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Technical Review of Heavy Duty Natural Gas Engine

by

Yuichi Goto*

Abstract

Vehicle power source for the near future will be still mainly a conventional reciprocating
internal combustion engine. And the reciprocating internal combustion engine is necessary to
continue efforts to improve its fuel economy and to reduce the harmful emissions. From the
viewpoint of energy security, it is important that the possibilities of utilizing alternative both power
and fuels are investigated. In particular, large vehicles such as trucks are supporting logistics as a
blood of industry, and promising engines that can replace the diesel engines of large vehicles have
not been able to be found until now. From the viewpoint of both energy security and environment
conservation, alternative engines to replace the diesel engine have been required in the near future.

This report focuses on a natural gas engine on the basis of diesel engines widely used in
large vehicles such as trucks. In the future, natural gas is the most promising fuel among alternative

fuels. The future prospects and technical trends for the engine will be shown.
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Table 2-1 Characteristics of resources

Energy

Crude oil | Oil sand | Oil shell Coal Natural gas | Uranium
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- . ) o m3 (' 96) 451
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Confirmed , . (Equivalent | million
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resource) | resource) barrels)
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Figure 2-2 Natural gas reserves of all over the world 29
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Table 2-2 Natural gas

composition
Formula | vol %
CH, 88.19
CoHe 4.92
C3Hg 5.31
i=G4Hig 0.78
n-C4H;o 0.73
i~GsHiz 0.02
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Table 2-3 Combustion properties of methane

Fuel Formula Molecular | Density ratio | Octane | (A/F) wt | autogenous ignition | Lower heating | Combustion
(:liquid(g):gas| weight with Air number temperature (deg) | value (kd/kg) | speed (cm/s)
Methane CH4(g) 16.04 0.56 120 17.23 537 49925.92 33.8
Gasoline CnH1.87n(l) ~110 3.3 92 ~ 98| 14.6 ~257 43935.98 ~38
Light diesel CnH1.8n(l) ~170 3.78 14.5 42439.54
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Table 2-4 The boiling point of
the LNG ingredient

Boiling point °C
(1 barometric
pressure)
Methane(CH,) -162
Ethane(C,Hg) -88
Propane(C3H,) -42
Butane(C4H,o) -0.5
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Table 3-1 Natural gas engine combustion method

Mean air-fuel | Air-fuel Mixing method Ignition Emission Characterization Vehicles
ratio distribution method purification
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Table 4-1 Stoichiometric and Lean burn

characteristics

Merit

Demerit

reduce emissions

Possibility to significantly

Three—way catalyst and the closed—loop
fuel control system is required.

Engine performance is stable

Emissions performance is determined by
the reliability of the control device and
an oxygen sensor

Stoichiometric

There is a limit to turbocharging.

burn Ignition is stable
N . . .. {Thermal efficiency reduction due to the
BMEP of naturally aspirated engine is . y R
. pumping loss in the partial load
high. L
condition
High octane number is necessary.
It is possible to reduce NOx emissions|{Turbocharging is required in order to
by lean burn obtain the desired output
: L The response of the engine during|
NOx emission is reduced by use of EGR . P R . g &
transient operation is inferior.
Power increase by turbocharging {lgnition of air—fuel mixture is unstable
Lean burn

fuel case

Heat load is similar to one of the diesel

Cycle variation is large

Unburned methane emission is high.

The oxidation catalyst is required for
HC reduction and CO
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Figure 6. Section of the APIR device & top-view of its
Fig.5-3 Section of the APIR device & top-view of its
head>*
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Fig.5-4 Jet ignition device assembly for the four valve
direct injection jet ignition engine with spark plug>>
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Fig.5-5 Concept of LNG Power system

T T, BRI ARERI D sk 7 Tk
sk FRE LTS, HPDI & 9 2l 7
A KE SR R KR 2 BIE. ZBE L&A
T E LW, BB 27 AN RIRH A L8 2
RMLEL L 725 Z b FTOPEH T AHH (KA K
FrREHHH<° EURO VI 72 &) 16T 5 720121,
R SCR v AT L7 EORHT 4 —B /L L [k
IR AT DS L I B ATREMEN E L, T A4
— P E LD RIEIC T 2 M3E L 220 HEE S M
2B T2, HINHNTITIEF I ENE 2 & 203 K o
HCIEE < OFRENED, 57
(4) BREBBURATLEEH-HABBEOIRIILY
—hE

