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Veraporn Karom 2009: Environmental and Energy Performance Comparison of Compressed and
Liquefied Natural Gas using Life Cycle Assessment Technique. Master of Engineering (Chemical
Engineering), Major Field: Chemical Engineering, Department of Chemical Engineering. Thesis

Advisor: Associate Professor Thumrongrut Mungcharoen, Ph.D. 160 pages.

This research is aimed to assess and compare environmental and energy impacts of compressed
natural gas (CNG) and liquefied natural gas (LNG) using life cycle assessment technique, with SimaPro 7.0’s
software and Eco-Indicator 95 method. Functional Unit is specified as 1 MJ of CNG and LNG. System
boundary is considered from exploration and production of natural gas from well, separation, liquefaction,
distribution and usage. The results show that the highest environmental impact comes from LNG produced
from associated gas, followed by LNG imported (LNG-IM to LNG), LNG produced from sales gas, and LNG
imported (LNG-IM to CNG), respectively, while the lowest environmental impact comes from CNG. The
main environmental impacts are acidification and global warming from the natural gas combustion during
usage. With the functional unit of 1 person-kilometer for life cycle CNG and LNG, the results show that the
highest environmental impact comes from LNG produced from associated gas, followed by LNG imported
(LNG-IM to CNG), LNG imported (LNG-IM to LNG), and LNG produced from sales gas, respectively, while
the lowest environmental impact comes from CNG. Concerning life cycle assessment with global warming
impact only, the highest environmental impact which comes from LNG produced from sales gas is 4.31X 10”
kg CO,~Eq, and the lowest environmental impact which comes from CNG is 3.84X10” kg CO,~Eq. For
energy efficiency study, CNG has the highest net energy ratio (NER), which is 1.79, followed by LNG
produced from sales gas, LNG imported (LNG-IM to LNG), LNG imported (LNG-IM to CNG) and LNG

produced from associated gas which has the lowest NER of 1.02

Student’s signature Thesis Advisor’s signature
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2. M51szRiudganssin (Life Cycle Assessment, LCA)
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2) ISO 14041 — Environmental Management Life Cycle Assessment — Goal and
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EP, = 2.(0, EF,) (1)

EP, (Environmental impact potential) Ao AFNININVBINANTTNUNINTIIAADY
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A =

AM: VSEN ANN Leadud 3100 (2550)
o [ [ 1 = A d' Y 1 ng =\ A 1
AT UAIDE19519aL1D8AVDUTON 1F 1L TUYUAI LNG 192 Uszian As Fovuda
¥ v
Us¢1An 4-Ball Spherical (Moss) HHu11AANYYsZUIA 135,000 ALY, BATINITAUIIEN
AU 11.5 was uaziiovudlsznnmunsy Felinnuglseuin 264,000 av.y. 9A31A13
F
Ahanmdu 12 was maJTﬁauﬁﬂﬁwazLﬁammz%’agaﬁ’mmﬂﬁﬂﬁumﬁamum LNG 194

Uszmeane 1863013199 6 uag 7

d' = A 1Y a
MINN 6 i1EJE1$L?JEJWU?NLﬁﬂﬂluﬁﬂﬂW“ﬁﬁﬁiN%Wlmﬁ’J‘U’E)\'i‘]JizmﬁklﬂEl

310021009 N1 FOUUTIVUIA FOUUTIVUIN
135,000 ay.u. 264,000 aU.u.

Containment System “) 4-ball spherical Membrane
Type
Displacement (Full MR 110,000 174,800
Load)
Vessel Capacity 0.4, 135,000 264,100
Length overall (LOA) . 285 345
Length Between . 270 333
Perpendicular (LBP)
Beam u. 48 55
Depth . 27 27
Fully Loaded Draft . 11.5 12
Ballast Draft u. 10.75 9.8
Air Draft (Full 1. 40 48.4
Ballast)
Engine Type ) Gas turbine Diesel Twin Screw
Propulsion Ahead alafad 28,000 2*19500
Propulsion Astern Aladad 12,500 16,575
Number of Screws (-) 1 2
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. , FOYUAIVUIN FOYUAIVUIN
3190 1DYA NIy
135,000 a1. 3. 264,000 a1.u.
Fwd/Aft Wind Area Loaded NT.U. 1,650 1,839
Side Wind Area Loaded N7.4. 7,800 7,741
Fwd/Aft Wind Area Ballast 7.4, 1,710 1,960
Side Wind Area Ballast N7.4. 8,138 8,500

