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ABSTRACT

The results of the risk assessing on general buses, consisting mainly of diesel-fueled buses, show that the
frequency of the instantaneous release is 1.4x10 >/bus/year, from which the probability of the formation of
fireball as a sub event becomes 1.7x107, and show that the leakage from the CNG-fueled buses is 0.002
event/year. Also, the frequency of gradual release due to a crack is estimated at 3.7x10/buses/year, and a
subsequent probability at which this could lead to a jet flame as a sub event is 1.2x107. This corresponds
to 0.04event/year for the CNG-fueled buses. Dividing all the fired casualties by the running distance of die-
sel-fueled buses, the risk is 0.091 fire fatalities per 100-million miles. And the total fire risk for CNG buses
is approximately 0.17 per 100-million miles of travel. This means that CNG buses is twice or more dan-
gerous than diesel buses. After all CNG buses are more susceptible to the major fires. In the aspect of the
reliability of this study, generic models and the failure data used in assessing the risks of CNG buses are
appropriate. However, more accurate physics-based models and databases should be supplemented with this
study to provide the better results.

Keywords : CNG risk, Transportation risk, Natural gas explosion and fire, Comparative risk
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F2210] godoiel EHO wFe] TANX HEZA
AA(Clean Air Restoration Act of 1989, -HR2323,
Clean Air Restoration and Standards Attainment Act-
$1630, The Energy Policy of 1992-EPACT) H& A
g ARz 7 FoE oA wEel B i
2E4% % AR Al BE 32 5 UrE
FYste g 2R FEHAT A= 19929
UA A P hRARE At A A o
3 ST AR W&ol E3E A3 (California
south coast air quality management district, Rule
1195), dA FWAME 3,0009He] CNGE T5H
£ Aol $FHL lon FF F&3] T A%
ojt}. ololl wiz} B AFA CNGAHES] 34 & &
RS 3 HHeE AEA AlSISHINHTSA : The
National Highway Traffic Safety Administration) ¥l
Probability Risk Analysis(PRA)SD o]&3la] &2
Qe A, AR 2 FH A2 AGAE| A v
A= CNGA T #8E ARLE dwsleed 2 &
ol it}
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Fig. 1. Overall quantitative risk assessment approach.
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2. SIEE BIHE B ALk
S TN

RE 7tAFES B0l 7oA d4H
ol At FAGle] hF-E-29] 7 thE-9] Table 19]
M AAskE 47HA] BAIE AX gido] dojdn}. =
71 BFR2A o] 34 F/)% PR FEel FH
oate] HAVZ o Aoz dojud, ol W&
TteE 4dA|e] iy FolN 22 Al S (Hybrid)
3 Slumping@AI7F A 2ksl 2, 329 (Hybrid Model)
= 37 Bt AL 371 29 (Dense ModeDE
RHSHAIA sjAstejol frt FtAFES EHFoIAY
HAAHY 7 A3, 7159 dEdde 939 oo
of Wt €23 FEE wAIY. B3 FaHd
F&L dEaRlY #¥ e JYRe wdarE d
Ay, 1/4 1z 2} o] & FEFe] AL 7129
S FAE dojdth doz HAHA e F
S 99 1Y 14790X] Hoh 2e a2 3|
dojdtt. 7hxe] GEBFe TIPS 71 7t
ARl @F7Irte) ERHES Fdske AHE 2U@
o} Wk E9HEC] £ 33HSTHE BLEVE T
Fireball®] Z#& vebdth 748 7129 A dysh=

Table 1. Properties for dispersion model

A&How EFPoEN 7}2~&(Vapor Cloudy& &4
gtk Al £7]¢ W T Flash fired] 23S U
Ehdith, ONGY Ha14Q 22 1 FA] H3HU
g F71E sk ke S Algsta EEEY
248 oA Jet flamee] AAZE Z i) X dH s}
e 7K ke EREY 2L xdEked W
o A3l A9 RS F71¢ & £ Flash fireE
dozg.