IRBHILAR S 2 T I 7% G 6D T L EE B 7 SRR A
BB O = R X =R A KD DI, KUREYAERD
JE. BRI, R T REENEN ) 2 BIET AN ER D
%, LNG & B0 R A RIR T AR & oA G bE
IZBWT, 7 — BB Y DO = R L X —2h3n
FHE L IR D M E TR D T2 DI O KRB = | H
PR S B i AR D BRENEh ) 0 LNG IER
VT DTSR S A RRT L 2 AR
ThHHIENFEREICIVELN, 113
(5) PAFUHERfikiEE

LNG O#fi & T —FIH Y72 0 O i FEBE I B2
\ZET 5D T, MikeiEEIC LS 572 LNG H4RD
RESIPMETH D, MABEMHTIEWHBFETH D
Mo, —FREY T OFFEREIIN— 2 &R 5T ¢
—PLHELFEEZETHDLZENROLNE, XR—R L
BT 4 — B NHEOBMANRAREL 200L L35 &

B A2 P OMBAEICH YT 5 LNG OREIX
3122L Th %, LNG =2 P DBNERNT +—F
N ERIFEET DL BIREIARZRORN 1.5
%D LNG BREVEZ & ST « —EBLVE L H%D
WiRtHEEE & 525 Z ERHIk D, BIOREI R & B
720 LNG ORISR EOMELELS D, B
ZEWI BN B b BN R TS DN D T2 DITREI R D
BENHERT D,
(6) F&&H

LNG /%, CNG HEhHIC T R L X —8 [ TH
3 ERE VN, EHEESIC LB T2 ST DT
F & LT, LNG R 72k 5 LNG BERE SR
T A AN ST KU EE AR A 22O E) ) THIE 2
AHETHLIDO TEHZXLFT—FIHOE THATH 5,
ELHERE B 5 RIR AT A RSB B\ T ER A A A 1S
BWTHT ¢ — BB LIRS OB R NE D
N5 1O T, EEE R RS AR & LNG #
7. LNG R > 72 AfbEi-Ea s # ¢, K
BHR AT 2 BB 2R 08 1. 5 513 huET «
— L EY B L RS O Rt A AT 5, 119
HPDI O X 9 7¢ et 7288 i 25 K B e 2R 8K
HARBAE, BE LI AKSEmRIbITIFEE LW
D BT OPEH T A R 2 bR ###<° EURO
VI 72 &) kST 5729121k, ##E SCR v A5 A
T2 EDEHT 4 —BIVEH L[R2 R L AT AR
MELRD T 4—BLEIYKEICZ A FREL
MEbEMEE 2D,
5. 2. 2 EYERHEAXRERELXRAAREHE
DEFF - A1E

(N REFIERATAEHERENDE R

NZ v 7RIS D BRI E I IEIFE
100%EIFLCH Y, BARO BB EHRENEE &D
1 30%% HDTWD, IO FEENO AL 80% LA
BT HEN S Ol AT > TV D T2 ORI O H
(2T DEE < FRFREE) D BRI U 2 7 1336w
=N

CORTRE LR EMET DTN v
IREF O ZERIMHE B AR R TH D | A AR KE K
A HREL O G R R OB R b D K 9 Ikl
IR DR ORI I ZF AL - F 2
VT 4 =3 RPEEEOFRE L 72> TN D,
PLEOARILN G . ERAM A M ARRRELE LT
KR A BB HIL T R L X —ZREREST RV
— L DOBLENLIEFICEETH D, S HITKK
A BT, PM OFEHNITE A ESHELS NOx %

_20_



OPEH &S gy 72 < O RERT A BIRIZZ DR
5 CO2 PEHEDNEIMIZ KT 20% 2 FE /D 7V
ENHY | RARTABBEOELBHFSN TN,

CNG H#E)EIIRAERE 2T D720z, —IF
DREHFEIEIZ L DR EBE D & ) D B
%, CNG A& B RERE AW L Oa A= v
F—H & L TREIZ 40,000 BLL B LT\ 2503,
ftfse BEBE DLW TN O/ N T 7 B LT
»H D,