o

d’ a AaA 3 A o w
NN VITEN ANN LDALDUD 9109 (2550)

a_ v P A A '
MINN 7 VBYANUNAUAVDIUTDVUTI LNG ﬂlﬂﬂﬂﬁ%ﬁﬂﬂ‘l‘ﬂﬂ

5183 YUIAANVIVDAUTD (A1)

125,000 165,000 264,000
Ship boil-off rate 0.15% 0.15% 0.15%
eff. Pump 75% 75% 75%
1#1qufA091n Strainer Y09 110 . 110 . 150 .

A
150
B131MIGUNBIGA
anuaulnana lveada
3 A 1
numelusevuas LNG
Tusgniumsguaie
ANNAUODNLUVVDIDS

< A 1
Lﬂllﬂ’]ﬁlﬁlltlliﬂsllu’ﬁﬁ LNG

12,000 QU.4./5.

a A J
100  WaauIILnNY

a A J
170  Waau1ILn

12,000 aU.4./%U

A A J
100 YaauIILn

a A J
170 Uaau1ILn

15,000 a.4./54

a A J
100 4aav15iND

a A J
170 4aau15inND

&

a a AnA S A o w
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= [ A <]
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P U [ 1
(UNIANIFEN double-wall tanks AIAINN 15

] a é N v
AnyUeN191UUD9 double-wall tanks ‘]Ji%ﬂﬁ]ﬂ?g’l}?lﬂ 9% UNND FIFTIWITDNUADLUITIAY
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q

%

' J o 1 ] .
5eN19mMe UL NEUBNLNIANNTINIALLS 135U perlite, cellular glass, glass wool
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Onshore Storage Tank Design
Reinforced concrete roof

Pre-stressed -
oncelewall B pmmmm—————— SR

| .
isulalion 99 nicke] steel tank %
Resilient blanket LNG  pumpshai L
Seismic isolators %

Foamglass insulation

|

T

Piled or raft foundation
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v
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a aAnA s A o w
NN VTEN AN LDALDUD 3109 (2550)
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-5 le (Vaporiser)
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1) Open Rack Type (Normal Operation) \Wluvieiiiugavgdliny LNG Taoas
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2) Submerged Combustion Type (Back up Unit) LﬂUﬂﬂﬂﬂﬁlﬁuqmﬂ@‘ﬁiﬁ}ﬁU LNG 72

9 &L a A oW vq ¥ ) .
M3 lF¥emasou wu Mawn Imdldanuseulussuy Vaporizer
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Okamura et al. (2007) Vlé]}‘ﬂ'lﬁﬂ‘]el'I!.Lﬁ%ﬂ']@ﬂ']ﬁﬂlﬂ']i!,ﬁ/\lﬁﬂﬁgi]'IEJeU’ENﬂ’IG])'L%!ﬂuﬂ§$ﬁ]ﬂelIEN
] a . = v o aa =~ ~ @
MEFFTITNFINHAI (LNG) Lo City Gas 13A GllﬂJ 2010 Glﬁ@ﬂ’)g%ﬂﬁ%?@tﬂﬁmm&ll}ﬂﬂﬂWi
UNTNTLIBVDINMWSoUNTZINTUUIVBU9T) 2003 WU MBFIINMAMAIAE City Gas

