701A
“UZB” ununaitissie vueae UZ-7018
“UZC” ununaiisfe vaneay UZ-714A
“UzD” wnunailsdy viuneay UZ-7148

d L L4 L3 v o e ] ot
JUM 3.5 ununmiuldvesgunsalgavneluleiduinnuiisde SIF2-A



a7

) d = ot al o
3.3.1.4 wavauAnadsasudululdvasnnulianaindunsevesiledduingy
ﬁiﬁﬂ SIF2-A, PFDan SIF2-A

lumsnerseiuanuvaendevesilaiduinauisfey (SiLge )iy amrsomla
1 4 v - s o 1
nnuaTuvesnudsanudululdvesanuianaindunsisvesgunsainisie dwlssuiana
« v P~ ' v &
wazgunsalgaving NaNsR (2.1) @wsaMAN PFD,, sron HIONT

PFDyyg sz =528 x 10™ +5.66 x 10+ 8.07 x 10°

PFDug sirza = 9.16 x 107

U AJ ¥ a o L. o s
nravasredeanulululdvesnnuiiananadunsigvesiaiduinnuis e
v O e | ey v ° a w a ) 1

SIF2-A Aladudlaunninarfildannasiunaendde 3] muaised 3.1 fadunauiaingn

PFD st AlARINMSAUIMWUUAN I INIaaeugunsaiiuilunisvaasuwuuldanysel

‘J o 1 A o i al A E 2 a af a o - al

wazllahafdunldluifieuiiumsed 2.1 sglddsedvanudsendsvesilaiduinquilsiy
o’,’) al Ll 1 d o =i =l at o

SIF2-A  uueglusedu SIL2 Areglutae 0.001-0.01  wasidiolunieufisuiuseiuainy

Uaead st g (SiLyger) WUAAIIIUI SiLge 4 TANWINATMIBNINIY SlLyrger HIUUANTE
agulainfaiduinquilsie SiF2-A duanunsahlulddmiunistestumeniseidunsels

SIF2-A
Fails Dangerously

| A

Sensor Fails Losic Solver Final Element
Dangerously Fails Dangerously Fails Dangerously

A&BEL AZBEL
fail DDC fail DUC

! I

A fails DN B fails DN C fails DN
[ ! [ 1 I ]
A fails A fails B fails B fails C fails C fails s UZA Uz UZC UzZD
DDN DUN DDN DUN DDN DUN fails fails fails fails

o R fo W A w
UM 3.6 ununwivliveailardutanuilsiy SIF2-A
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3.3.2 mauiuussArszAuauUaandie

o -

Tumsuuusguuuvvesgunselluilanduianuilsdy SIF2-A lidnasfunsiiudnoy
NnéiisfuflenfeuguuvunmsitnurendilsAliduuuy 1003 (One out of Three) n3e
Mt udLUsTnaRariaIUAsugULUUM sl 2003 (Two out of Three)
szannsovilidnadsmundululfvesanufanandunnedmtu udnsiiudiuugunsod
\Wundalissy oreniluldenidesmniuiiieie Tneemeandalsdefifounlng sauluds
Alddefiiduiueannidoiugunsaifengn

TuAeifdldRnsunnsuiulsriadsanuivludvesnnuianannsunsieves
gunsaimsauazaunsalgavneliftulaenisiiuanuiluniseaeugunsel ddumaiiveani
lunsmageugunsaldfussinnsanligunssiosgninmsnadeunn 9 1 U (T=1), ynq2 I
(T=2) laufisnrsveaeunn 9 10 T (T=10) Taeimualvigunsaifiengnisldeu (Life Cycle) 10
U wazgannmsnd 3.3 uandiiiuindiadsaudululfveseuiieanaindunseviasnig
eaigunsalazvinulanannvesgunsalnisiauasgunsalgavieiiogluiieiduinnuisiy SiF2-
A fifnsinge Wedinnwdlunisveaeuyn 9 1 U (T=1) wasdanadeanudululfvesniiu
Renanesussegean Wesinnudlumsvaaeunn 4 10 T (Ti=10) audsi

d 1 1 1
A1519% 3.3 AN PFD,, vesgunsallu SIF2-A usazdaenainsvngey

Yraranagav (T) PPy
@& gunsain1sin (SE) qunsnigavine (FE)
sUluL 1oo3 jUuuy (1002 + 1002)
T=1 219x 10" 147x10°
T,=2 322x 10" 279x 10°
T=3 4.25% 10" 4.99 x 10°
T,=4 528 x 10-" 8.07x 10°
T,=5 6.32x 10" 1.20 x 107
T 7.36 x 10-" 1.69 x 10°
Tt 841x 10" 226 x 10°
Tl 9.47 x 10° 292 x 107
T=il 1.05 x 10° 367 x 10°
T,=10 1.16 x 10° 4.5x 10°
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3.4 nasusediuaaA g9y - nausslevd aae35n15 ALARP

k-
=3

Turddeiiaziiunisuiudpanadsanudulyldvesmnuiianatindunsisvesileidy

o o ﬂd” < { - 4\' a
ARNUIAN glyifvunienudssiinianas TﬂEJﬂ"liLWJJﬂ?'mfﬂUﬂ'ﬁﬂﬂﬂE]"U‘UENE}‘L' nsalinsinuag