—%. LNG HE)H X, CNG BEhH & thig LT8R
BOZ XNV F—FEPBNAEHTZVK 3 ffEm
Wew, —FRHEBH 72 0 Oftfe R A g I T &
%o D7 LNG HEVHIL, —FREH 7= 0 Ofifife
A MEE T HREHRE N7 v 7 0B 2
HEADOEHAILRNAIEETH 5, F - RHERFOTEE)
NMWCNGIZH~D I nizd | BHEFTICBIT 548~
FNX—=NHFEL 72D, ZD7-H LNG 2##i9 5
WAL RIR T A A B EREH STV 5D,
(2)RILRAH XEENE (LNG BENE) DEMTEIR

LNG B#)#72 CNG B8 #H & HTic K& < %2
2B R0E, BEHE AT A TH D, =TI
DNTIE,CNG O A & FREkIC TRA T & B
RSN H O, TIRAFTRO LAV
YIRZ O, HEERNATYH Cummins Westport
o HPDI NEAL S TW\Wb, HPDI 1%, KR
T A % BRELE LD BOBIMZ 34 7 > F 35 kIR
FIITER KR E T DO T, RIRY A7
&R R LR SRR S e — AR OME R
ZRA LTS, KBRS e~ ighag kAU
BHRPEEL TN, B OHEH I 2B
WETORTHLINDH D, £, BOBIEEIZ
DWW T = oot b JR3E SCR it 2RI HT 5D
MEN, KGR K TIREG AT =D v 27
LR TV THEABIN S < | BRI KE R K
J770 (HPDI %) Ti3JR5E SCR it > 2 7 LD F|
HNBNED N5,

KENZHWT LNG BB HIIREICERAL ST
Y. UPS (United Parcel Service) (% 2002 4
MOANT FN=T WA &V A —T AT AR
DOrL—F—THEHLTWS, £7-. California
Cartage tLiZ /v 7 L =7 T 320 5D LNG
F7 v 7 ZFHLTWVWHEEFEFE THY LNG
FEFHLATA LTS, "WZOHT 50 B,
Cummins Westport ® HPDI = o > 2 #4 L C
W5,

AARTIE, (W) (B—EMHAEN) BARBBH
WEZERr SRR RE & 72 0 AEET 4 — B L T3 (BR)
(BLUD b7 v 27 X) O 11%157T,1996 76 (1)
HAN A EEFEEE L U CEAICmIT 2B %
ZBAA L 1998 FFEIZAARFIDO LNG K7 v 7 kD
LNG 2% > FOREEIT -T2, D%, [H AW
BITE OTRIRAT A B BB (2000
FEFE~2002 4EFE) ITHBWTRIE N T v 7 23l L
77

#MIEL7ZLNG b7 v 7 OBR%E B & FREIZ L
TOLBY THD,

B BAIL, RIEBRmEH AR HEICEATX %
KHING FZ7 v 7 L L AIELTE KRB LNG k7
v 7%, HEERERER 20t, RAREHEE 9.5t,
PER & 12. 5L T, JEAMEF 11, FKHTI 206kW,
WRE > TR A v MEF O KR K TROA
VH— T — TR Y EREZE
WS o 230Lx2 £ LNG # v 7 ##5#4 5,

PREHIERS © 2 7 20X, AAEINE SR AR A L
BOG #= YV WRITE AT S Z & TREEL 7=, 1@
WETRHCB W T, EFICBREHMIERG > A7 L0538
B L7203, REHR RAEGIRF A OY LNG A as NI K
THHUZEBWT, = P ~OBRBHMILE E /1728 TR
HEBNRONTZ, £72 LNG BEEWNENDN—EMH
iz 5L BOG ZEEMIC= Y~ a5 v
AT LD T =W U THENRD N, o
T, BRBHMILE S AT A DUGENREE & /oo 7,