= A (A 1 [+ A 1A
13A 11!‘1J 2010 3J‘1J31J1i1!ﬂ13lLW§ﬂ3$%WUﬂJ@QﬂWGﬁliﬂuﬂig%ﬂ@‘gﬂ 59.9 uag 61.19 g-COz/liJﬂgj)‘ﬁ

o w { (a ! %] ]

(Gross-Calorific Value) 2142101 blumﬂlzﬁﬂiuWﬂmﬁLLWiﬂizﬁ]?ﬂﬁJ@Qﬂ?“ﬁﬁ@uﬂigﬁ]ﬂﬂJﬁNﬂWS

a awv a 1 9
FITUBINNAULAE City Gas 13A 11!\‘111!’3’1]6%@\‘]% 2003 fl‘]J33J1i1.!ﬂﬁllWiﬂizﬁ]']EJsUENﬂ']“m?@H
N329N0YN 60.58 LAY 61.91 g-CO,AUNZYA (Gross-Calorific Value) Mud1a1 Iagsleaziden

ﬂﬁLLWﬁ'ﬂﬁZﬁJTEJGUENﬁVWGIiﬁ’EJHﬂiZﬁ]ﬂ HAAIAIAIT1N 8

M990 8 USINUMTUNTATENUBIMNSI5 DUNTLINVBIMTTITUMAMAILAL City Gas 13A

113) 2003 a1l 2010 (g-CO,MNZ0) (Gross-Calorific Value)

Item LNG City Gas 13A
2010 2003 2010 2003

Production

Fuel consumption CO, 0.59 0.48 0.57 0.48

Flare Combustion CO, 0.15 0.14 0.16 0.14

CH, from vent 0.20 0.20 0.18 0.19

Subtotal 0.94 0.81 0.91 0.80

Liquefaction

Fuel consumption CO, 5.27 5.60 5.04 5.28
Flare Combustion CO, 0.44 0.42 0.35 0.35
CH, from vent 0.31 0.47 0.41 0.46
CO, in raw gas 1.65 1.87 1.47 1.55
Subtotal 7.67 8.36 7.27 7.65

Overseas Transportation

Operation 1.83 1.97 1.63 1.61

Subtotal 1.83 1.97 1.63 1.61
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MIN 8 (40)

Item LNG City Gas 13A
2010 2003 2010 2003
Domestic Production
Operation 0.24 0.24
Cryogenic-energy use -0.29 -0.29
LPG heating 0.1 0.29
Subtotal 0.05 0.24
Equipment 0.05 0.04 0.39 0.38
Combustion 49.4 49.4 50.94 51.23
Total 59.90 60.58 61.19 61.91

13: Okamura et al. (2007)
[ 3 = Y [ %) A v o Aan
Y TITWITOAIANTAL IATINITUNTNITZDIBVDINIBITOUNTZINANOATHINTTIN
Tud 2010 FuwaTdunvzaaaslddszuim 1.1% Tasanvquesnisanassuinnis
1 %) 3 1o a {
UWTNTLIVDINIHTOUNTZINTUNIIN 52821 IUNTVUAIMTTITURAMA laaiTon
A o y o a dy A A Y 3 3 = o
aA0991NMTAeNUIIMNIFTITNIAHAINAUNN InduInTu saueln1Tuilga
Aa a J o 2] 3 . .
UszaninmvesginsailunszurumsiIdmanareduveunad (Liquefaction Stage) 1@

Y
=]

U

9 A o = ~ a ' o A ]
QGWHEIHJ’ETVHﬂﬁHJiEJ‘UL‘I/]EI‘U‘]J33J"lil!ﬂﬁLLW3ﬂ5$%18ﬂl@\‘1ﬂ1“m36uﬂ3$%ﬂ%Wﬂfﬂﬁclslf

dy a 1 9 [ a 1 a 3, % (%) 1 (%)
L‘]S?)LWﬁQ‘]Ji%Lﬂ“VW]NG] ulﬂl,l,ﬂ DIFFTITUYIALNAI DTUURU UIUU LagNIY LPG WU NI

sssunAmMaIlSuumsunsnszevesnmIounszantiosNge LAAIRIA1519N 9
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d' = = a 1 9 A dy a a 1
AN 9 L‘JJﬁﬂﬂmﬂﬂﬂiiﬂmﬂﬁLLW?ﬂﬁ%%'IEJﬂJ@Qﬂ'I"IfLi@Uﬂi%i]ﬂEIJENL"If’E]LWﬁQGBUQG]'N“]

