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Abstract — There are many kinds of complicated equipment in chemical plants. So, the chemical plants always have high
possibility of accidents. Hazard analysis is one of the basic tasks to ensure the safety of chemical plants, but it is an arduous,
tedious, time-consuming work and requires multidisciplinary knowledge, and demands considerable cognitive load from the
analysts. To overcome these problems, there have been various attempts to automate this work by utilizing computer technol-
ogy, particularly knowledge-based technique. However, many of the past approaches are lacking in properties: safeguard con-
sideration, accident diversity, cause and consequence diversity, pathways leading to accidents, and various hazard analysis
reasoning. Therefore, in this study, deviation analysis algorithm, malfunction analysis algorithm, and accident analysis algo-
rithm were proposed using multimodel approach of representing a chemical process adequately for hazard analysis in view of
function, behavior, structure, and material property. Unit knowledge base is devised to model a process unit. It consists of unit
behavior model and unit function model. In unit knowledge base, a process unit is modeled in different terms of variable and
function. Variables describing unit are divided into inlet, internal, and outlet variables explicitly, by interconnecting behavior
model and function model through these variables. This model represents physical hazards. In structure model, process is sep-
arated into several streams which represent different connections. In material knowledge base, chemical properties are consid-
ered according to NFPA code. A hazard analysis system, AHA, was developed on G2. The system was applied to feed section
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of olefin dimerization. And the case study was solved with AHA system successfully.

Key words : Automated Hazard Analysis, Multimodel, Deviation Analysis, Malfunction Analysis, Accident Analysis
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Fig. 1. Architecture of AHA.
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2 N&"2 A Knowledge Base9} Analysis Algorithme &%
33 A|oJ3H= Inference Engine} A 79 Knowledge Base, 1]
3 Al 7He] Analysis Algorithm© 2 ©]20)4 It} Deviation Analy-
sis Algorithm? Malfunction Analysis Algorithme 2% w: Or
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edge Base, Analysis Algorithm=3} Inference Engme°1] M= 2z
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edge Base°l]/‘14 7] unit?] AAWAE G29) EHL o)Lslod
AEst WY, gdo] golsiy dZE Are AR 78 @
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Table 1. Knowledge representation methods

& ﬁ;ﬁiigﬁim Models Representation
Unit Knowledge Base Unit Behavior Class & Relation
Model
Unit Functional ~ Class & Relation
Model
Material Knowledge Base Hazard Index Class & Relation
Organization Knowledge Base Frame
Accident Analysis Algorithm Rule & Relation
Malfunction Analysis Algorithm Rule & Procedure
Deviation Analysis Algorithm Rule & Procedure
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F : Function model4]9] variable
B : Behavior model®A1¢] variable
PIPE: ZX|9] °]&

IN : Inlet variable

P : Pressure

HIGH : High deviation

Analysis algorithm 849l ©]E variable®] ©1E& & °]&
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3 deviation®] M2 317 2 W= ‘deviated B attributeE F
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—Accident Analysis Algorithm
—Malfunction Analysis Algorithm
—Deviation Analysis Algorithm
—Class

—Main Inference

—Unit Knowledge Base
—Organizational Knowledge Base
—Material Knowledge Base
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A Tl Al JRIERE etk ST

- 2 AE7re] A 73 (prior experience of experts)
- FAe] A % vlolE(process operation history)
- 7184¢ 22)3}8H3 Y2 (fundamental physical principles)

3.1. L=X|AH|0] A (Organizational Knowledge Base)

2] 2| ] 2 (organizational knowledge base)x= T FX &9
F7A A AABA ) A A4S TR Qlok o] A YL &t
o] FAo] od e AANEE FAH] i, TE0] AR AEA
A= JEXE vErdTh
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A, A% AAY 443E & /A ok 4 AXNELS TFHA o
2 S22 A% 5 AAE 9Eo] FASH Eot. Main stream¥}
side stream, control loop= 31}+2] workspaceo] B Fefj2-9)
Z5et Az PEIIEE ST

TERAAH |2 FEGIEFAA ol HMuads vehlx
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Fig. 2= ARG oA 2 feed section of olefin dimerization
9] FzA|AHo|zolct, agoA QIEH ol FTHEHA FARH
7 A E93l] T XY ARE & F I FX] A8
E 3t wd 2 7 dag ¢ F Ak

3.2. EEX[AH|0jA (Material Knowledge Base)

B dFoxE= NFPA(National Fire Protection Association) code
[5, 615 °l&3td EFA o] =E P