L3

q
& 1 d L3 1 n#d J o Ll a = P L3
gunsalanving thgunsaliarilfinnudiluntsvegeunin ssvilvdiniuudemislonianigunsel

' 1 A‘ ! -] - = | o al 1 1 -3 - | ] al
wiarilagyinnuiawaisiidianas lunendunuanldanealunisyinisneasufasdsunneiuiu

nnwamsysziliurnudssvesiisiduiaquiisy SIF2-A ldanaidde (3] wandlvidu
TwansenuiininauRanarslunsvinnuvesilaiduinauisde SIF2-A  aslinanssnusie
nindauissesnafivr fuuamnsaldiBnng ALARP lumsiiasesimdadiufiovnnyausening
Fi?Tﬁﬁi"lEJﬁLﬁ:JﬁULdmmﬂﬂ?ﬂmﬁuﬂﬁﬂﬂﬂﬂnﬂﬂﬂiﬂiﬁLﬁN%ﬂﬁUﬂﬁUiﬂﬂ‘Uﬁﬁiﬁ%’ULﬁﬂs‘zi}"tﬂﬂ’l'm
RevanailiAinnmsvieuvesgunsalanas

lumsuszidiusiedinig ALARP gadeagvinnisesnwuulvigunsalasgnyinmaveasuyn 9
13 (T=1), yn q 2 U (T=2) Wautenrsvaaeunn 9 10 Y (T=10) wazimualvgunselliongnis
T4 (Life Cycle) 10 T Taeldanslumseenuuy Sndesuludemnmuasarldsnsluns
veaousenfiasgunsaimsTauargunsaigavinedunsuansiimaned 3.4 iovsuerldinely
maveasugUnIsitazAadsnmiululdvesmnuinnanndunsevesgunsaluudastnam
yomsnadeugUnIaindr Mnturmadiuniuysdidysing 4 iedwuammen ROACE fign
Usrgndanldlusmived daunisil (2.32) Tnedeyaugihanlétunanmuids (31 deldun
nnMsUsziundswesiliduinnuils iy Taofisnsnsiinmnnisal (Demand Rate) avay
ludas 1 fie 10 U Transevusteninddu leeddldielunsdeuueuannaudsmefaduiu
Uszunad 1,000,000 widsgyandg Selddudsnansenusoninddueyiissiu L, dunanssnuse
Famuriulai Fladuuseglusydu G waznansenuRedwndeutuiinansenudntosd s
wseglusedu £, 3ndeyadananieslditnisduinmuannsit (228 fs 2.31) vililein
nansenuanAsUssiiunudsdesunanssnufuningay fuedeunasiinau  (Total
Equivalent Consequence) Wiy 31970627 fidnsanisiinrraanufianaiadivinliia
\AN15aSum18 (Demand Rate ) Wi 3.16 uasfidarundeasusu (nitial risk) iy

&
=1

101100 Fevayadinanaglddmivauideivingu e 3.5 Wumaiansadiudsddsy
' a o J
AN ¢ tWaAUIUNNIAT ROACE

ot



A = 1 ki) L3
A1919% 3.4 ‘5’}E!a=a’LE]E|ﬂﬂ’]‘L‘H’iI']EJ‘UB\1E}ﬂﬂ‘§m
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PRUCHRLT) gunsain13dn (SE) gunsnigavine (FE)
Anldinensil (Initall Fixed Cost) (Wingyansy)

FrgUnTnl (3MFNBBNUULLAYAIRRAG) 4,000 12,000
ArldFreusedn (Annual Cost) (eyamsy)

Aldinglumsmaaeuriants 150 200

LR
1. 1 mFegganiginnu 33 um

2/ & 8 - e 1 -t ! P Y] Uy
2. %BHEWUﬁWUNW'ﬂqﬂﬁWUﬂOHﬂﬂBQU‘iHﬂLMQHUQuﬁ%ﬁ’l‘u‘ﬂwﬁLU‘U'UE]?;JJﬂﬁ]']ﬂﬂ"ISﬁS‘Uﬂ'\NESJ