2.1 CNGE| #=75Ql @0 st ETA

Table 2 7k29] &7HEQ1 +& 4] ETAE 4]
A7 FEAPSE 7183 98 8ot} Table 29
S FEA 712 48 ARE HEsl g4
ETA7} ©H&9) Fig. 20|t} o7)ollAe 7k2e] b
A3le] 7HeAdS AR oM Z1EAHQ £ AR
gk AU et 139200k Dense Cloud dispersion
3} Nurtural or buoyant dispersion®|t}. 7+29] 743
gl F&o] A Fzhe AAHUE oz, 19
1 7F5E Dense cloud2A 84 Ao, A3yt €
o Flash fire = FEE 98 Aoltt. E£3 shte]
22 ARHQA 7t 35L& FHEA) Flash
fireell lojM 9] A2 QA F3E =P E ot} o

Entertainment Edge Spreading| Concentration
Stage Phase Model Regime Regime Profile
) Turbulent Mixing Uniform jet Model Turbulent(Jet) Turbulent Uniform
Turbulent Mixing Gaussian jet model Turbulent(Jet) Turbulent Gaussian
Hybrid Hybrid Model Turbulent(Jet) Slumping Uniform
Dense Cloud Dense Cloud Model Dense Slumping Uniform
4 Passive Passive Dispersion Model | Atmospheric Turbulent | Passive Gaussian
Table 2. Input data for make up Event Tree Analysis by CNG Instantaneous release’”
Frequency or L
Event Probability Description
Immediate ignition 0.25 The causes of failure is a firing, and the initial leakage spreads out
Non-Immediate ignition 0.75 broadly.
Delayed ignition 0.9 . o .
- Diverse ignition sources, huge vapor cloud, and dense population.
Non-Delayed ignition 0.1
UVCE 0.5 Tremendous amount of flammable liquid are released so that the
Flash fire 0.5 probability of UVCE is high.
Delayed ignition 0.2 . L
— The probability of ignition becomes lower due to lesser sources.
Non-Delayed ignition 0.8

T. of Korean Institute of Fire Sci. & Eng., Vol. 18, No. 2, 2004
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Relewse | Instantaneons | Inmediate | Cloudis | Delayed Ou B Relense | Instantanecons | Fmmediate Pool fo Pool o F
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rov— " UL
L35 275x 10 N
78 % 3 halt 825x10
3, Dense cloud 0.2{Flash fire or Lyl Cakulate
dispersion explosion 148 10 0. spread and 05 Pool fire Larxet
1t Yes Adisbatic 0. S vtarmters  |5.94 % 107 evapsration]
lexpunsion 4 1 Yes [X) 0.5]Use gas event
Pyl
L1 x 10° 0.79 0.2]F1ask tire or . tree to moded | 1.37 % 10
.9 expiasion 165X 10 zns bekavior
i No h 0 1.1 x 10° 0.2 0.9 Use gas event
Harmiess sex 1o LN vee to model |2.47x 107
o
Ldurniton asd 0.25 - . g behavior
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Fig. 2. Event tree of CNG Instantaneous release. ga3 behwvior
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Fig. 3. Event tree of CNG Gradual release.

2.2 CNGE| HZIXQl F&0f 8t ETA

Table 3& 7129 Ax}AQ F2A] ETAS A3
A% sEAPPE 7123 4 A=t Table 3
olgte] AN $2A 7B U A2E Hg 3]
#9% ETA7t th2-9] Fig. 3o]t}.

Table 3. Input data for make up Event Tree Analysis by CNG Gradual release™

Event Frequency or Probability Description
Immediate ignition 0.1 Including no extra sources and lower release frequency,
Non-Immediate ignition 0.9 ignition in proceeding is low.
Delayed ignition 0.75 . o .

— Probability of delayed ignition is high due to population.

Non-Delayed ignition 0.25
Delayed ignition 0.1 The probability of ignition becomes lower due to lesser
Non-Delayed ignition 0.9 sources.

Table 4. Frequency of gas release events & assessment of the probability of scenarios involving gas release

Hardware/Human Frequency| Priority . ... | Priority
failures /bus/ycar |Ranking Subsequent gas release scenarios Probability Ranking
C(_)mponent catastrophic 1L42E-3 ) Instantaneous gas release and -1gmtfon source present 1 7E4 @
failure due to component catastrophic failure
Component degraded Gradual gas release and ignition source present due
failure 3.60E-3 S P degraded failure of component 1.2E-3 S
Accidental impact 350B2 | () |MmStantancous gas releasc and ignition source present |\ 5p 4 | ()
due to accidental impact component failure
Electro-static discharge | 1.40E-5 ©) Gas rc?lease with electro-static discharge ignition 37E-3 @)
potential
Presence of fire to cause gas release due to non-CNG
Non-CNG fire 3.60E-4 @ fire impingement on components containing CNG 9.7E-2 M
Operator error 4.0E-2 (1) | Operator error resulting in CNG release 2.8E-5 5)

B
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3. NHTSA(National Highway Traffic
Safety Administration)0il 2|3 ¥lT&EA