(g-CO,/MunNeA) (Gross-calorific Value Base)

Item LNG City Gas 13A Coal Oil LPG

2003 2010 2003 2010

Production 9.17 8.62 8.69 8.23 4.58 4.06 4.94
Transportation 1.97 1.83 1.61 1.63 1.71 0.79 1.80
Equipment 0.04 0.05 0.38 0.39 0.11 0.08 0.11
Combustion 49.4 49.4 51.23 50.94 88.53 68.33 59.85
Total 60.58 59.90 61.91 61.19 94.93 73.26 66.70

301: Okamura ef al. (2007)

o 1 %)
Calais and Sims (n.d.) h1?’91}‘1/]'Iﬂ'lii?f"ﬂ‘]el']!.Lf1$!.‘]J?‘.iEJ‘]J!.ﬁEJ‘]J"rT]ﬁ!.L‘V‘Iﬁ'f’l§$i]'IEJEIJ’E’J\‘i'f’l’l‘;lﬂ,%ﬁ]“t‘!
Y Y
ATLINVDUFRINAIFTAAE) R WTAIUVDINITHAALATM T 11T WU duAmalinig
1 [ {
ﬂaﬂﬁlmﬁﬁﬁfmﬂﬁzﬁ]ﬂMﬂﬁQQ Ao 80 g-CO,/Munga tng E9S (hydrated ethanol; 95%ethanol +
a ! o A Yy A A S A o
5%water) llfﬂiﬂﬁﬂﬂﬂWWli@uﬂi%%ﬂUBﬂﬂi’Iﬂ Ao 36 g-CO/L?Jﬂ%j)‘ﬁ TIUNULUBDNINIG
= )=\ 1 a Yy a v [ a
L‘iJﬁEl‘UW]EJ‘]JLﬂWW%ﬁ'JUGUfNﬂ']'iWﬂ@lllﬂ%ﬂWﬁLW"lkl?iNﬂ?‘]ﬂ‘ﬁiiiﬁb’W]@ﬂ (CNG) UagN1ETI TN
1 a 1 (2 1A o w
a2 (LNG) W‘U’Nﬁﬂ33J1i1.!ﬂ1§‘]Jﬁf)ﬁlﬂ']“]fﬁ@uﬂﬁgﬁ]ﬂﬂgﬁ 60 Lng 64 g-COz/liJﬂgj)‘ﬁ AUy

HAAIAIATTIN 10
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v Y
1 2] a a '
ﬂ'l‘é'lx‘lﬁ 10 Lﬂ%ﬂﬂlﬁﬂﬂﬂ'ﬁlw\lﬁﬂﬁﬁ]'}ﬂﬂl@x‘iﬂ']“lﬂ%!@uﬂﬁ$ﬁ]ﬂﬂl’€]ﬁl‘§mwaﬂ%uﬂ¢]']ﬂﬂ (g-COz/Lllf’IZ

)

Process Diesel LS ULS L[PG CNG LNG E95 BD20 BDI00
Diesel Diesel

Fuel Production 11 12 13 11 6 9 -29 2 -41

Combustion 69 69 69 69 54 55 65 73 89

Total 80 81 82 80 60 64 36 75 48

30 Calais and Sims (n.d.)

Tas# LS Diesel = Low Sulphur Diesel, ULS Diesel = Ultra Low Sulphur Diesel, E95

hydrated ethanol (95% ethanol, 5% water), BD20 =80% diesel/20% biodiesel, BD100 =100%

biodiesel

Tamura et al. (2001) JA%15ANHIN511 LNG Cryogenic Energy 119§ m5usudia

WAINULAZTEUY Air separation 1UN5EUIUNTHAA TU IATUMAILAZ DU WY1 @1W150

1 a 1 [ [ {
%DﬁlﬁﬂﬂihﬁuﬂﬁL!,“Wiﬂizmﬁlsl]’ﬂx‘iﬂi“lfﬁ@uﬂﬁg%ﬂ‘lﬁ) 0.076 g-C/LiJﬂ%‘Q‘ﬁ Llﬁﬂﬁﬂﬂﬁﬁﬂﬁ 11