Uszaunsellunisuseiliugimlagans 9198981913y [3]

d 1 ot ot 1 d’ o U
A1519N 3.5 ﬂ'lm’!LLUiﬁ']ﬂmWN 9 IWaATUUNIAT ROACE

AaudsehAgdne 9

AfulTEARYAe 4

Demand interval 3.16
Consequences
Economic loss 316227.77
Personal Health and Safety 316.23
Environment impact 3162.28
Total 319706.27
Initial Risk 101100.00
'VT&J’IEJL'V'IGJ

v v & = a a ) a w o
- lduandeyaugnidananmsvssiiuanudssesiiiduinauilsfeaneiide [3)
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3.5 alddenasnseumsvineuvasgunsal (LCC) fiud PFD,,, vasgunsal

aildinefiAntunaensounisvuvesgunsaltiu azsdurasuvesrldiefiintunn
Anldigumait (Initial Fixed Cost) uagAldiineUszd (Annual Cost) wasgunsal derinaalilu
m3dl 34 TegArlFirglunsvaasugunsaifussdesiunduamainisamutagiu
(Present Value of Investment, PV) i $2a3awiils (Fixed Interval) feaunas?l (2.33) iilelé
Aldinenasnsounsinuvesgunsaiuda svthdildluiisudisutuaadsrudululd
vosnnuAanansunvesgUnsaiudninlundonnsm Tnefigasnseninedniaasiussiodn
Huge ALARP 5U71 3.7 asuanshetensmiSsudisusewinednldinemasnseunsieiues
gunsaifuAadsruiululdvesrmuianandunsnevesgunsnd

ALARP

ALARP

LCE
SAaeq4d

e LCC =—PFDavg

Uil 3.7 fethansmiuFsuiiieusn LCC AU PFDave



o
unv 4

HaN1INAaad

4.1 na1un

nssniuumMvaaesluLiTeil uennazihguuuumiuresgunsainTaLUL
1003 (One out of Three Voting) #énaBasnananAde [3] udr avRarsangUuuumsviany
yosgunsalmsTauiuidn 2 JUuuy Aegunsainms¥nguuuy 1002 (One out of Two Voting)
wazgunsaims¥agULUL 2003 (Two out of Three Voting) IntiuasyimsAamAade
aundululdveseufianandunsivesgunsaiis 2 suuuy Taemsansanlsfinismadey
nsvnuvesgunsainsiann 9 1 U (T=1), yn 92 U (T=2) lUaufsmsvaasuyn 9 10 Y
(Ti=10) uasrimunligunsaiiengnisldan (Life Cycle) 10 U uagyihnisussiliumdniains
nagaunaviiuesunsaiivinyay TnsRnsananuidnienastualidefiiuiugens
UszgnAaunis ROACE Tuagn1suseiliu ALARP  wazasuaninsmiuIsuiisuseninalging
paeasauNsYauvesgunsaifuAtadsnuiululfvesnnuianaradunsevesgunsel
gavheazihtrnarienzaulumvedeuveusasgunsanltluilsiduianuiiste SIF2-A

' < a ar '
4.2  AnedeaulululdvesanuRanaindunsievegunsainsiaguuuudngg

' < v a [y Y 1
TunsmAdennudululdvesruiananndunsevesgunsaimsinluguuuusii 4
Bl 2 o i v i 14 | @ b g
lyBununmsiulilunisAnnadldndnlinmungueiluiten 2.4 lngavuanidasalull

| ‘] = o o
4.21 Anadsanudululdvesanufiawaiadunsievesgunsainisinguuuy 1002

suuuvresaUnsaimsiausnaulufegunsainisiassfurenvan 2 d defife LzA-
703A way LZA-703B warlun1sfiuiginian PFD,,.s: 184qUnsain1singuuuy 1002 avanunsn
wildnaumsi (2.9) Faduaumsifiasanmsmeaeugunsaliduwuubianysel Tnefauusen
q Mtlumsinnaeglidoyannmsed v1 [maruan 1] wazdmusligunsaigninsmagey
NN 9 4 U (T,=4) w38 35040 Flua unudrasaunsi (2.9) axle

35040
2

87600
2

P sy (0.9)(2.61-10‘8)( )+(1 -0.9)(2.61-10%) ( )+(1.48-10‘7)(8)+((2.81-10‘6)(8))2

((2.81-10%)(8)(0.9)(4.96-107)(35040)) +((2.81-10°)(8)(1-0.9)(4.96- 10 )(87600))+
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(—;-)((0.9)(4.96-10'7)(35040))2+(%)((1-0.9)(4.96-10‘7)(87600))2

PFDyyg 1002= 6.16 x 107

Systern Fails

Dangerously
!

A&B fail A&B fail I ]
boC DuC

A fails B fails
DN DN
A fails A fails B fails B fails
DDN DUN DDN DUN

\la
“A” wugunIainsinsedu vuneay LZA-703A
“B” wnugunsaimyinsedu MinglaY LZA-7038

A v L L3 s
JUN 4.1 wiunmsdliivesgunsainsinguiuu 1oo2

J o =] ar L3 ar
4.2.2 Anadearandulyldvesanuianaindunsevesgunsainmsinguuuy 2003

suuuuvesgUnsaimsfeuszneulushegunsainisinssfureaval 3 ¢ defife LzA-
703A, LZA-7038 wag LZA-703C Uarlumsmuinimiin PFD,s: 1899Unsain15inguiuy 2003
szannsamldainaunsil (2.21) Suduaumsiiiarsanmaneasugunsalifuwuulianysal
Ineduusin q Aldlunmsdnuarlddoyanasd vl [aasuan o] uagimvualigunsed
gnvinmsvegeunn 9 4 U (T=4) e 35040 Hlua
3 3
PFD, g 2005= (5)(0.9)2.61-10°*)(35040)+(5 )(1-0.9)(2.61-10 )(87600y+3)(1.48:107)(8)
+H3)[((2.81-10°)(8))*+2.81-10°°)(8)(0.9)(4.96:107) (35040)+2.81-10°)(8)(1-0.9)