BRETMERE 2 R b S g2 kiR oK AE +
T w7 e NADORAG - ERLEED DT, 2005
EREENDG () AR ITHT O A% RS &
72 o CEHIZBEE O TRIEAIRA T HBHZS - EH
fbige 7 e o=z b GEZH) | MTbivie, 20
Y=l NOMNRBREBO oL LT, —FHEE
ITHEEER 1,000km LA b2 BHE HAZ & L CRREHEL
HBYAT ADOREEEGED TR LNG 7 v 7D
B A D7, 2007 4 12 H 18 H2 5 2008 4 3
AR E T aE=m il 23 ) TAE A TR
%l L7tk AEAETRERIZIB VT 1,000km L
L O—FHEEITIEREZ 2R L7 LNG BEjEHIEZ
DEFv 7 1BEDOHRTHD, “9

7B AL 2002~2004 4 O [E A58 TR
AR AEREREE 0 =7 b OREDO—E
IR HDOTH D,

_21_



6. # W

I, REMEAKRELS /7 8—XT7 v 7 &h, B
BEfRA DL B ER S AT L K D EREART O
WA ERT D012, FOREEAN L & HiEkiE R
WETH D CO DR & R RO BN TND, F
7o 7 U — U IR B TR OB 72 & fF
W CRARBEL > TS, BN E L CIIEE
DEZA, RIFVFEEXABREENEL TS Z &
2D, HmIHRREAR L & ER R ED TED
BEEENTZENRARTH D,

Tebb, WEROFEEXNNBHEEZ X—2 2L T
PREHER 1 % 8 DIB Y DR A AR T 555 1 %
FEAENRD & &bz, RBREDE, (BREOIE
RO L ENEETHD, R, PEFEOMIRE
LWiiEX2b N7 v 7iIconCiE, T4 —EnL
FEBIC LD N T v 7120 9 2 H BB N BILE
DEZARYBT LR, FERD T R X— R
DN, Fio, REREAGLOmEN LT 1 —E L
N7 o 7R B RO b TV 5,

INHDOHENL, BT 4 —EBARERNT v
BRBHICT 2, TENERARITATETEIELTZDD
TV ORBELGE, mE b L THEE R T A
I 2 T, BRELORIH v A7 A8 L ORI A RE
2B U CHARRI 2T & B 24TV KR N B
HRKKH AT PN Lo TENT- BT E) /)
VAT LB LSS Z EEALMIT LT,

1. P &) CTlE, AREGEOERZHB~5 L L8
(ZRIR AT AR BT 2 ek Omre 2 e L, KA
T w7 AT KRR AT AREBOBREE & LT, &
WNE B SO ATREME 2 S B ICRE X85 Hmn
PE LW EElRAR, S5, EEMEH T URAR
W AREERIC I 1T D58 & 2 OFREIZ W THERL L,
INSOMEETRT A0 D SR EETDEFREH
HNNCT B EE BT, KRGO BIIZOWTIR~ T2,

2. =X —GROBUK TlE, BITEED LD
RV —ERBFHARETH DN E DL, £
DHITRIRA AN BB EREL & L CTHERBRED —
OTHDH I ErEBRT-, £z, RIRTADBIEDK
BHE BRI DWW OR LT,

3. THEHHEMABREIE L TORKY 2] Tld, KK
A QB RBREE L TR+ 2548 1 BB H
PNIREEBIC 1 B IRBE T Koo E R & & b,
ZTNHDORREICOWTRER L CHEHHRE S LT
DRIRH A Dk & iR 2 S Lz,

4. TREIVRIRT AR DWW T OMFSE] Tid, B
ARKCRIRTABENHEAE LT 5 ETCREEY B &) #H
BERIRADABHHEICTHZ EITEET LW &, ik
NoHLrrTEEBIT, REBEWBRRKIRT AT
DUV AT MMIOWTEER LT,

5. [A#%OREL) CTld, KKK ABEEDOH
THRMT ¢ —B/VHEH &R W i iERE &
ITHEREZ FF D 1A & U CEBEME R XRIR T AFKES &
WAL RIR T AR 2RI T 2 51k, T70b5, LNG
IEREFE S AT L & B S EORER 7T A BB D #EL A
ARk LT, EWAEHEH LNG #EoT +—
EARBEERE L L TORREMEICOWTH B LT,