EAR o)A HBA ASr(hazard indices)ES UERAEUE] S84
A4 NFPA codedll wbA zt EZol tig UsMd A|4*(flammabli-
ty hazard ratingNf)], §314 X9°[Health hazard rating(Nh)], %34
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B F7HERl Aln 2 A48 7RsAel Y 7152 s "ok

=AM OIS FHY Bgol Fig. 3o veR} Uk agelA o
Adle|=zt 2t B4 tisiA 8k, fsiA, ke R)ge] Hr

iy

T

nitiakze Matend of Equpments
3 B
Intadze Matenl of Equipment type

0¢ 0 E 8 &

WHATH WmPAE WL mOMBHE

Fig. 3. Material knowledge base.
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3-3. FX|X[A{H|O|A(Unit Knowledge Base)

=24 98 4L Z¥sle IS 9E7) e WA TAHA
AL F%e] AAEE £ME B8 Y g 2ol A= A
g 5 Ak

(1) & 33 A (basic wit)A 715 ojAto) e

2) 71 oldel 2 A9 gl dgg s,

(3) “dEE,e] Ud"o) upstreams} downstream®] AFX]¢] wWieo)} <)
g oplgi.

(4) A9} upstream, downstream®] 7% o]zt W4 Agro] A}
L (accidents)®} A F T}
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ol 714 F57 A40] Basi Hok.

(1) ¥9) BN 715 o]z} wWrele] wa
@) 99 92 Wsse) A3t wA

(3) B9 FAEE) @A) FPIN M2 92 o
@) 715 oY, W dgs Azl B

°lE fJ3td X A% = (unit behavior model)? F3] 7% g
(unit function mode)= = XA M o)A T2l o]
=2 27 99 (D3 el SBeke A4S i Aue (34
ANE dellM ARG FEAAHo)l20M, 4] AL Ho A
BE ARZENLZE Welld ()eld Byl A ajuo| A BF
283t 243t

3-3-1. A AEZH (Unit Behavior Model)

A8 BN ed AFRYLe 7} 99 94 AE WS
ol Ast BARIH 9% B, causal influence)S EHF= Aot
3R] BHE Uehhe o W SN 984 Prlea BAQE
W20 942 [pressure(P)], %= [temperature(T)], & (flow rate(F)], /3
[composition(C)], H[level(L)], WH- WS freaction(r)] 507 o]A
vk FAE FHITE Z2ke) WS higho) lows TEE T ARl
WEPAE inlet, internal, oudet® @ A|E-3}E]o] gith W] -3}
© ZHUSE WA A Tz W 9x9 TRE oj2om T
Faltt. o]E7he] BAE relation® 2 27|33}

o]z i FAAFRY S THE mEo] Fig. 4] Yeh} Qic}.
2t 189] 91 (inlet, internal, outlet)oll W} Holze] 7} W A%
o €3 A3} BAYL sER FAH gles o & B

3-3-2. 71529 (Unit Function Model)

BAZIeRAL 99 FR7} 2 A ok ZAlels Hapo s
ofH 715 sl e ARE Yehd Zdo)t}12].

°] Zde ofu|9i= inlet, internal, outlet 4B Z. o] So] high mal-
function®} low malfunction “Jefol] o]27] sh= 99152 AR
o] AS-HA (hierarchy)S XA 31T},

AL 7s oPdolEE ol W] dare = 2 gy AR F5
ok FE7FEO AEN, BA 9 Az g} 7Iselde] 7HAget 7
ol 2=XA "

A HFEE Jehle W5l 715 ey HFE O Fea
2 BofBiT 71N Wk 9o AR ol 7k &
Hlzolt PES 8 e olge Holh HG). a3 W) 7%
Fel HAE relation®® THYC) Fig. 59 7€H 2715549
o] 5ol Yrk o] o= To|:zo) inlet, internal, outlet <=
E¢] ®ojo] tla] o] Wol=g Yoz 4 9= 71°5°1”¢(malfunction)
S A¥A2 A= (immediate malfunction)®} 2314¢1 (intermediate
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malfunction) 2L ZYA<l A= (ultimate malfunction)2 U} ro] §&
9eE T8 B F Utk

4. AHA9| & 2|5

AR 208 AHAE FASKE AAMolAE 2 A THE
FasIARE, o] AAuje]~EE oA B-Eate] Alale] A
ARE FEHHL ke FEYEHEY HEe A0 o 83 9
& Zerh B =REAME AHAY FELTEo g Weddgs
—‘?‘E‘]ﬂ ApalF2 9512 (deviation analysis algorithm), “&3]7]50]d