(4.96-10'7)(87600)-%(%)((0.9)(4.96-10‘7)(35040))2+(-;-)((1-0.9)(4.96-10'7)(87600))2]

PFDyyg2003= 1.85 x 107



System Fails
Dangerously

()

ALB leg
fail short

A&S fail
DoC Duc

1

ABC leg
fail short

AL fail
DDC

ABC fail
puc

A fails
short

B fails
short

BEC leg
fail short

BAC fail B&C fail
DDC buc

A fails
short

C fails
short

0

B fails
short

C fails
short

[ 1

A fails A fails
DDN DUN

B fails
DDN

B fails
DUN

A fails A fails
DON DUN

C fails
DDN

C fails B fails 8 fails
DUN DDN DUN

C fails
DON

C fails
DUN

P
bH®

“A” UnugUNIainITInTEiu winelay LZA-703A
“B” wiugUnIaimsinsedu vanela LZA-7038
“C” wiugUnsnimsingesu mineiay LZA-703C

d 2 2/ o s
JUM 4.2 wunwiildvesgunsainsTaguiuy 2003

1 = = o a ] ]
4.2.3 dAnadeantululdvesanuianaindunievesgunsniuazaildinelunts
naseugUnsalfidaaaanmageusng 4

nnated 3.3.2 WWnanfimsuiulpdiedsanudululfvesniuianainduniy
vesgunsalliiitulasmsiiiuaudlumavaaeugunsel uazlunisvaasugunsaiudasaaaan
nsnageutusrdesiidlddelunmeasy Tnsalddrelunsveaeuvesgunsaiazdedann
M98 3.4 Faazuansrnlddnglunsmaaeudensivesgunsainsiauargunsnigavie Fadly
msnd 4.1 avuamaedsenudululfvesenuianaindunsisvesgunssinisiaguiuy
1002, 1003 Uay 2003 WasgUNIAlAATNEIULUY 1oo2+1002 Tinmanaaeunn q 1 U (Ti=1),
nn 92 U(T=2) Waulinsveaeunn 9 10 T (T=10) sauluiauanspldinglumsnaasy
gunsal Tnerldielumsvaasugunsasuansdliinendsretnaenergnmsldnuveigunsel

109
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4.3 wavesn1sUsiiunaa Yy - nauselevd aae38n1s ALARP

9nesd 4.1 waasbiiuiriadseudululfuesmufisnanndussevesgunsed
wiidanamiedimudsanaadlefimadiumdlunsmeseugunsal lumendufudlidneglu
msnadeunsHuesgunsaifveiidngsiuuiy fufulunmdentinariinyauluns
veeuNIUTesazgUTel srimsandeiildinefivunzanlunsveaeugunsaifuaany
desilanasvasmnaiianaralunisiviuuesgunsal Tasldaunisit (2.32) luniswid ROACE
waziauUsdAgane q wwldAdannsnedl 3.5 uaznavesAt ROACE  fiduialldasiinly
WIBULTEURUAT ROACE 1arge ilNAM IR Mmauiluvindef 2.6 Tnefmuslifilan ROACE 1y
whitu 20 9% fadudnan ROACE fisnuniléidnannndt 20% asfietnisamulunisannany
dedlasnsiiunamiseseumsininuvesgunsaiifusimumngausenisasy fedusa
gaamsUsziliunadldiouasnalstlovivegunsaimsinwazgunsalgavineluguuuusing q as
uamﬂummaﬁ 4.2, PRTar 4.3, A5 4.4 uazmswﬁ 4.5
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(Controller unit) AdRTIAMAAANAIATBIBUNA/LBMNALIAA (Input/Output module) ABRTT
AMuRaNaInYegUnsais1iaNasa (safety  barrier) sy waglunismen PFD,,, 8819
avidunvasqunsaiaavinedy sxdenhanuianainvesiaindilsiy (Valve Body) wawdn
auRawanauedledussiinda (Solenoid Valve) uvhnsduan dedeyailédnednnaide
(3] dulifidsanuianatamanil  Seildldanunsauanansfiuiamaen PFD,,, ¥83d7u
Uszuanauazgunsnigaveegwasidenld Kadudminidoyaiuifuuasiinnsfinnsanns
FAuauuuilitudu ssananauazgunsaiaaine agyinlien PFD,,, lddulndiAsatuaa
Wusdan uazanusofiageenuuuilaituinguisiolfednamnzgas
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Abstract

This paper addresses the conceptual design step that
probabilistic calculations are done to show that any given
design meets the performance requirements of the Safety
Instrumented Function(SIF) by considering the justification
of cost-benefit. The average Probability of Failure on
Demand (PFD,,) of the one out of one (lool) sensing
device was calculated by simplified Markov model. The
effects of the imperfect proof test and proof test interval on
the value of PFD,, were then studied. As the test cost
occurs during device proof test, high frequently of testing
along the device life cycle increases the cost while
decreases the PFD,,, value and risk of the sensing device.
In this work, the relationship between the risk reduction
achieved and the investment cost was investigated in detail

using As Low As Reasonably Practicable (ALARP) method.