3.1 CNGR 982 3= Al it Bz B4

Table 4= NHTSA(National Highway Traffic Safety
Administration)®] AHE 43l 27)Ade g Wl
TE A Aotk AuyEd FEE 7171 2 UdFe
Ao 71 2 NIEE Yehlle ASEE 23z
A5 2A 4.0E-2 busfyeare| .29 ojdl] 73 o=
Adle NtAFEAUE L EAE SA4zL AFE A%
CNGFZ2AM 882 28E-50191th

o2 FE9 93 AR 3.50E-2bus/year, ©|
of 271502 WASE rIaTEAUE L BN &7
A FEE ol tig &L 1.7E4°IU. 7P @
2 HeE Jed Aoge FAr] WHOZ 140E-S,
ol RrtHo 2 WA 7tATEAURI LB = 7}
25323 A FAF oz FAAe] Ht € &
E& 37E-3°1Uth AAFe Nyl & ZHA
v 4R A, #7179 B22AE A% .,
non-CNG fire, 77371719} vpy], BA7HH <olRe
o, #7tdo2 BAE 4 Sl Aluele FHY g2
2g £MZE non-CNG fire, 37| WA, 74717]¢]
FAAEE A% 2, 7471719 vy, FEAL &

Table 5. Summary of probability risk analysis results

AR 5ol 9k,

328 BN o

Table 5= 7I& 5% & dske T8 AUl
iy 88 ge AN ZAolH, Table 62 71947}
25 AR A3l s &) oE ¥EE ARt
3 Fog AWHEHA WA 7tAA sh2e A ¢
29 T 14E-3Mbuslyear? B7IENUT. E A3k
o] 3& W oA A&AQ FZ2A Fireballe] A7
2T FEL 1.7E40[H, o)A L d7te = HET 4
= 24E-70It) 28] ZAME 8500002 CNG W2
o &3 A7 dis) a3 FFo] dojgd FAe
0.002 event/yearZ L}EP OB, o] AL 5008)d7He] Fh
W S ojn it}

T HAAZ, B4 2 Y9 7198 d3EA ¥4
o g WIEE 3.7E-3 busfyear® H7IELH, o
Loz HAY Jet flamed] FELS 1.2E-322 e
wyon, o)7L d7to g Wil Ail= 44E-60]H, o)
A& CNG w9l 3t &3 A7 283t 0.04
event/year®] 0, ThA] 23] 2534 i dojd & 3l
= FXolt}. th¥ Table 62 7}28 AER 3= Y
2o 3l HFAHA NerMS gosiA FEd A
ojt}.

. . Frequency of Risk Risk
CNG bus fire scenarios resulting from occurrence/ | Ranking j{(fatalities/bus/| Ranking | (fatalities/100 | Ranking
the following causes a1 .
bus/year year) million miles)
Catastrophic failure of bus' or station 14E-3 4 41E-6 1 42E-2 1
hardware components leading to
Degraded failure of bus or station 37E-3 3 31E-6 3 30E2 3
hardware components
Electro-static discharge of CNG 14E-5 6 3.2E-6 2 3.3E-2 2
Acc'lqental impact mainly due to 3.6E-2 ) 3.0E-6 4 3.1E-2 4
collision
Non-CNG release fires 3.6E-4 5 2.3E-6 5 24E-2
Operator error 4.0E-2 1 3.5E-7 6 3.6E-3 6
Total fire fatality risk 1.6E-5 1.7E-1

Table 6. Results of frequency analysis for gas-fueled buses

Instantaneous release

Gradual release

Frequency of release 1.4E-3/bus/year

Frequency of release 3.7E-3/bus/year

Probability o Fireball 1.7E-4

Probability of Jet flame 1.2E-3

CNG buses 0.002 event/year

CNG buses 0.04 event/year

T. of Korean Institute of Fire Sci. & Eng., Vol. 18, No. 2, 2004
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4. CNG &84 —l EH'H'E -T-%AI Worst

th& Fig. 4= CNG $449] P&IDo] 3, CNG9] o)
TE ¥&22 23k 74P eventyS 22 Mi =
2ol HAA Y, M2 =5 implosiondl] 7|7 A
] =g, M3 = Fstell 71903 dey fd2 7P e

o

a

o Wi E st

Table 7& 7t3A 712 F CNGZE FEHAS o 9
oAl HAgH 74zhe] Ao tisix EAY 4 9
= HIEE B3 A0 2 Bvent trees 743171 S8
Azt Al thsll generic data ¥ Export opinionS
[ofste] Hlx gl &9 7|&dlo[e & A3t Zlojnt
HA 71} E (pressurized) CNG2 R FZ0] o]
g W= 1.0E4/yr, HANA FA] 3 2 §E2

, — = —| CNG Refuelling System

Fig. 4. P&ID of CNG refueling system.