Y o 7 ¢
M9 11 MIyanasvesmwa1sveu laoen lyaa1nns 14 LNG cryogenic energy

LNG cryogenic energy Air Separation, Production of Other
businesses production of liquefied liquefied carbonic
O,,N, and Ar acid and dry ice
CO, (g-C/wu Each -0.071 - 0.002 -
AN); businesses 0.002
All -0.076

3: Tamura ez al. (2001)
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Hondo (2005) l&vhmsfAnymavesmsunsnsznevesmmsounszananeniging
Fiaonszuunaanszua i Taefinyulsouiieuszvuvesmswannse i laun e
1‘;133’1; MUTITUBIAN A (LNG-fired, LNG-combined cycle) ﬁamﬁﬂgwﬁwmﬁy1 NAIIUANW
fouvnalan (Geothermal) W WAUMATWATNULAIDIAAG WUN  awdunelfiAams
unsnsznvesmmSounszanniigangfl 975 g-CO/KWh wazwdmnieliiams
unsnsznevesiamSounszantiosfiqaogi 11 g-COkWh SWREFETUANAY (LNG-
Fired 18 LNG-CC) noldiiamsumsnsznevosimsounszanaddl 608 g-CO/AWh Lag

518 g-CO,/kWh AN IAU LAAIAINTNA 18

Oil-fired
LNG-fired

LNG-CC

Geothermal |

Wind |
Wind (Futrue) |

Y

PV (futruel) | - ”
: Direct B Indirect

PV {futrue2) i : :
i L i i i L i i

0 100 200 300 400 500 600 700 800 900 1000
Life cycle COz emission factor (g-CO2/kWh)

d' = = a 1 ) A v @ an a
MNN 18 !.‘]Jifl‘UW]fJ‘U‘iJﬁiJ"lil.!ﬂ"lillWiﬂ3$%']EJGU’ENﬂ']“Iﬂ'i’E)uﬂ'igEﬂﬂﬁﬁﬂﬂﬂgﬁ]ﬂisﬁ’mmﬂ\‘]ﬂﬁNEWI

Y
Tnihanmslddemassiiagia
i31: Hondo (2005)

v
1 [ a % [ [
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a ' 3 A a 2% a
M195194N 12 ﬂﬁlLWﬁﬂﬁzﬁ]'IEJ“lJ@Qﬂ’I“mﬁﬂuﬂizi]ﬂ"ll’élﬁﬂ'liNﬂ@]ulW‘lﬂ'ﬁnﬂﬂicﬁ‘ﬁﬁiﬂJ%iﬁmﬁ’J

LNG-Fired LNGCC

g-CO,/kWh Share (%) g-CO,/kWh Share (%)

Fuel Combustion 477.9 78.7 407.5 78.5
Construction 2.9 0.5 2.7 0.5
Operation 117.7 19.4 100.9 19.5
LNG Production
- Fuel 67.6 11.1 57.7 11.1
- CO, in Crude NG 26.2 43 22.3 4.3
Transport 19.4 3.2 16.5 3.2
Generation 4.5 0.7 4.5 0.9
Methane Leakage 9.1 1.5 7.7 1.5
- LNG Production 9.1 1.5 7.7 1.5
Total 607.6 100 518.8 100

i31: Hondo (2005)