Based on the ALARP analysis, the optimized interval of
proof test was then evaluated.

Keywords: SIS, SIF, SIL, PFD, ALARP, Markov model,
Proof test

1. Introduction

The SIS is a set of instrumentation hardware and
software that controls the safety level of the process
automation system in order to avoid revolting conditions,
such as explosion, fire and leak of hazardous chemicals.
Following this look, the desirable safety condition can be
managed by implementing SIS to the process system. The
IEC standard 61511 (1) defines a Safety Instrumented
System (SIS) as an “instrumented system used to

DOI: 10.12792/iciae2015.106

implement one or more Safety Instrumented Functions
(SIF). A SIS is composed of any combination of sensor,
logic solver and final element”. The SIF is intended to bring
the process industries to a safe state and designed for
protecting the damage to the health of people, property or to
the environment.

The level of risk reduction or Safety Integrity Level
(SIL) is obtained from the amount of average Probability of
Failure on Demand (PFD,,,) of sensing device, logic solve
and final element. IEC standard recognizes three modes of
safety function operation: (a) Low Demand Mode, (b) High
Demand Mode and (c) Continuous Mode (2). The Low
Demand Mode is defined as the safety function demand rate
is less than or equal to once a year or less than two times of
proof test frequency, High Demand Mode is defined as
safety function demand rate is greater than once a year or
greater than two times of proof test frequency and
Continuous Mode is defined as safety function is operating
as a continuous control function. This paper focuses on the
SIL in Low Demand Mode which is shown in Table 1.

Table 1. Safety Integrity Level (SIL) in Low Demand Mode

Safety Integrity Level Average Probability of Failure on Demand
(SIL) (PFDayg)
4 >10%t0<10*
3 >10%to<10?
2 210%to < 10?
1 > 107 to <10

For decades, many researchers have focused on a
variety of SIL assessment and implementation for process
safety (3—5) and considered the justification of cost-benefit

© 2015 The Institute of Industrial Applications Engineers, Japan.




(6). This paper focuses on the proof test of sensing device
which affects the PFD,,, value by considering the
justification of cost-benefit using ALARP evaluation
method. The simplified Markov model is taken into account
for calculating the PFD,,. According to the proof test
interval of the sensing device, the test cost will occur. If
there are high frequently proof tests along the life cycle of
sensing device, the test cost will increase while the risk or
PFD,,, value will decrease respectively. In this case, the As
Low As Reasonably Practicable (ALARP) method is taken
into account for determining the proper proof test interval.

2. Markov model and Proof Test method

The objective of proof test is to reveal the dangerous
undetected failures which cannot be detected by online
diagnostic test. Once all failures are revealed, the
equipment can be repaired and will function as “new” upon
restart (3). This proof test is called “Perfect Proof Test”. In
case of there are remaining dangerous failures which cannot
be detected during the proof test, this proof test is called
“Imperfect Proof Test”. The result from imperfect proof test
will impact on the PFD value which will increase every
year along the life cycle of device.

The method for determining failure rates is the Failure
Modes Effects and Diagnostic Analysis (FMEDA) which is
performed by manufacturers. The FMEDA is a systematic
technique that is designed to identify problems. It is a
“bottom up” method (7) that starts with a detailed list of all
components within the system. The result from this analysis
will yield the failure rate which is divided in the safe
detected failure rate (?LSD), safe undetected failure rate (ASY),
dangerous detected failure rate (A°”) and dangerous
undetected failure rate (A\°Y).

In this paper, the Markov model which is defined as a
“memory-less” system where the probability of moving
from one state to another is dependent only upon the
current state and not past history of getting to the state (7) is
taken into account. The failures for calculating the PFD by
simplified Markov model are the A°” and A”V. Other factors
for calculating the PFD are Proof Test Coverage (PTC) and
Mean Time To Repair (MTTR). The PTC is the ratio of
undetected dangerous failures revealed during the proof test
to total undetected dangerous failures. The MTTR is the
mean time to repair a module or element of the SIS. This
mean time (hour) is measured from the time when failure
occurs to the time when the repair is completed and device
returned to service.
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The simplified Markov model shown in Figure 1
consists of three states as following (4).

1) The OK state (state “0”, S,) represents the
situation where the SIF is operating correctly with
no failures present.

The FDD state (state “1”, S;) represents the
situation where the SIF failed dangerous detected.
The FDU state (state “2”, S,) represents the
SIF failed dangerous

2)

3)

where the

situation
undetected.