6. [f &) Tlid, ARETHEONTHE RN,
KIURIR I AREB DO HAFIZ DN T A% DR L 2R FE
L7z, B%OMEE LT, RIRTAHSEIEREZEHE
P WAEOH LD ETHENEETHDL EH
25, b2, LNG ZFH3 51213 BOG ORE
NARFRETH D . BT BOG DOEEN DIy 8
~OWHBHED HILDH D, BT & DT DIZIT
EMORNR7e Sl X 5 —FORe ., N R LS E
DA 72 ENASZOBREHEETH 5,

EHICAEBROAMT X —DFBREE S 2 5
&L FREROAMMRIRELE L TRAT A IIR AL
RREID—2>TH Y, AHAREREHC L 2 EWHE)
HOPT, 74 —ELVEYHEIE L R%EDOZR/LF
— SR EFFOHBENE & U CARMFZE CIRE L /- HEE0E
FHECRIR Y 2R & VW 72 LNG B E TR D
HHiEHO—>EEZD,

T b O BB E R, BRBEE K VR
HAMEHMOMEREZE 2D L, Blma e E Lz
TA—EBNLVEMRBENSHE D ERE LTHAS
NHEZEZLNDLN, FFROFEDBEDO TR LF—%
EARFEORE NG, FEEOMK TH Wik %EHHE > 5Y
HENEO GBI W TR ZRE S LT 1 — 8L
158 H B ORER A 2 WELR T, RACHmA
BRoBmBA#EL HEL TR LERD D,

_22_



SE K
1-1) 2R, KAEAUKIEBE 72 & QN RIR AT A RSB D%
Bl L OMER = I v v a SICBT AT, 5T

R RS, (1993)
1-2)  HIFE, v x— L H RSER BT TSR

#t(2011)

1-3)  http!//ja.wikipedia.org/wiki/t& & & — R+ 1)
e

1-4)  http:/[ja.wikipedia.org/wiki/[H & ks =\ H
V) i B

1-5)  http!//ja.wikipedia.org/wiki/> X F /LT —F
V%

1-6)  http!/[ja.wikipedia.org/wiki// N A +F 4 —1F
V%

1-7)  http://www.ntsel.go.jp/mews/2010/press100
630.pdf

1-8)  http:!//www.eic.or.jp/ecoterm/?act=view&se
rial=3981

1-9)  http!//www.j-cast.com/2008/01/03014943.h
tml?p=all

1-10) https://www.ntsel.go.jp/kouenkai/kouenkai
25.html

1-11) 15 H, B AR 2 B VG S50 i B a2,
924-2, (1992), 269

1-12) IEA Report, We are entering a golden age
of gas?, WORLD ENERGY OUTLOOK
2011, London, 6 June 2011

1-13) R, EREES ARIR T A B o m ik &

IRATERABEIZ B3 2858, AbifiE K7l 5
32(2002)
2-1) =R, =3 —IRKERZ DD, ¥APEL
R, (1998)
2-2) http://ja.wikipedia.org/wiki/ A &% > /~A K1 —
k
2-3) IEA, WEO02011_GoldenAgeofGasReport.pdf,
London, 6 June 2011
2-4) PHRE, v = — L AGER, H T TR
(2013)
2-5) S #H DR HBORIZHOW T &R 2L ¥—)T)
7th-1.pdf (2013)10
2-6)http://www.enecho.meti.go.jp/topics/kihonkeik
aku/140411 energy.pdf
2-7) http://www-eccj.or.jp/databook/1998/
2-8)http://www.rist.or.jp/atomica/data/dat_detail.p
hp?Title No=01-02-02-05

2-9)http://www.gas.or.jp/user/market/deposits/ind

ex.html

2-10) http://www.gas.or.jp/fuelcell/fctop.html

2-11) 1, AZ A RL— b & B EREOF
Sk, BEVHEAN, May, (1999)

2-12) & H i, April 23, (1998)
2-13)http://www.gsj.go.jp/dMG/dMGold/hydrate/h
ydrate.resources.html