. Y o =2 a A Y [ a
Riva et al. (2006) ulﬂ‘l/]'lﬂ'liﬂﬂ‘]el']ﬂ'liTJﬁ$L3J°LJNﬁﬂﬁ31/1‘]JfNLL’J?I@’E]?JGIJ’E]\‘iﬂ'I"])"ﬁﬁﬂJ‘]i'IG]GlH

a a A o W a <3 1 @
msndanszud i Taeld35msdsziiuigins®ia vinmsinudeyasiudugiudeya

o

£ o ~ o =
Tdsunsu LICYA HINTIANMUNYYI18N1T (Life Cycle Inventory) fT'IZJ'IiﬂLLfTﬂQVlg]}@W]'IﬁNV]
13
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! s 1 @ =] a
ﬂ'li'lxiﬁ 13 ‘]Jillu“?ﬁwﬂ'liﬂ'liLLW§ﬂ§$"lﬂEJsU6QllﬁTd'liLLﬁ%ﬂ’liGl‘%}WﬁN'lu"UENﬂFﬁ‘ﬁiiill%'malu

Italian Gas Industry

Natural Pipeline  Energy Energy CH, NO,_ Co, vVocC SO,

Gas Length  consump- loss

volume tion+

losses
Units 10°m’  km 10°GJ %  1X10° tX10° tX10° tX10° X10’
Production 20.0 13.1 1.70 7 1.017 472 0.644 0.743
Transmission 54.7 27,659 15.3 0.73 31.6  4.035 6832 0.117  0.098
Distribution 27.2 159,250 12.9 1.24 209 0.106  92.8 0.013 0.080
Total 2476 5158 1,248 0774 0922

3: Riva et al. (2006)

A o ~ ~ 2 v v v .
HJ@“Vnﬂ'lﬁl.‘]JﬁﬁJ‘UlﬂﬂﬂﬂaﬂﬁgﬂﬂﬁﬂllﬂﬂﬂﬂiJﬂ'luﬁﬂTJgiaﬂﬁ'ﬂu (Global Warming) 48
<3| § a a ) a a
ﬁm')%ﬂ')']lllﬂuﬂiﬂ (Acidification) ﬂJfJQL%@LWﬂQ%Hﬂ@TQC] llé]}l,l,ﬂ NIFFTITUYIE DIUIU LS
3’ o A Y a 1 94 a Y a
UTNUVIQﬂGlGD'GluﬂﬁgU'JUﬂTﬁNaﬂﬂi$uﬁ‘l1"lﬂ? WU m«nmw%mnaiwmﬂwaﬂiwu
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ﬁ\‘ilnﬂﬁ@llu'E]fJVIq@‘ﬂ\‘iﬂ'Iuﬁﬂ'ngiﬁﬂﬁauuﬁgﬁﬂ'ngﬂ”J’]lllﬂuﬂﬁﬂ UFAANANNINN 19
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Yoon and Yamada (n.d)) 1&vhmsfineuazsiusaniiadnemsdmdanndey (Life
Cycle Inventory) ianﬁyaﬁ1mﬁmswﬁwaﬂizmma§qmﬂé’amaw‘ﬁymwﬁﬂuﬂﬁzmﬁﬁjﬂu
ARDATNINTTIN WU MBFITUIIAMAT (Liquefied Natural Gas; LNG) ﬁfhmm%’@uqa
(Higher heating Value; HHV) TAUNNY 69.77 g-C/Mcal uaz‘ﬁmmm%’auﬁw (Lower Heating
Value; LHV) HAUNIAY 77.53 g-C/Mcal c?ammammmﬁﬂuudazdmma@5’;]%5%3@"151’

AI9N5197 14
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113490 14 ‘]Jﬂﬁfﬁ"lﬁlﬂﬁﬂ']uﬁﬁll’)ﬂﬁ@umf)\'iﬂT“]f‘ﬁﬁ'iiJGIﬂG]Lﬂﬁﬁiuﬂigmﬁiyﬂu