Fig. 1. Simplified Markov model

When the dangerous detected failure occurs, the state
“0” will move to state “17. If the failure is repaired, the
state “1” will move back to state “0” which is represented
by Restore rate (p,). Similarly, when the dangerous
undetected failure occurs, the state “0” will move to state “2”
and the dangerous undetected failure are only revealed and
repaired during proof test.

This paper examines the lool sensing device from the
manufacturer who performs the FMEDA. AP" of this device
equals 1.898E-06 per hour, A*Y equals 1.730E-07 per hour,
MTTR equals 24 hours and suppose that the life cycle (T))
of device and proof test interval (T;) equals 10 years and
every 1 year (Ti=1) respectively.

The Markov model solution technique which is
considered in this paper is numerical solution technique.
The probability of being in any state can be obtained by
simple matrix (7). To solve for state probabilities, a row
matrix indicating starting state probabilities ([1 0 0]) is
multiplied by the square transition matrix which is shown in
Equation (1). Each multiplication represents one discrete
time (1 hour) increment. The end of multiplication is at
87600 hours or 10 year which is the device life cycle.

So S S,
g - ADD - ADU’ lDD PTC = ADU
[1 0 0] o 11y 0 0
0 0 1



From Equation (1), The PFD(t) can be easily calculated
by summing S; and S, in each discrete time (each 1 hour)
and PFDy,, can be calculated as follow Equation (2).

PFDgyy = ;1; ST PFD(t)dt @

PFD,,, is average Probability of Failure on Demand

According to this information, Figure 2 shows the
PFD,,, and PFD(t) of perfect proof test (PTC is 100%) but
it is quite unrealistic to assume that inspection and testing
processes will detect all dangerous undetected failures (7).
The suggested proof test from manufacturer will detect
94% of possible A°Y (PTC is 94%). According to this
imperfect proof test, the PFD,,, and PFD(t) are shown in
Figure 3.

1O0E0L ¢

Perfect Proof Test

1.O00E-02

1.00€03

ll 4 + ] ' ' .
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Fig. 2. PFD,,, and PFD(t) from the perfect proof test

100002

Imperfect Proof Test

1 2 P . 1 & ? 'l 8 1

— i Dl

Fig. 3. PFD,,, and PFD(t) from the imperfect proof test

From the Figure 3, It shows that the PFD(t) is
increasing every year along the life cycle of device. The
comparison of PFD,, between perfect proof test and
imperfect proof test in Figure 2 and Figure 3 respectively
shows that the PFD,,, achieving from imperfect proof test
is higher than perfect proof test.
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3. ALARP evaluation method

In fact that the test cost occurs during device proof test,
high frequently of testing along the device life cycle
increases the cost while decreases the PFD,,, value or risk
of device.

To evaluate the justification of additional test cost and
benefit achieving from decreased risk or PFD,,, whether it
is justified or not, the ALARP method which is the
demonstrable process whereby “a risk is reduced so low
that any further risk reduction would involve time, trouble,
difficulty and cost which are grossly disproportionate to the
additional risk reduction achieved.” (8) is utilized. This
method can be used when SIL of SIF is derived from the
economic risks only.

The ALARP evaluation is done as follows. See also
Figure 4:

1) Design each of the various alternative designs.
This paper considers only 1ool sensing device.

2) Establish for each design the required test intervals.
The proof test method from manufacturer is
considered and the proof test interval is varied
from every 1 year, 2 years, 3 years until 10 years
along the device life cycle.

Do the ALARP evaluation for each improvement
step and confirm the selection.

3)

Designs to be evaluated

!

PFD (based value)

e Minimumn design that
cannot be challenged

Improve to PFD (Low value) by various

. . Y
e procftestinterval may be justified.

Confirnby ALARP evaluation

PFD (Lower vahie)

The lowest value of PFD thatis still justified reduces therisk to a level that
is ALARP.
This is the Proof test interval thatis to be selected.

Fig. 4. ALARP evaluation method

To find the ALARP point, the comparison between
PFD,,, and Life Cycle Cost (LCC) of device is considered.
The LCC of device is the summation of investment cost of
device (including purchase, design and installation) and
annual cost (test cost). The annual cost shall be considered
in term of present value (PV) at fixed interval by using
basic financial which is mentioned by Hary L. Cheddie and



Paul Grunh (9). The PV can be calculated as follow.

1-[1+R]™N

py =pm =L 3)

Where M is Annual cost (test cost)
R is Interest rate (estimated 5%)

N is Life cycle of device (10 years)

In this paper, the case study from (6) is taken into
account. The information estimates the test cost per event of
device equals 150 USD and investment cost of device
including purchase, design and installation equals 4,000
USD.

To verify the ALARP point, the Return on Average
Capital Employed (ROACE) is utilized to verify whether
the benefits are proportionate to additional investment cost
or not. The ROACE Equation (4) is expressed as a
percentage (%) and the parameters for calculating the
ROACE is shown in Table 2.