2-14) http://ja.wikipedia.org/wiki/ = —/L 5 A
2-15) J.B.Heywood, Internal combustion engine
fundamentals, Mcgraw-Hill, (1988)
1-16)http://oilgas-info.jogmec.go.jp/dicsearch.pl?so
rt=KANA&sortidx=1&target=KEYEQ&freeword=
RAINA T I A

2- 1D &R —, WHACA By E T & o = — L i,
1f A% (2014)
2-18)http://www.gsj.go.jp/dMG/dMGold/hydrate/h
ydrate.resources.html

2-19) 1, AX A RL—& BBEREIORK,
F &8 AT, May, (1999)
2-20)http://www.nire.go.jp/hyoka/h7-hyoka/4-6-1.h
tm

2-21) http:/[ja.wikipedia.org/wiki/ A % > /~A4 KL
—k
2-22)http://www.fe.doe.gov/education/gas_producti

on.html

3-1) KREHUID), RIRHTAEHEHN T 27 VT 2 —=x
VT 4 =BT D ORREEE YT AR, A B
HLET 2 AT R S AR, No.86(1998)

3-2) D.S. Jeong et al., Development of a
Mechanical CNG-Diesel Dual Fuel Supply
System, SAE Paper No0.931947

3-3) M.D.Checkel et al., Performance and
Emissions of a Converted RABA 2356 Bus Engine
in Diesel and Dual Fuel Diesel/Natural Gas
Operation, SAE Paper No.931823

3-4) K.B.Hodgins et al.,
Natural Gas Engine of Diesel Engines,
Paper No0.921553

3-5) Y.Daisho, Toru Yaeo et al.,
Exhaust Emissions in a Direct-Injection Diesel
Engine Dual-Fueled with Natural Gas, SAE
Paper No0.950465

3-6) J.van der Weide et al., CNG City Bus Engine
with Optimized Part-Load Efficiency, High Mean

Intensifier-Injection for
SAE

Combustion and


http://ja.wikipedia.org/wiki/
http://ja.wikipedia.org/wiki/
http://ja.wikipedia.org/wiki/
http://ja.wikipedia.org/wiki/
http://www.ntsel.go.jp/news/2010/press100630.pdf
http://www.ntsel.go.jp/news/2010/press100630.pdf
http://www.eic.or.jp/ecoterm/?act=view&serial=3981
http://www.eic.or.jp/ecoterm/?act=view&serial=3981
http://www.j-cast.com/2008/01/03014943.html?p=all
http://www.j-cast.com/2008/01/03014943.html?p=all
https://www.ntsel.go.jp/kouenkai/kouenkai25.html
https://www.ntsel.go.jp/kouenkai/kouenkai25.html
http://www-eccj.or.jp/databook/1998/
http://www.gas.or.jp/fuelcell/fctop.html
http://www.gsj.go.jp/dMG/dMGold/hydrate/hydrate.resources.html
http://www.gsj.go.jp/dMG/dMGold/hydrate/hydrate.resources.html
http://oilgas-info.jogmec.go.jp/dicsearch.pl?sort=KANA&sortidx=1&target=KEYEQ&freeword
http://oilgas-info.jogmec.go.jp/dicsearch.pl?sort=KANA&sortidx=1&target=KEYEQ&freeword
http://www.nire.go.jp/hyoka/h7-hyoka/4-6-1.htm
http://www.nire.go.jp/hyoka/h7-hyoka/4-6-1.htm
http://ja.wikipedia.org/wiki/

Effective Pressure and Low Emissions, NGV’ 94,
EV19

3-7) FRHIEDy, RRHT A= vl PR st
(BT D58, AR S 2 5 e SCSE, 940,
(1994), 223

3-8) HEKIT >, KIKAT ANE G i A e B B9~ 5
WESE, HEhHLE T 25 SR, 9307362, (1993)

3-9) HRIZ), EEEES X RKRT A DOIREXIE
FRACBE S 2 0P8, 25 13 IR G R S AR U D A
R SR, (1996), 423

3-10) ERBIED, KA 2P0 DBI%E, H A
WFRBRE THRE Y VRV T L 94 FERUE,
July, (1994)