S Z2REQ AL7FE Y375 (malfunction analysis algorithm), 3=+

o] % 744 Lwzime] EAADe YA Alne] FeE AT

= /\]-*7“"4°"“’ﬂ%(accident analysis algorithm)®] Al 7]'Z1 %

4-1. Deviation Analysis Algorithm

Deviation analysis algorithm 5= US(given deviation)ZHFE F
2o] Alztgle] 1 @9 A9 715 R (unit function model)ol| A
Zol7 W Agre] Yole] HE 7% ol4H(root malfunctionyE e
t}. Root malfunction® $1& % A%, o2 7L F= Aok v
o2 Az A% 2 (unit behavior mode)ZHE] F017 deviation®]
gdolo] HE g2 WFEe] 9 AHE 2F et olAE cause
deviationo)g}x ¥-2t}. o] 4L T}A] inlet varable, internal variable,
outlet variable®] JFL W= 92 o] F& A Hlo]X(organi-
zational knowledge base)2} Ax1¢] 715 2 (unit behavior model)Z
Bl cause variable deviationg YoRRI, TEF 7} unit®] cause devia-
tiono] ARHA 7t A 7% Rdol 2 AXoAM A" A
9] cause deviationd] & 71% ©]4k(cause malfunctionys Zohdith.
o)|8A BE deviation®} malfunctiond ZoRHAL W1 accident analy-
sis algorithmell J8] 7158 AlZE FEsiH - 220
7+ A A€

Internal variableo] FEE Aol 2 unit®] behavior modelol A
T cause variable deviationS ZH=Th #91E cause deviation Th
A inlet variable, internal, variable, outlet variablec] E %= Utk
Inleto]L} outlet variable®] 7% ol M3 Al upe} thg F
29 A5, ThE internal variable®] Aol thAl of S W

B3 At

-r]-f] %2 3RS AA Fold Wy dg g ¥l Aol B
W, o] W d=o] o A viXE 9g &I (propagation
effect)S Lohll7] 98l o @9gAe] A% 2do Foi7 ¥Wg o
B2 cause deviation®E }o] I effect deviationd: °"°]-‘;HD}. o] 3
AL A% T 9] Axlo] HEsle] Bz B4 dike AR
A gt FEE gotd = Ut

TS0 F deviation analysis algorithm- accident analysis algori-
thme F2ct, 7AA F2343] Fig 60

73 safeguards

4-2. Malfunction Analysis Algorithm

Malfunction analysis algorithm AMEA7F X3 Ax]2] 7% o]
Ao g RE] 322 AFIT AAY 7T BURRE Fof7l ol 7
So] HRIA7]E wgeol] ek J3ke Yopdt). Given malfunctiond]
o3 WASH= variable deviation ¥ 7HAY & a1, o] Y
FE ok t2oZ o] WMy dgo] FH AXER JFE A=
A& FF A4 wolxel AR AF EUZHE dopdrt. Deviation
analysis?l= 2] 02 malfunction ©]9]9] T2 ZX|oj|Aj2] o]4

e 2EEA et TR 715 ol dsix dFE e =
E 99 AX9 524 A7t ZAHEY accident analysis algorithm
£ FErh

Malfunction analysis algorithm& Fig. 701 WeRASIct.

4-3. Accident Analysis Algorithm

Accident analysis a]gornhmfi EE ]"]94 %ﬂ’i‘} AJejel £
R Jrere 2 FE . o1& s
A] material knowledge basei—‘?Ei —'g— B 752]50 U= 244
B sk A, Wy A fabd Agol B ANE A7, %
14 7ls °l"’-‘+ W dE2RE FEde A 845 Yobdrh
B2E Azt 7Fe e BEle At £

1
3
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[ Begin : Variabie Deviation ]
l Unit
Root Malfunction Function
Model EJ
Cause Deviation
Unit
Outiet V Tntormal V Inlet vV Behavior
l Unit
Cause Malfunction Function
l Model .
Unit Organization
Effect Deviation Behavior Knowledge
l Model Base
Accident
Possible Accidents Analysis
l Algomhm.?
Organization
Safeguards Knowledge
Base .
End
Fig. 6. Deviation analysis algorithm.
L Begin : Malfunction ]
: Ui
Effect Deviation Function
l Model J
Effect Deviation
- - Unit
OV ket V Behavior
l Accident
Possible Accidents Analysis
l Algorithm 7
Organization
Safeguards - Knowledge
_DBase
End