Benefits—Depreciation—Additional OPEX—=New risk ( 4)
Additional Investment this alternative

ROACE=

Note: Additional OPEX (Operational Expenditure) is
the Test Cost (in case there is different number of device in
two designs) and repair cost.

ROACE > ROACE e )

where ROACE (g is the specified minimum ROACE to
justify an investment (typically taken from 15 % to 20 %).

The Equation (4) will be achieved when the number of
device in two designs are different. If the two designs are
identical where the number of device in this alternative
design and lower alternative design are equality, the term
“Additional Investment this alternative” is zero. In this case,
the ROACE cannot be calculated (8).

This paper considers only one sensing device and the
alternative design is different by proof test interval. Only
test cost of sensing device is taken into account and the
term of “additional OPEX” and “new risk” will be
neglected. Therefore, the *“Additional Investment this
alternative” in Equation (4) will be replaced by “Additional
test cost this alternative”. The following Equation (6) is
considered in this paper.

Benefits—Depreciation ( 6)
Additional test cost this alternative

ROACE=

Table 2. The Parameters for calculating the ROACE

Item Descriptions

1. Equivalent | For personal safety and environmental consequences,

Consequence | the equivalent monetary consequences shall be used.
The equivalent money consequences are the logarithmic
average of the value of the lower and upper category
limit of the equivalent ‘production loss and equipment
damage category. Logarithmic average is here defined
- - 10{:::1:(1-:111!“2

2.Demand is the logarithmic average of the lower and upper limit

Interval of the selected demand rate category.

3.Initial Risk is the risk without any safety function implemented. It is
calculated as:

Initial Risk = Total Equivalent Consequences
Demand Interval

4 Risk The Risk reduction offered by the “lower alternative” is

Reduction the PFD,,; of the “lower Alternative” proof test interval.
The Risk reduction of the alternative under study is the
PFD, of “this alternative” proof test interval.

5.Benefits are calculated as:

Benefits
= (PFD lower alternative — PFD this dlemam!) X ]"iﬁal R’.Sk

6.Depreciation | is calculated as:

per year Depreciation per year
_ Additional investment this alternative
Depreciation Period
In this paper considers as following;
Depreciation per year
_ Additional test cost this alternative
Depreciation Period
7.Test Costs is the test cost per event (USD).
8 Repair Costs | is the repair cost (USD per hour) (do not consider in this
paper)
9.Additional is different test cost between “lower alternative™ and
test cost “this alternative”
10.New Risk is the additional cost due to spurious trips by “this
(Spurious alternative” design (do not consider in this paper).
Trip Costs)

The case study from (6) which determines SIL of the
SIF by using the Risk Graph method is considered. The
result from this case study is the demand rate (interval
between demands) equals 1 year to 10 years, the economic




consequence equals 1 million USD which is in category L3,
there is slight effect of environmental consequence which is
in category E; and there is no personal injury or health
effect which is in category C,. From Table 2, the total
equivalent consequence which is summation of economic,
personal health and environmental consequence equals
319706.27, the demand rate equals 3.16. From both
parameters, the initial risk can be calculated. Therefore, the
initial risk equals 101100.

4. Experimental Result

To determine the ALARP point, the PFD,,, and Life
Cycle Cost (LCC) of each proof test interval shall be
calculated then the comparison between these parameters is
plotted into the graph and the ALARP point will be verified
by ROACE whether the benefits are proportionate to
additional test cost or not. The ALARP point can be
determined by the following step.

41 PFD,, and Life Cycle Cost (LCC) calculation

The PFD value can be calculated by Equation (1, 2).
The LCC can be calculated by investment cost and test cost
Equation (3). The results of these calculations are shown in
Table 3 and the Figure 5 is the comparison graph between
PFD,,, and LCC of each proof test interval.

Table 3. PFD,,, and Life Cycle Cost (LCC)

Proof test interval
(i) PFD,y Life Cycle Cost (USD)

Ti=1 1.21E-03 15,583
Ti=2 1.83E-03 9,791
Ti=3 2.36E-03 7.861
Ti=4 2.88E-03 6,896
Ti=5 3.81E-03 6,317
Ti=6 3.94E-03 5,930
Ti=7 4.34E-03 5,655
Ti=8 5.01E-03 5,448
Ti=9 5.95E-03 5287
Ti=10 7.13E-03 5,158

The Figure 5 shows that the high frequency of proof test
along the device life cycle increases LCC while decreases
the risk or PFD,,,. The intersection between Ti=3 and Ti=4
is the ALARP point.
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Fig. 5. Comparison Graph between PFD,,, and LCC

The risk reduction from Ti=10 to Ti=4 is proportionate
to the investment cost but risk reduction from Ti=3 to Ti=1
is not proportionate to investment cost because risk
reduction which is minor comparing with high LCC.
Therefore, the selected proof test interval which is justified
is Ti=4.

4.2 ROACE calculation for verifying ALARP

To verify whether the selected proof test interval (Ti=4)
can reduce the risk or PFD,,, to the ALARP point, ROACE
method is utilized.