3-11) fHIEh, RRHT A=V O - PER AR
BT 2 HF5E, B AR 2 5 e SCSE, 940,
(1994), 223

3-12) KRPF, RRAAHBHEP TP, HE)EH
7, May, (1999)

3-13) KRFF, RRTABH@HEH= T, BEjEH
7, May, (1999) ; #HBEHRKART AT 2 DBHFE,
JSAE SYMPOSIUM, September, (1999), 1

3-14) LA E B S, KA - OBE B B)
B K AR E D 72 O O F A MR S E, March,
(1999)

3-15) R.C.Meyer et al., Development of a CNG
Engine, SAE paper No0.910881

3-16) R.C.Meyer et al,
Duty On-Highway Natural Gas-Fueled Engine,
SAE Paper N0.922362

3-17) @HEIED, ¥ —ARA v F—7—F—fF& V) —
VOR— U RIRH AT DBAFRITHOWT, H AR
WP RBEE THERA Y VR Y 7 A7 93 G SCIE,
July, (1993)

3-18) WM, Z—ARilEfa, ARmE, V—rN—
A ABERE CNG = P OBi%, HEhHEH
fir e AT aE 2 AREE 934, October, (1993)

3-19) (+h) B AT A ez, RIKA A BB H O EFLIC
a1V C, March, (1998)

3-20) /hOIED>, LNG HEVEORRE, W ABE~T
v JSAE SYMPOSIUM, (1999)

3-21) K.D.Beaty et al., Development of a Low
Emission Volvo 9.6 Liter Natural Gas Fueled Bus
Engine, SAE Paper No0.921554

3-22) WE, BRIV AKEORIEH cOEE, H
KB 2 SCHE Vol.b8 No.563, September,

Development of a Heavy

¥ = i

(1992)
3-23) H.Sasaki,
System of a Heat Insulated Natural Gas Engine
with a Pre-chamber for Hybrid Vehicle,
NGV2000, October, (2000) , 155

3-24) EER N T B N, (RAE - URERE B )
H O K RO T2 0 OFH AT RS E, March,
(1999)

3-25) HiEIE7y, CNG E SBT3 1T 2 08—
ZETARA 72 O ONTRRIBE R MR, Bb 7o B v S R T
A (4, 944-2, March, (1994), 292

3-26) EFIED, RIRH AT 0¥ v OREHE B bt
FHRUCEA D HFTE, H B T IR v 2 Al A
932, 9302475, May, (1993)

3-27) %I, BN & D E M A AR
ZHEBA DIRBERI I Z B D158, H AT 5
4 (B f#)Vol.65 No.630, February, (1999)

3-28) T.Krepec et al., Towards Direct Gas
Injection in NGV’ s, NGV’ 94, (1994), EVO1
3-29) M.Oguchi, Development of High Efficiency
Natural Gas Engine, NGV2000, October, (2000),
33

3-30) Hil&iE7y, CNG ELHMSHEEI 31T 2 Bk —
ZESARE 72 © ONTRRBERFME, B ASHEA 7 23 3l B
#£, 944-2, March, (1994)

3-31) P.Quellette, High Pressure Direct
Injection(HPDI) of Natural Gas in Diesel Engines,
NGV2000, October, (2000), 235

3-32) %ARIZD, B A B HR AL RIR T AHERE D
LNG #4515 2198, B BB ffr 5 Sk
Vol.33 No.1, January, (2002)

3-33) Alberto Boretti, CNG Fueling
Strategies for Commercial Vehicles Engine-A
Literature Review, SAE2013-01-2812

3-34) H.Kanno,
High Efficiency Natural Gas Engine for Series
Hybrid Bus, NGV2000, October, (2000), 253
3-35) JIJR, RIRA A H B BB 5 O B IR Bl ],
JSAE SYMPOSIUM, November, (1996), 38

3-36) A.C.Haaland, Conformable CNG
Tanks for Increased Vehicle Range, NGV2000,
October, (2000)