Fig. 7. Malfunction analysis algorithm.

dE F Utk 2 FoM AF¥HQA, M 714 accident type mal-
functiont YHEAel & Uohh= Alw, wigo|ety) APEZ)
osl dojube Alz, Wigo|gka} gxje) Exqoe doih= Al 5
o)t}

Accident analysis algorithm 373 4=2]¢] malfunction, deviation,
characteristic, material propertyg AAlsld Hr} tioksl Weye) ARLE
F&8'd 4= Itk Fig. 890 accident analysis algorithm2 VFERN I}

o] FEAF7IA BUW vixstom A 2z dReME S8
A ARl et b R (safeguardsy’} EA)sierls gohyl7] 9
i PR A4 wlo|ARRE okd B9 HiZ] el W grE o
I, 2 Aol st EAlsAY EAjsior & AAIA 9 FH
= o] BE BN 3 2aFgEA Ses) L=

=

SIER Y37H H3S 19991 6R

A8 - 494
Unit Organization Material
Knowledge Knowledge Knowledge
Base Base Base

Malfunction Unit Hazard Index
Deviation Character Reaction Matrix

b 4 ¢

/ Accident
{ Analysis

Algorithm
» rule

Equipment Damage

Toxic Material Release
Personnel Injury
Fire...

Fig. 8. Accident analysis algorithm.

5. Al o2

AFAATF2A olefin dimerization plant] =% A9 A B
7Fe XS B 4L EP. Lee®] “Loss Prevention in the Pro-
cess Industries”l| 4] 1&-S1HTHS]. o] AL Venka} Aokt HA-
ZOPExpertellA] A2 AMEEZIE SltH14]. o) TANME kzhke)
0] Holle A Y] EFBo) 37+ A P=2HE buffer/
setiling (A2 A%Foz 2$HT} o] THPE] 4o Y= 2o
dimerization reaction®]] VM g2 u]x]7] | feed/product g
HA7)E AR)7] He] settling tankolM FRY o= AA s 488 5
3 A A} Fig. 9o B FR8L Yot

Table 2= ©] F749] feed section®] settling tank AR o) pipe
o4l ‘no flow’2He deviation®] Yoiite HSo] variable?] devia-
tion®] HRAHE RAFE Ao YRolg ApAT= ojE 3
it} A7t oo Aojykg ool o] ojPo] ThE wito o]
A AErl ke A2E BYE 4 Qo ojne £53] o)49)
HAZOPo|\} HAZOPExpertld U At} €4 mast Azs
Yeh & = 3lth No flowS Y802 Deviation analysisE 4°3)
3t WA FolZe) 7% mdel ©159] root malfunctionS =
. L 3 CB(complete block), FR(fracture)7} AAJETh, ThA] o+
T2 HolZ9) A% RAZRE canse deviation®.= no inlet flow

AHFTh 2 the inlet variabled] QP Wwomz Tz 4]
Hlo] A2 RE] %] A= control valveZ 123}, o] WiHo] AT 7
Do no outlet flowS effect deviation© = A3 cause deviation
22 no intemal flowE 27, 715 RUZHE olo] the cause mal-

=

=

functiong ohdth. oleidt Y& Wl Fojzl v Uge] g
VEE BT YohiA B,

TolRl W dge) 57 JFS Yolrs] siM LI EL To
Z9] A% B2Yo) cause deviation®Z no internal flowE &35}
no outlet flowE <14} Outlet variables] P3Fe mxjmz =
A4 Ho|22RE T dAg settling tank& <128k o] #x]
o A% 29l no inlet flowE cause deviation® 2 319 effect devia-
tion?] no internal flowS Yopdic}, olEd AFL By pE 2



e

N
ile li eekd buffer/settling
112 mile line ank, > ¢ 15 psig
section

Water sump

N } PG
Hydrocarbon from {FO —“—r_—ga #_ } 240 psig
A

To drain
intermediate storage 25 °C
35 psi
PG 35 psig
4.
Drain and PG
Nz purge
- Nz purge

J1 transfer pumps
(one working, one spare)

Fig. 9. Feed section of olefin dimerization plant.