Table 4. PFD,,,, Proof test frequency and Test cost

Proof test interval Proof test frequency per life Test cost
(Ti) cycle of device (Time) (USD)
Ti=1 10.0 1,500
Ti=2 5.0 750
Ti=3 33 500
Ti=4 2.5 375
Ti=$5 2.0 300
Ti=6 1.7 250
Ti=7 1.4 214
Ti=8§ 1.3 188
Ti=9 1.1 167
Ti=10 1.0 150

The Table 4 shows proof test interval, proof test
frequency along the device life cycle and test cost. The
ROACE calculation in Table 2 is done as follows.

1) Equivalent Consequence and Demand interval are
calculated from the information from (6)

Calculate the Initial Risk from item 3
Calculate the Benefits from the item 5
Calculate the additional test cost from item 9 and

Table 4

2)
3)
4)



5) Calculate the Depreciation from the item 6

The comparison of respective proof test interval and
ROACE value calculated from these steps are shown in
Table 5.

Table 5. Comparison of proof test interval and ROACE
Comparison of Additional ——
respective proof Benefits test cost Depreciation %)

test interval (USD)
Ti=landTi=2 63.15 750.00 75.00 -1.58%
Ti=2and Ti=3 53.15 250.00 25.00 11.26%
Ti=3and Ti=4 53.18 125.00 12.50 32.54%
Ti=4and Ti=5 93.86 75.00 7.50 115.15%
Ti=5and Ti=6 13.16 50.00 5.00 16.31%
Ti=6and Ti=7 40.30 3571 3.57 102.85%
Ti=7and Ti=8 67.61 26.79 268 242.42%
Ti=8and Ti=9 95.09 20.83 2.08 446.44%
Ti=9and Ti= 10 119.68 16.67 1.67 708.08%

According to Equation (5), the selected proof test
interval will be justified when ROACE > ROACE e
where minimum ROACE g is 15%. Therefore, the
selected proof test interval which is justified is Ti=4 (proof
test 2.5 times per device life cycle).

5. Conclusion

This paper focuses only on lool sensing device. The
PFD,,, of sensing device is calculated by simplified Markov
model. The different proof test interval is taken into account
in this study and this factor significantly impacts on the risk
or PFD,,, value. The risk or PFD,, can be reduced by
increasing proof test interval. In this case, the test cost
occurs when proof test of device is performed.

To demonstrate that the
proportionate to risk reduction or decreased PFD,,, the
ALARP method is a tool for determining that the selected
proof test is justified and this method can only be used
when SIL of SIF is derived from the economic risks.

The optimized proof test interval of sensing device in
this paper is Ti=4 which is done by proof testing 2.5 times
per device life cycle and the PFD,,, of this proof test
interval is 2.88E-03.

Finally, the PFD,,,, ALARP calculation method and
proof test interval selection in this paper can also be used
for final element which is the one of three parts in Safety
Instrumented System (SIS).

increased test cost is
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By Teaziduavasgunal slinvosgunsnl BMIIANUAANATR
aunsal gunae (Ap)
(ASastnn)

LZA-T03A E - 8672 Level Level dP Smart Transmitter 3.48E-06

LZA-703B E - 8672 Level Level dP Smart Transmitter 3.48E-06

LZA-703C E - 8672 Level Level dP Smart Transmitter 3.48E-06

LZA-TO6A C-8671 Level Level dP Smart Transmitter 3.48E-06

LZA-706B C-8671 Level Level dP Smart Transmitter 3.48E-06

TZA-T05A R-8671 Tailed Gas to E-8672 | Temperature Transmitter 2.66E-06
Temperature

TZA-705B R-8671 Tailed Gas to E-8672 | Temperature Transmitter 2.66E-06
Temperature

Uz-701 High Pressure Steam Header | ESD Valve (Ball On/Off) 5.35E-06
to E - 8676 TSOV

Uz-714 E - 8676 Saturated Steam | ESD Valve (Ball On/Off) 5.35E-06
Supply TSOV

Uz-711 Hydrogen Feed Gas to ESD Valve (Ball On/Off) 5.35E-06
R-8671 TSOV

FV-704 Hydrogen Feed Gas to ESD Valve (Ball On/Off) 3.89E-06
R-8671 Valve

P-8671A P - B6T1A Stop Signal Contact 1.66E-07

P-86718 P - 86718 Stop Signal Contact 1.66E-07

IPS-700 Logic Solver Safety PLC 3.23E-08

L)

- AATININTINIUAIURANAAYBY Transmitter (Diagnostic Coverage Factor , DCF)

HANVINAU 85% wazAl Proof Test Coverage (Cor) HANYVAAY 90%

- 1 Cpr Y0NSV Partial Stroke Test va9afisseiianvinnu 70%

- AenuRawansINvegunsal (B) diAwviniu 0.05

- MTTR v3@ Repair Time ¥24gUnsnin1sindiAnviiu 8 4alug

- Life Time ve3gunsal fiAuvirfiu 10 U w3e 87600 Halus
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