3-37) David L. Hofeldt:
Technologies

et al., New Combustion

et al.,

et al., Development of the

et al.,

Alternative Fuel
Duty  Vehicles:
Economics, Safety,

for  Heavy

Performance, Emissions,

_24_



and Development Status, SAE Paper 930731

4- DI E R KIRA A N7 v 7 B AVERRRE ]
HE (HLRwHE RIERIEAFHEFEREE 7Y =
7 R), R 1746 A, Gh BAR T A e

4-2) IRAMAARANE Y K D 720 O FLETHA, Tk 18
3 H, () R A T B N B

4-3) IWHRARAZEREDO AL - R IZBET 28
FRAS, SRk 20 42 3 A, (W) KA 5 Bl L igAE
4-4) WEHMZRBIT HBREICOS LW HEN B OB - %
KB T Dt s, Ak 184 3 A, (W) E#HfE K
INE L N i

4-5) TEZhF - BBARAE RN A B BB 5 LB )
FHIMAREE, PR 17 F 3 H, IMSIATBUE N =
VX — - FEEFEHN KRG BT

4-6) TR BB HEEF & v = — L EM~NGV -
FCV-EV/HEV- 4>V U & T ¢ —8/LE A% -
Tl ~DORE L FEE ) | 2014 45 3 H, BRI SIS
4-7) & 18] TRz - BIRAE KRR T A BE HEIEH
LBz (&) 2R

http://www. nedo. go. jp/content/100091042. pdf
4-8) R AR 7 A 1H By ¥ 0D 37 1 i B 76 bR o 7 A i s =
Rk 15 4 3 H, () e A T ot M A g

4-9) Westport Innovations/ Westport HPDI for the
Cummins ISX/ Specification sheet

http://www. westport. com/pdf/WPT-HPDI_ISX_SpecS

heet MED. pdf
5-1)http://www.env.go.jp/air/car/gas_kisei/kisei.pdf

5-2)http://www.mofa.go.jp/mofaj/gaiko/kankyo/kik
o/cop3/

5-3) Chung,S., Ha,J., Lee,M. et al., "Rapid Bulk
Combustion of Lean Premixture by Using Radical
Injection Method and an Application to an Actual
Engine", SAE Technical Paper 2003-01-3212,
2003

5-4) Robinet,C., Higelin,P., Moreau,B., Pajot,
O. et al.,, "A New Firing Concept for Internal
Combustion Engines:"I'APIR", SAE Technical
Paper 1999-01-0621, 1999

5-5) Boretti, A. and Watson, H., "The Lean Burn
Direct Injection Jet Ignition Flexi Gas Fuel
LPG/CNG Engine.", SAE Technical Paper
2009-01-2790, 2009

5-6) Alberto Boretti et al., SAE2013-01-2812
CNG Fueling Strategies for Commercial Vehicles
Engines-A Literature Review

5-7) Gunter Figer, Potential and Limitations of

Heavy Duty Commercial Vehicle Gas Engines,

2014 B B EET AT REAE

5-8)adt, HEIEHIFZ o 10 4, Tofodhh, H

B #L 1 Vol.51 No.10, (1997), 160-167

5-9)http://www.gastechnology.org/Pages/default.as

px

5—10)(+L) H AT Az, RIKAT A BEBHEOE KT

[ C, (1998)

5-11) (1) H AT A2, RIKHT A BBy #EOEAkIC

)1} C, March, (1997)

5-12)E MR E B R,  [RATE - ROBRE A

EH O K - (e D 72 ORI WS £ , March,

(1999)

5-13) [ 7 4 — B /L EHD RKIRT APREHMEIC X 2 PR

IR 20F%8) |, BREDTHRBIATFERUREE, (1995~

1998)

5-14)

W

5-15)[E 1A 1HA / Hal 5 &K BB — AL RIR T A
(LNG) #8832 KB N T v 7 O EEITRER

% BRhA

http://www. mlit. go. jp/kisha/kisha07/09/091218_

. html

[KAHT AHBNVE T +—F ) 2012 FEFHZE

_25_


http://www.nedo.go.jp/content/100091042.pdf
http://www.westport.com/pdf/WPT-HPDI_ISX_SpecSheet_MED.pdf
http://www.westport.com/pdf/WPT-HPDI_ISX_SpecSheet_MED.pdf
http://www.mlit.go.jp/kisha/kisha07/09/091218_.html
http://www.mlit.go.jp/kisha/kisha07/09/091218_.html