Table 2. Conventional HAZOP and HAZOPExpert's result

Process variable deviation: No flow in pipe-4
Conventional HAZOP Study Causes:
No hydrocarbon available at intermediate storage
Pump-1 fails
Line blockage or LCV fails shut
Line fracture
HAZOPExpert's Causes:
No flow into the 'hydrocarbon-from-storage' HAZOP
connection post from upstream units
Cavitation or failure of pump-1
Pipe blockage, LCV-1 or NRV-1 fails closed
Pipe fracture
Conventional HAZOP Study Consequences:
Loss of feed of reaction section and reduced output
Polymer formed in heat exchanger under no flow
conditions
Pump-1 overheats
Hydrocarbon discharged out
Pump-2 overheats
HAZOPEXxpert's Consequences:
No flow to the downstream units from the
‘feed-to-preheater-and-reactor' HAZOP connection post
High temperature in the tube side of the heat exchanger
The 'dimer-product’ polymerizes ot undesired polymer
Pump-1 overheats
Pipeline subjected to surge pressure
Fire hazard due to the release of flammable process
materials alkane and alkene
Pump-2 overheats
High pressure in the tube side of
‘feed-product-heat-exchanger' and in pipel2 due to higher temperature,
since volatile process materials alkane, alkene and dimer-product are
present
Fire hazard in the tube side of heat exchanger and pipe-12 due to high
temperature and the presence of the flammable process materials alkane,
alkene and dimer-product
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Table 3. Part of AHA's results of the faults of olefin dimerization plant

deviation-up-list

B-PIPE-INT-F-NO is the effect of B-PIPE-IN-F-NO in PIPE-4
B-CV-OUT-F-NO is the effect of B-CV-INT-F-NO in CV-1
B-CV-INT-F-NO is the effect of B-CV-IN-F-NO in CV-1

deviation-up-fd-list

B-PIPE-INT-F-NO is equal to F-PIPE-INT-F-NO in PIPE-4
B-PIPE-IN-F-NO is equal to F-PIPE-IN-F-NO in PIPE-4
B-CV-OUT-F-NO is equal to F-CV-OUT-F-NO in CV-i
B-CV-INT-F-NO is equal to F-CV-INT-F-NO in CV-1
B-CV-IN-F-NO is equal to F-CV-IN-F-NO in CV-1

deviation-up-imal-list

F-PIPE-INT-F-NO is the deviation variable of F-PIPE-CB in PIPE-4
F-PIPE-INT-F-NO is the deviation variable of F-PIPE-FR in PIPE-4
F-PIPE-IN-F-NO is the deviation variable of F-PIPE-CB in PIPE-4
B-CV-OUT-F-NO of CV-1 is deviated

F-CV-OUT-F-NO is the deviation variable of F-CV-FC in CV-1
F-CV-OUT-F-NO is the deviation variable of F-CV-SC in CV-1
F-CV-INT-F-NO is the deviation variable of F-CV-FC in CV-1
F-CV-INT-F-NO is the deviation variable of F-CV-SC in CV-1
F-CV-IN-F-NO is the deviation variable of F-CV-FC in CV-1
F-CV-IN-F-NO is the deviation variable of F-CV-SC in CV-1

deviation-up-umal-list

F-CV-FC is the immediate malfunction of F-CV-CTF in the CV-1
F-CV-FC is the immediate malfunction of F-CV-SNF in the CV-1
F-CV-8C is the immediate malfunction of F-CV-OC in the CV-1

F-CV-SC is the immediate malfunction of F-CV-OP in the CV-1

F-CV-SC is the immediate malfunction of F-CV-LO in the CV-1

ad-up-mal-list

FR ==> MATERIAL_RELEASE in PIPE-4
FC => PRESSURE_BUILDUP in CV-1
SC ==> PRESSURE_BUILDUP in CV-1

ad-up-acc-list
MATERIAL_RELEASE + flammable material =—> FIRE in PIPE-4

ad-up-safe-list
FR => DT in PIPE-4

deviation-down-list

B-PIPE-INT-F-NO is the cause of B-PIPE-QUT-F-NO in PIPE-4
B-SETTLER-IN-F-NO of SETTLER-1 is downdeviated
B-SETTLER-IN-F-NO is the cause of B-SETTLER-INT-L-NO

in
SETTLER-1
B-SETTLER-INT-L-NO is the cause of B-SETTLER-OUT-F-NO in
SETTLER-1
ad-down-d-list
NO L => RUNNING_DRY in SETTLER-1
ad-down-safe-list
NO L => LI or LC in SETTLER-1
(oo 1 )
PUMP-1
PUMP-1;
< overheat
T
Cv-1
-
TN
PIPE-4
Line Hydrocarbon
Fracture discharged out
N
No flow in PIPE-4
SETTLER-1

Fig. 10. No flow in pipe-4: Conventional HAZOP's resuit.
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Fig. 12. No flow in pipe-4: AHA's result.
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