Carbon Intensity

Item

HHV LHV

Fuel Gas 0.64 0.71

Flaring 0.18 0.21

Mining

CH, vent 0.30 0.33

Sub total 1.12 1.24

Fuel Gas 6.16 6.84

CO, content of mining gas 2.70 2.99

Liquefaction Flaring 0.34 0.38

CH, vent 0.80 0.89
Sub total 10.00 11.00

Overseas transport 2.12 2.36
Equipment 0.14 0.16
Carbon intensity by fuel 56.39 14.87
Total 69.77 62.66

31 Yoon and Yamada (n.d.)
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Impact Category Normalization Factor
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31 Pre’ Consultants (2005)
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Def. impact ‘
category

Classification|‘Characterization|| | Normalization | | Grouping | ‘ Weighting ‘

| Inventory item

< 5 =5 I

| | Impact category |

cd
Pb
Dust
VOC
Co,
S0,
NO,
o
Qil —]
—

Land

CFC g‘—’l Ozonelayer depletion |—"Ir’{ Cont. to OD

Human toxicity H’| Cont. to Human tox.
Ecotoxicity |——/I-'| Cont to Ecotoxicity
Global warming I——T’| Cont. to GW

\‘l Photo. oxidant If—l’| Cont. to PO

7' Acidification Cont. to Acidification
7' Eutrophication I——‘l>| Cont. to EU
/I Resource consumption I——‘I"| Cont. to RC
/VI Land use I——I’>| Cont. to Land use

Single index
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Acidification potential SO, kg SO,-Eq
Carcinogenic substance Benzo [a] pyrene or PAH kg PAH —-Eq
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Amsmuumsifuaiu (Allocation Method)
1. Amsiluaiulaenaeau (Energy Allocation)

Tagsriualiainuseuga (Higher Heating Value; HHV %30 Gross Heating Value)

E4
~

vowAnAuALAaryialiA9atl LNG 1M1 13330 keal/kg, C," 191171 12400 keal/kg ag C,'

AU 11600 kcal/kg

(13330x18509)

LNG =
(13330x18509) + (12400 x 9267) + (11600 828)

=0.66

LHC.C; = (12400x 9267) 031

(13330%18509)+ (12400x 9267)+ (11600x 828)

HHC,C! = (11600x 828) _003

(13330x 18509)+ (12400x 9267)+ (11600x 828)

2. msiluaiulasuia (Mass Allocation)

LNG = (18509) =0.65
(18509) +(9267) +(828)
LHC,C; = (9267) =0.32
(18509)+(9267) + (828)
(828)

HHC,C; = =0.03

(18509)+(9267)+ (828)
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Property Pure LNG CNG LPG Diesel Gasoline

Methane
Formula of the major CH, CH, CH, C,H, C,toCy C,t0C),
chemical component
Boiling -259 -259 -259 -44 370-650 80-437
Temperature,OF
Fuel Density @ 1.07 (at 3.53 1.58 4.22 6.7-7.4 6.0-6.5
60°F (excluding atmosphe (at 3500
RLM. LNG), Ib/gal ric psi)

pressure)
Autoignition 1004 1004 850-950 600 495
Temperature,OF
Flammability Range. 5%-15%  5%-15%  5%-15% 2.2%- 1%-6% 1.4%-
vol. 9.5% 7.6%
Lower Heating 21500 20200- 20200- 19800 18000- 18000-
Value (BTU/Ib) 21500 21500 19000 19000
Lower Heating 23005 72700- 31900- 84500 128400 115000
Value (BTU/gal) RLM:761 77400 33800

00
Specific Gravity @ 0.129 (at 0.435 0.192 0.508 0.81-0.89  0.72-0.78
60°F atmosphe
re)

31: Chandler and Norton (2000)
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MARUIN A
Foyan13szUIeNaTITNNG VLT LNG ¥aiziin15vua1e LNG USHmn15ouod Insans

[ 1 (%) a
FU-YMETITNBINNAI (Receiving Terminal)