Table 7. Event tree input data

0.1, 179 F e g npgo] £ sge
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Flash fire th= UVCEl 8 888
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g‘?:}t‘ oT Q’

Edielz 53 %
BHQ gglez gxtater &
Qg 74, el 23t sl W3l generic

o &k

Event Frequency or Probability Source of data
A : Large leakage of pressurized CNG 1.0E-4/yr Fault tree analysis
B: Immediate ignition at tank 0.1 Export opinion
C: Wind blowing toward populated area 0.15 Wind rose data
D: Delayed ignition near populated area 0.9 Export opinion
E: UVCE rather than flash fire 0.5 Historical data
F: Jet flame strikes the CNG tank 02 Tank layout geometry
ape
Permvrable
Relesse
3210
L 1
ok Uniasrg o e
3710 Wy %
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Fig. 5. Fault tree analysis of Compressed Natural gas vessel.
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Large Immediat Wind to UVCE or Radiation vs Distance for BLEVE
Detayed =
CNG e ignition Populated i nt'oyn D Fiash Fire Outcome Frequency 0
Leakage A B area C oniti E 0
Yes(0.1) Local Thermal . 0
hazard 8107yt 0 ‘
Yes(0.5) 3 2
UVCE
1x10-47y1 Yes(0.9, 81310 - \\
Yes(0.15) No{0.5) Flagh fire 6.1%107yr E m \
Zz ™
Safe 6.8%10 /yr § 0
O oo
2 m
m_ﬂ UVCE 3.4x107yr 2 m \\
No{0.5 : - § o
Fiash fire 3.4X107yr .% o
No(0.1) Safe di 7.6%107/yr E 0| \
TOTAL 1x104yr ot A
. @
Fig. 6. Event tree outcomes for scenarios. o
©
g T
4.5)= < [
data*& o] g3l FAE FTACITh s s ;

T3k Table 72 o] 83l event treeE FA§ Zlo] Distance Downwind (m)
Fig. 6°]2Z, o383 WEE o237 9§ ALy Fig. 7. Radiation vs distance for BLEVE of Diesel.
2o W3k HFRES 73 Aol Table 90t}

Table 7¢] input data® 23S wl ETA] i3t 3
% @54' % %l:oﬂ EH.{S} E_].E‘\"i‘):] é:"’}' ?_]_ Table 9’% }é'flq_‘}_" Radiation vs Distance for Flash Fire
™ Flash fire7} 2A8% ¥ITE 40.1E-6, UVCEZ} 24 S i B
2 ¥IX = 40.1E-6, Local thermal hazard®) 7%+
8.0E-6, Safe dispersaldl 739 144E-62 L}E}STE

5. CNG % Diesel HAS| HARF&0|
CHEt 1mjsl ek

CNG ¥ Diselxb#e] ®3 €32 At H271E2l 2+ m X
7} 813L 2 200LE Y3k Ake] HERE Catastrophic :
9l Tank Crush(Instantaneous)®. 3}3, B3 W-&E<Q] : N
Diesel @ CNG7} 4] F&HIL | SIS A3 b 0 == == = S i
£ A3 9sie] HE29 A48 =233 PHAST Distance Downwind (m) .
6.0 -39t Fig. 8. Radiation vs distance for Flash fire of CNG.

S ENYRRCERRBASESES BOLH

Radiation Level (kW/m?)

Table 8. Calculation results of frequencies of four major intermediate events

Classification Intermediate Event Calculation Frequency
Ml Spill during vehicle unloading (300yr™") x (1 x 107 3E-2/yr
M2 Tank rupture due to implosion 10yrHx 2 x 10H) x (1 x 107%) 2E-3/yr
M3 Tank rupture due to overpressure A x10)x(2x107% 2E-5/yr

Table 9. Calculation method for event tree outcomes and frequency

Overcome Sequences leading to outcome Frequency (per year) Priority ranking
Flash fire aBcpE + ABCpE 6.1E-6 + 34E-6 = 40.1E-6 1
UVCE aBcp + ABCpk 6.1E-6 + 34E-6 = 40.1E-6 1
Local thermal hazard AB 8.0E-6 3
Safe dispersal sBcD + ABCD 6.8E-6 + 7.6E-6 = 14.4E-6 2
Total all outcomes - 102.6E-6 -