Y

MIHUINT AT FoYANTIZLIGNAATINGFTEVUAI LNG vz i Imsvunis LNG U5nanseved 1n5ens

YoyamsszUIENadI5INGeUUTI LNG Yaizimsuuais LNG U3Hamu50vslnsims3u-11efMa533051AMa3 (Receiving Terminal)

urasiuiia Joyaildosszing Joyalode Joyauad1INI9oIMa
1 ANUGA (duRIY gavgitaivtdes  anuSnlawddes  Sanmsszne (5w
(1uA9) Audnang o) o) )
(tun39) NO, SO, CO
Yaseszineuams 1 20 1.2 700 3.02 0.137 0155  0.003
A
1NI50

%

4' a A S A o w
NN VTN ANN LUDALDUD 910A (2550)

99
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HANINATOUM IUNINIZILVBINATISAIINMINT M EIsuTIRoANUIaszd 1M

IA30IUA MY 2001 CWI C Gas Plus

4 1 1 @ o : 4
ﬂ'l‘é'l\iN‘lr!’Jﬂﬁ 41 WANITNATDUNITUNI2NTEIYUDINATITANC) ﬂﬂﬁﬂﬂi%i}'lﬂ'lﬂlﬂ%!@\wuﬁ

MY 2001 CWI C Gas Plus

co NO,  CH, NMHC PM Co,
Test Mile/gal BTU/Mile
(g/mile) (g/mile) (g/mile) (g/mile) (g/mile) (g/mile)
1 0.68 18.5 14.2 0.95 BDL 2115 3.19 40069
2 0.49 17.5 13.9 0.94 BDL 2063 3.27 39079
3 0.48 17.6 13.9 1.15 BDL 2087 3.23 39535
4 0.26 17.0 15.6 1.11 0.011 1209 3.19 40033
5 0.50 17.3 16.0 1.12 0.006 2127 3.17 40390
6 0.37 17.8 16.1 1.13 0.005 2092 3.22 39740
7 0.77 21.7 21.8 1.18 0.025 2585 2.60 49207
8 0.70 22.0 22.2 1.19 0.021 2566 2.62 48868
Averg. 0.55 19.0 17.3 1.10 0.01 2258 3.01 42886

H®yt BDL: Below detection limit

31: Melendez et. al. (2002)
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IA5090UF Cummins 1.10-280G
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HANINATOUMIUNINIZTDILVBINATIFAINMS TN EIINMAKAINUIe 52914

IA5098146 Cummins L10-280G

4 1 1 @ o 4 J
ﬂ'l‘é'l\iN‘lr!’Jﬂﬁ A1 WANTNATDUNITUNINTEIYUBDINATITANG ﬂﬂﬁﬂﬂi%ﬂ'lﬂ'lﬂlﬂ?ﬁ]ﬂﬂuﬁ

Cummins L10-280G

co NO,  CH, NMHC PM Co,
Test Mile/gal BTU/Mile
(g/mile) (g/mile) (g/mile) (g/mile) (g/mile) (g/mile)

1 0.29 23.6 11.1 0.03 e 2346 3.16 40691

2 0.26 19.9 12.7 0.03 e 2053 3.6 35769

3 0.18 21.2 12.8 0.05 e 2086 3.54 36329

4 0.17 10.8 14.4 0.05 e 2244 3.29 39116

5 0.25 33.2 10.8 0.05 e 2362 3.14 40948

6 0.16 28.2 11.5 0.06 e 2099 3.52 36486

7 0.2 259 114 0.07 e 2165 3.42 37602

8 0.29 13.9 13.6 0.05 e 2147 3.44 37405

9 0.15 234 11.9 0.04 e 2286 3.24 39691
10 0.39 124 14.7 0.05 e 2573 2.87 44760
Averg. 0.23 21.25 12.49 0.05 e 2236.1 3.32 38879.7
St Dev 0.08 7.2 1.38 0.01 e 160.5 0.23 2760.24

HEHA PM Values for LNG were below the detectable limit (< 0.01 g/mi)

31 Chandler and Norton (2002)
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