T. of Korean Institute of Fire Sci. & Eng., Vol. 18, No. 2, 2004
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Table 10. Comparison of radiation vs distance for Vehicle
diesel & CNG

Late Explosion Overpressure vs Distance
T T Tl B 1T
4 . H | H

E bty

P t
Material Scenario Radiation Distance a8 &
Q66
; 25.0 kw/m? 43 m = o8
Diesel BLEVE £ u i
Vehicle 37.5 kw/m® 37m g w
] 250 kw/m*> | 13 m 3«
CNG Vehicle| Flash fire £
37.5 kw/m? 8m £ om
&= \
Early Explosion Overpressure vs Distance ":E \
X 15 Ny
1 o "
B % RCGBEBREGS S LILE
08 Distance Downwind (m)

I3
% g

o

s
I3
x.

a
&

Overpressure (gauge) (bar)
2928

= o

- RR

2
r-u.)

POPRNARICRRBBRREBRY [EEEET X

Distance Downwind (m)

Fig. 9. Early explosion overpressure vs distance of CNG
Vehicle.

Fig. 7, 8 Diesel ¥ CNGol thale] ApAe] 7zt &
Bl Ayl e did d8Ag] dE JsARE U
ERd Zolt}. Table 109] Vbt AE A#HHEH Diesel
€ A2 AR A9 Ao 3lejA] BLEVE &
AA GEAER 250kw/mPiA el S AZE 43 m
¢l WHol CNGE A2 AMRaHe &) glojde
Flashl fire SAA] SEARF 25,0 kw/m? th 3 A2
7} 13mE JERgTh 37.5 kw/m®l HisiX = BLEVE
£ 37m, Flash firets §m& Yeh} AWz F Flash
fire BtH= BLEVEZ}F 22 &AM v o g)S o 5

Fig. 10. Late explosion overpressure vs distance of CNG
Vehicle.
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o2 1 A#E 8% Aol Table 1101t} o] AAE
AR ZA] 95% ol Azta A& dE 5+ A
= A4l 03psi Aol 271 2 F7)o) WE AaA
e 242 27m, 30mE YeiY §7) 34 F ZF
o 9% FFA F o Avks AL YeRl it

6. rdda ¥ IR

6.1 CNG ¥ Diesel tHHA2}2| Frequency H|id

NHTSA(National Highway Traffic Safety Administra-
tion)?] ARE £AF A7 20009 288 448,000
H2o] giiEe YdE FEHE Aol o] Hx
Eo] 2% A== di=k @ 7 4093- vtd ol et &
€4 o] v&Ed &) T o] W 19 3089 Al
A7 BAFReH, 2 F 108 st 29 £ o]
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Table 11. Comparison for early & Late explosion overpressure vs distance of CNG

Material Scenario Overpressure Distance Damage
1 psi 10 m House damage(1/4)
Early explosion 0.7 psi 17 m House damage(1/2)
. 0.3 psi 27 m Serious damage probability-95%
CNG Vehicle -
1 psi 18 m House damage(1/4)
Late expiosion 0.7 psi 22 m House damage(1/2)
0.3 psi 30 m - Serious damage probability-95%

SHF A et AN8H ARE, 2004 H
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Fig. 11. Late explosion worst case radi of CNG Vehicle.

Flash Fire Envelope

"
i au
= .
1 e
1
”
"
N
-~ -
\E/ - PN, Ay
9 Vi N
g
z
g
S 1L EVR ]
1 S 9 * 4
3
A i N w:
g N LA
n
N i -
13 L .
s 1,14 5/ -
] oy N <
-1 i =i = g
R I LT PEEEPTTILET LE3 par' X TE

Distance Downwind (m)

Fig. 12. Flash fire envelope of CNG Vehicle.
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Table 12. Priority ranking in acceptable risk criteria for gas-fueled buses

MAX Acceptable Criteria (management necessary)
Classification Frequency Co(lll)s:;l:;;r)we Equation log y = -log* - 1
Risk Ranking
a 4E-2 34 12E-2 - 16E-2 1
b 3.7E-3 40-50 148E-3 - 185E-3 2
c 2E-3 40-50 80E-3 - 100E-3 3
d 14E-3 40-50 56E-3 - 70E-3 4
t : —— QoIS 5ol FsH Hoke) A v et U
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Fig. 13. Application for acceptable risk-criteria of Nations.
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